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CpG-STAT3 siRNA for Castration-Resistant Prostate Cancer Therapy  
Revised Final Report: 28/09/2012 – 26/09/2015 

 
Introduction 
 
Majority of human prostate cancers show STAT3 activation, which strongly correlates with tumor 
progression towards hormone-refractory/castration-resistant phenotype (CRPC) and poor patients’ survival1-

3. In addition, STAT3 is activated in diverse immune cell associated with prostate tumors promoting immune 
tolerance, angiogenesis and metastasis4, 5. Because STAT3 operates in both cancer cells and non-
malignant tumor-associated cells, it represents a highly desirable target for cancer therapy5. Inhibiting 
STAT3 has potential to eliminate the aggressive castration-resistant prostate cancer (CRPC) cells, which 
are not amenable to existing hormonal treatments or standard chemotherapies1 but undergo apoptosis 
when STAT3 signaling is inhibited6-8. In addition, very recently STAT3 signaling was shown to promote 
stem-like cell phenotype in prostate cancers9. Pharmacological inhibition of proteins lacking enzymatic 
activity, including STAT3, is difficult and requires alternative approaches, such as silencing genes using 
siRNA. We previously generated a strategy for cell-specific delivery of siRNA using CpG oligonucleotides 
(ODNs) for targeting cells positive for Toll-like receptor 9 (TLR9)10. CpG-siRNAs are internalized specifically 
by TLR9-positive human/mouse immune cells and malignant cells, such as blood cancer cells or CRPCs10, 

11. We also demonstrated that in vivo administration of CpG-STAT3 siRNA breaks tumor immune tolerance, 
thereby inducing antitumor immune responses in syngeneic tumor models in mice10. In addition, 
intratumoral injections of CpG-STAT3 siRNA were shown to induce direct tumor cell death in TLR9-positive 
human leukemia xenotransplants11. These results suggested the feasibility of using human-specific CpG-
STAT3 siRNA to simultaneously target both castration-resistant prostate cancer cells and tumor-associated 
immune cells, such as myeloid-derived suppressor cells (MDSCs). We hypothesized that targeting 
oncogenic and tolerogenic signaling using cell-specific CpG(A)-siRNA strategy will suppress tumor 
progression and generate potent antitumor immunity, with minimal adverse effects. 
 
 
Keywords 
 
Castration-Resistant Prostate Cancer, TLR9, STAT3, NF-κB, MDSC, CpG, siRNA, oligonucleotides  
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Accomplishments 
 
The main objectives for this study remained unchanged: first was to optimize of the CpG(A)-siRNA strategy 
for targeting tumorigenic signaling in metastatic prostate cancer cells; second was to utilize this strategy for 
breaking immunosuppressive effects of the prostate cancer microenvironment. 
 
Task 1. To optimize CpG(A)-siRNA strategy for direct inhibition of human CRPC cell survival and 
proliferation.  

We previously validated STAT3 and NF-κB/RELA transcription factors as optimal targets for CpG-
siRNA strategy in CRPC xenotransplants. During the whole funding period, we completed in vitro and in 
vivo studies within this aim which allow us to elucidate the molecular mechanisms underlying therapeutic 
effects of targeting TLR9 signaling. These studies allowed us to develop detailed methodology for the 
design and application of CpG-siRNA conjugates to deliver siRNA molecules into specific target cells in 
mice, including TLR9-positive prostate cancer cells. Our recent publication in the Methods Mol. Biol. 
(Appendix 1),12 provides specifics of the CpG-siRNA oligonucleotide synthesis/purification, testing in vitro 
and local/systemic delivery into TLR9-positive cells in vivo (Figure 1). It also discusses critical 
troubleshooting points for target cell selection and optimizing gene silencing efficiency of CpG-siRNA 
conjugates.  

 
 
Figure 1. CpG-STAT3siRNA uptake in vitro and target 
gene silencing in DU145 prostate tumors in vivo. (A) The 
intracellular localization of the CpG-siRNACy3 (500 nM/1 h) 
was assessed using confocal time-lapse microscopy in living 
PC3 cells; scale bar = 100 µm. (B) The silencing effect of 
CpG-STAT3siRNA in experiment described in the main 
Figure 4B was verified using qPCR to measure and STAT3 
(B) expression levels and normalizing to TBP expression; 
shown are means ± SEM (n = 5).13 
 

 
 

Based on these findings, we optimized our CpG(A)-siRNA approach for targeting essential 
regulators of human CRPC cell survival and self-renewal identified within this aim. In this part of the study, 
we investigated a potential link between TLR9 expression and tumorigenic signaling in androgen-
independent prostate cancer cells. Using limited dilution/serial transplantation experiments, we showed that 
TLR9 is essential for prostate cancer cells’ potential to propagate and self-renew in vivo. Furthermore, we 
demonstrated that low expression or silencing of TLR9 limits the clonogenic potential and mesenchymal 
stem cell-like properties of LNCaP- and PC3-derived prostate cancer cell variants. Genome-wide 
transcriptional analysis of prostate cancer cells isolated from xenotransplanted TLR9-positive and -negative 
tumors revealed a unique gene expression signature, with prominent upregulation of inflammation and stem 
cell-related markers. We showed that TLR9 signaling orchestrated expression of critical stem cell-related 
genes such as NKX3.1, KLF-4, BMI-1 and COL1A1, at both mRNA and protein levels. Our further analysis 
identified that TLR9-induced NF-κB/RELA and STAT3 transcription factors co-regulated NKX3.1 and KLF4 
gene expression by directly binding to both promoters. Finally, we demonstrated the potential of using 
TLR9-targeted siRNA delivery to block RELA- and STAT3-dependent prostate cancer cell self-renewal in 
vivo. The intratumoral administration of CpG-RELAsiRNA or CpG-STAT3siRNA but not control conjugates 
inhibited growth of established human prostate cancer xenografts in mice and reduced clonogenic potential 
of cancer cells. These results provided evidence that targeted inhibition of TLR9 signaling can be a 
therapeutic strategy for late-stage prostate cancer patients. These studies were summarized in our 
recent publication in Oncotarget journal (Appendix 2).13  



6 
 

 
Task 2. To assess the feasibility of using CpG(A)-STAT3 siRNA to break tumor immune tolerance in 
metastatic CRPC.  

Studies completed within this aim demonstrated that CpG(A)-STAT3 siRNA allows for targeting and 
abrogating immunosuppressive activity of myeloid-derived suppressor cells (MDSC) accumulating in blood 
of prostate cancer patients during disease progression. Following on our immunohistochemical analyses, 
we confirmed the accumulation of TLR9+/STAT3P+ myeloid cells in lymph nodes of late-stage metastatic 
prostate cancer patients but not in tumor free control subjects. Further studies identified elevated levels of of 
granulocytic-myeloid-derived suppressor cell (G-MDSCs; Lin–HLA-DR–CD15hiCD33lo) accumulating in 
cancer patients’ blood with disease progression. These TLR9+ G-MDSCs showed high levels of STAT3 
activation together with secretion of immunosuppressive mediators, such as arginase-1 and inhibited 
effector T-cell proliferation and activity (Figure 2, below).  

Figure 3. STAT3 activity is elevated in 
CD15HI MDSCs in prostate cancer 
patients. (A) Flow cytometric analysis of 
activated STAT3 (pSTAT3) in granulocytic 
MDSCs (CD15HICD33LO) from patients with 
localized (n = 6) and metastatic (n=6) prostate 
cancers compared to granulocytes from 
healthy individuals (n=5). Shown are 
representative histogram overlays and bar 
graph summary of data from all patients; 
average of mean fluorescence intensities ± 
SD. (B) Prostate cancer patients’ granulocytic 
cells show increased pSTAT3 without 
changes in the total STAT3 protein levels. 
Western blotting analysis comparing 
CD15+CD14– cells isolated from PBMCs 
pooled from prostate cancer patients or 

healthy donors. (C) The percentage of G-MDSCs with activated STAT3 increases with prostate cancer progression; summary of 
results from all tested patients. 
 

Functional studies showed that STAT3 blocking using CpG-STAT3 siRNA abrogates 
immunosuppressive effects of patients-derived G-MDSCs on effector CD8 T cells. These effects depended 
on reduced expression and enzymatic activity of Arginase-1, a downstream STAT3 target gene and a 
potent T-cell inhibitor. Overall, we demonstrated the feasibility of using TLR9-targeted STAT3siRNA delivery 
strategy to alleviate MDSC-mediated immunosuppression in prostate cancer patients without the need for 
myeloid cell depletion. These findings together with the effect of STAT3 targeting on prostate cancer cell 
self-renewal and tumor propagating potential provide support for application of CpG-STAT3siRNA strategy 
to immunotherapy of advanced prostate cancers alone or in combination with immunotherapies, such as 
emerging T cell-based therapies. Disruption of STAT3 signaling in the tumor microenvironment with 
concurrent TLR9 stimulation has potential to disrupt the central immunosuppressive circuit paving way to 
effective antitumor immune responses without toxicities associated with pharmacological agents. These 
studies were published in the Clinical Cancer Research journal (Appendix 3)14 and discussed in the 
invited mini-review article in OncoImmunology (Appendix 4)15. 

 
Task 3. To evaluate the CpG(A)-STAT3 siRNA as a novel two-pronged approach to prostate cancer 
immunotherapy.  

We completed studies in vivo focusing on the two pronged effects of CpG-STAT3 siRNA on prostate 
cancer cells and on the tumor microenvironment using syngeneic (RM9) and xenotransplanted (DU145, 
PC3) tumor models in mice. To isolate the effect of CpG-STAT3 siRNA on tumor-associated cells from 
direct targeting of TLR9+ cancer cells we generated a panel of control TLR9– prostate cancer cells using 
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stable expression of TLR9 shRNA. The TLR9 protein levels were undetectable in LNCaP cells, low in 
LNCaP-S17 and high in PC3 cells. Thus, to study the role of TLR9, we stably transduced the LNCaP and 
LNCaP-S17 cells using lentiviruses encoding either human TLR9 cDNA or mock vector; meanwhile the PC3 
cells were transduced with either TLR9 shRNA or non-silencing control vector. Although, in vitro 
proliferation of various TLR9-expressing prostate cancer cell variants did not change, high TLR9 expression 
correlated with improved tumor engraftment and growth. As mentioned above (Task 1), TLR9 expression 
allowed for targeted delivery of CpG-STAT3 siRNA into cancer cells (Appendix 2).13 On the contrary, TLR-
negative prostate cancer cells were not directly targeted by CpG-siRNA strategy (Figure 3, below).  

 

Figure 3. TLR9 expression in prostate cancer 
cells is critical for CpG-siRNA-mediated 
growth inhibitory effect. CpG-mediated silencing 
of RELA and/or STAT3 inhibits growth of 
PC3/TLR9+ (A) but not PC3/TLR9– (B) tumors in 
NSG mice.  Mice were treated using IT injections 
of the indicated CpG-siRNA conjugates (5 mg/kg) 
or PBS every other day. 

 

We demonstrated the role of tumor-microenvironment in promoting prostate cancer progression by 
comparison of human- and mouse-specific CpG-STAT3 siRNA reagents against xenotransplanted TLR9+ 
human prostate cancers (Moreira and Kortylewski, manuscript in preparation). Both version of CpG-STAT3 
siRNA showed potent anti-tumor effect in the treated site but only mouse-specific reagent affected growth of 
tumors in distant/untreated site (Figure 4AB). This is the first evidence of abscopal effect after local 
intratumoral injections of CpG-STAT3 siRNA which suggests that blocking STAT3 can induce systemic 
effects even in immunodeficient host, likely through activation of host innate immunity. We also verified 
CpG-STAT3 siRNA efficacy in Ras/Myc oncogene-driven and STAT3-dependent mouse prostate tumors 
(RM1-9) which are strongly infiltrated by G-MDSCs (CD11b+Ly6G+) (Figure 4C).16 These studies confirmed 
that local delivery of mouse-specific CpG-STAT3 siRNA effectively inhibits growth of prostate tumors in vivo 
which results from two-pronged effect of blocking STAT3 in cancer cells and in tumor-associated immune 
cells (Figure 5).  

Figure 4. Local treatment using 
CpG-STAT3siRNA abrogates 
growth of xenotransplanted and 
syngeneic prostate cancers. (A, B) 
Two variants of CpG-STAT3siRNA, 
human-specific or human/mouse-
specific inhibit growth of 
xenotransplanted DU145 tumors. 
NSG mice were injected using 1x106 
prostate cancer cells into two 
opposite flanks. When tumors were 
established, mice were injected 
intratumorally every other day using 
5 mg/kg CpG-hSTAT3siRNA (in A) 

or CpG-h/mSTAT3siRNA (in B) or control non-targeting CpG-Luc siRNA and vehicle (PBS). Only tumors on one side were injected 
(site 1) while others were untreated (site 2). Shown are means ± SD (n = 6). Statistically significant differences were indicated by 
asterisks. (C) CpG-h/mSTAT3siRNA inhibits growth of RM9 prostate tumors in immunocompetent mice. C57BL/6 mice were 
challenged using 1x105 RM9 mouse prostate cancer cells. After tumors were established, mice were injected intratumorally every 
other day using 5 mg/kg CpG-h/mSTAT3siRNA, control non-targeting CpG-Luc siRNA or PBS. Shown are means ± SD (n = 6). 
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Key Research Accomplishments 

• CpG(A)-siRNA targeting STAT3 and NF-κB/RELA reduce tumor-initiating potential and viability of 
TLR9+ cancer cells in xenotransplanted prostate tumor models 

• STAT3 and NF-κB/RELA co-regulate expression of prostate cancer stem cell-related genes, such as 
NKX3.1, KLF4 and COL1A1 

• The percentage of TLR9+/STAT3P+ granulocytic MDSCs increases in patients’ blood with prostate 
cancer progression 

• CpG(A)-STAT3 siRNA silences STAT3 and reduces arginase expression in patients’ MDSCs, 
thereby restoring T cell activity  

• Local injection of CpG-STAT3 siRNA results in systemic antitumor effect beyond the treated tumor 
site.  

 

 

Figure 5. TLR9-targeted STAT3 inhibition allows for two-pronged therapeutic effect against prostate cancers. CpG-
STAT3siRNA conjugates target STAT3 signaling in TLR9+ G-MDSCs, an immunosuppressive population of myeloid cells which 
accumulate during prostate cancer progression from localized to metastatic disease. STAT3 silencing reduces production of a 
potently immunosuppressive mediator, arginase-1 (ARG1), thereby restoring effector T cell proliferation and activity. As shown in a 
parallel study, CpG-siRNA strategy allows for delivery of therapeutic siRNAs to prostate cancer stem cells which express TLR9 and 
rely on NF-κB/STAT3 signaling for self-renewal and tumor-propagating potential. The combination of breaking immune suppression 
in the tumor microenvironment and decreasing cancer cell survival is likely to augment the overall therapeutic effect against prostate 
cancer. Adapted from our mini-review article in OncoImmunology journal (Appendix 4).15 

 

Impact 

Prostate cancer remains the most common malignancy in men in the United States17. Current 
chemotherapeutic approaches for CRPCs are plagued by toxic effects to normal tissues and modest 
antitumor activity as these modalities are by no means curative18-20. The emerging immunotherapies using 
autologous cellular vaccinations or immune checkpoint blockade proved limited by the immunosuppressive 
tumor microenvironment21, 22. CpG-STAT3 siRNA strategy can overcome the challenges in therapy of high-
risk or metastatic prostate cancers by disrupting the cross talk between cancer cells and tumor-associated 
immune cells and restoring antitumor immunity. There are no direct pharmacological inhibitors of oncogenic 
and immunosuppressive transcription factors such as STAT3 transcription factor. CpG(A)-siRNA 
oligonucleotides provide a unique and cell-specific method for targeting STAT3 in both prostate cancer cells 
and in the tolerogenic myeloid-derived suppressor cells in the tumor-microenvironment. This two-pronged 
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strategy is paradigm-shifting and highly likely to inspire other combinatorial cancer immunotherapies. Our 
results, summarized in several published manuscripts, provide a strong rationale for further development of 
CpG(A)-siRNA strategy for two-pronged CRPC immunotherapy which can lead to the development of a 
technology platform for broad application in cancer immunotherapy not limited to TLR9-positive 
malignancies.  
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    Chapter 15   

 TLR9-Targeted SiRNA Delivery In Vivo       

     Dewan     Md     Sakib     Hossain    ,     Dayson     Moreira    ,     Qifang     Zhang    , 
    Sergey     Nechaev    ,     Piotr     Swiderski    , and     Marcin     Kortylewski       

  Abstract 

   The SiRNA strategy is a potent and versatile method for modulating expression of any gene in various 
 species for investigational or therapeutic purposes. Clinical translation of SiRNA-based approaches proved 
challenging, mainly due to the diffi culty of targeted SiRNA delivery into cells of interest and the immuno-
genic side effects of oligonucleotide reagents. However, the intrinsic sensitivity of immune cells to nucleic 
acids can be utilized for the delivery of SiRNAs designed for the purpose of cancer immunotherapy. We 
have demonstrated that synthetic ligands for the intracellular receptor TLR9 can serve as targeting moiety 
for cell-specifi c delivery of SiRNAs. Chemically synthesized CpG-SiRNA conjugates are quickly internal-
ized by TLR9-positive cells in the absence of transfection reagents, inducing target gene silencing. The 
CpG-SiRNA strategy allows for effective targeting of TLR9-positive cells in vivo after local or systemic 
administration of these oligonucleotides into mice.  

  Key words     TLR9  ,   SiRNA  ,   CpG  ,   Cancer  ,   Myeloid cells  ,   Leukemia  ,    Oligonucleotides    

1      Introduction 

 The discovery of RNA  interference   (RNAi) mediated by small- 
interfering RNA (SiRNA) created a unique opportunity for target-
ing almost any disease-related gene for therapeutic purposes [ 1 – 3 ]. 
The SiRNA-based therapies can overcome the challenges of non- 
enzymatic proteins, such as transcription factors. Preclinical studies 
in various disease models, including cancer, demonstrated in vivo 
effi cacy of RNAi in rodents [ 2 ] and in nonhuman primates [ 4 ]. 
Recent, fi rst-in-human clinical trial confi rmed gene silencing after 
systemic delivery of SiRNA to cancer patients [ 5 ]. Broad applica-
tion of SiRNAs is still limited by the lack of cell-specifi c delivery, 
insuffi cient intracellular uptake, and cytoplasmic release. The effec-
tive target gene silencing usually requires encapsulating SiRNA 
into chemical formulations that may contribute to toxicities and 
side effects [ 1 ,  2 ]. Previously, several strategies have been 
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 implemented to enhance targeted cell delivery by conjugating 
SiRNAs with cholesterol, cationic peptides, cell- specifi c   antibodies, 
RNA aptamers, or ligands for cell surface receptors [ 3 ,  6 ]. However, 
many of these strategies result in endosomal entrapment of SiRNAs 
with limited cytoplasmic release and thereby limited effect on  tar-
get   mRNAs [ 2 ]. 

 We have recently developed an original method to deliver ther-
apeutic SiRNAs into specifi c target cells by targeting endosomal 
receptor  Toll-like receptor   9 (TLR9) [ 7 ]. TLR9-positive cells rec-
ognize and internalize single-stranded oligodeoxyribonucleotides 
containing an unmethylated CpG motif (CpG ODN) [ 8 ,  9 ]. The 
conjugates  of   CpG ODNs to  Dicer   substrate SiRNAs (CpG- 
SiRNAs) [ 10 ] are actively internalized by human and mouse 
TLR9- positive cells, without any transfection reagents [ 7 ,  11 ]. 
The CpG-SiRNA conjugates interact with Dicer after uptake into 
early endosomes (EE). Importantly, TLR9 plays essential role in 
facilitating the release of uncoupled SiRNA from EE and traffi ck-
ing to  RNA-induced silencing complex  es ( RISC  ) on the surface of 
endoplasmic reticulum (ER) [ 12 ,  13 ]. The CpG-SiRNA process-
ing results in effi cient target gene silencing in various human and 
mouse TLR9-positive cells in vivo. These include hematopoietic 
cells, such as dendritic cells (DCs), macrophages, and B cells, as 
well as in certain blood cancers, e.g., in acute myeloid leukemia 
( AML  ), multiple myeloma, or B cell lymphoma (BCL) [ 7 ,  11 ,  14 ]. 
The effi cacy studies in mice demonstrated direct and/or immune- 
mediated antitumor activity of CpG-SiRNAs targeting various 
tumorigenic factors, including  STAT3, STAT5, RELA/p65, 
BCL2L1 , or  S1PR1  [ 11 ,  15 ,  16 ]. Overall, CpG-SiRNA strategy 
allows for a two-pronged targeting of both cancer cells and immune 
cells to augment therapeutic effects. In this chapter, we describe 
methods for the design and application  of   CpG-SiRNA conjugates 
to deliver SiRNA into specifi c target cells in mice, starting from the 
oligonucleotide synthesis to local/systemic delivery into TLR9- 
positive cells in vivo. Additionally, we discuss critical troubleshoot-
ing points for target cell selection and optimizing gene silencing 
effi ciency of CpG-SiRNA conjugates.  

2    Materials 

       1.    The CpG-SiRNA conjugates consist of  Dicer   substrate SiRNA 
(25/27mer) [ 10 ] linked to the class A CpG/D19 (type A) or 
CpG1668 (type B) for human- or mouse-optimized versions 
of the reagent, respectively.   

   2.    The two strands of the CpG-SiRNA are synthesized separately 
using Akta OligoPilot100 (GE) as follows:
 –    SiRNA(SS)—25mer sense strand with or without fl uoro-

chrome added to the 3′ end ( see   Note 1 ). 

2.1  CpG-siRNA 
Design and Synthesis

Dewan Md Sakib Hossain et al.
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–  5′-NNNNNNNNNNNNNNNNNNNNNNNdNdN-3′
–  N = ribonucleotide; dN = deoxyribonucleotide. 
–   CpG-SiRNA(AS)—27mer antisense strand.
–   Human version   5′-GGGGGGGG-linker-3′.
–   Mouse version  5′- TCCATGACGTTCCTGATGCT -linker-

NNNNNNNNNNNNNNNNNNNNNNNNNNN-3′.
–  The linker consists of 5 units of the C3 Spacer (Glen

Research, Sterling, VA); underlined are phosphorothioated
residues. The second nucleotide from the 3′ end of CpG-
SiRNA(AS) strand can be 2′O-methyl-modifi ed to improve
stability.

 3.   Both oligonucleotides are aliquoted and stored as lyophilized
pellets of 50 nmol each below −20 °C until use.

 1.   10× Collagenase D stock solution: Determine enzyme activity
in Wunsch units and prepare 4000 U Collagenase D per 1 mL
of HBSS with calcium and magnesium; before use dilute in
HBSS to 1× solution for tissue digestion.

 2.   10× DNase I stock solution: Dissolve 10 mg DNase I in 1 mL
of HBSS, and before use dilute in HBSS to 1× solution for
 tissue digestion.

 3.   10× ACS buffer: For 1 L, dissolve 89.9 g NH 4 Cl, 10.0 g
KHCO 3 , and 370 mg EDTA in milli-Q water, then adjust to
pH 7.3, and dilute to 1× buffer solution in water for erythro-
cyte lysis.

 4.   Histopaque ® -1083 for isolating viable cells from mouse
tissues.

 1.   10× TBE: For 500 mL, dissolve 54 g Tris base, 27.6 g boric
acid, and 10 mL 0.5 M EDTA, pH 8.0 in water, adjust to
pH 8.3, and dilute to 1× solution for gel running and
staining.

 2.   8 M Urea: For 200 mL, dissolve 96.1 g urea in water, and fi lter
the solution.

 3.   7 M Urea/20 % acrylamide solution: For 200 mL, dissolve
88.2 g urea in 100 mL of 40 % acrylamide/bis-acrylamide
solution (19:1), adjust volume to 200 mL using milli-Q water
and fi lter the solution,  see  Table  1 .

 4.   Ethidium bromide: Use 2 μL of ethidium bromide solution
(10 mg/mL) in 25 mL of 1× TBE buffer for gel staining.

 5.   Double-stranded RNA marker.
 6.    Nuclease  -free water: DNase/RNase-free water.

2.2  Tissue Digestion

2.3  7 M Urea/
Polyacrylamide 
(PAGE) Gel

SiRNA Delivery Using CpG
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       1.    Staining buffer: 1× PBS, 2 % FBS and 0.1 % NaN 3 .   
   2.    Antibodies: Fluorescently labeled antibodies specifi c to surface 

markers on immune and cancer cells.   
   3.    Fc Block: Anti-CD16/CD32 antibody to block unspecifi c 

binding by Fcγ receptors.   
   4.    Viability dye: 7AAD.   
   5.     Flow cytometer  : BD Accuri C6.      

       1.    Culture dishes: 35/14 mm #1.5 glass bottom tissue culture 
dishes.   

   2.    Microscope: cLSM510-Meta inverted confocal microscope 
(Zeiss, Thornwood, NY).   

   3.    Acquisition software: LSM software v.4.2 SP1 (Zeiss).   
   4.    Post-acquisition analysis software: LSM Image Browser 

v.4.2.0.121 (Zeiss).      

       1.    Syringes: 1 mL U-100 insulin syringe with 30G needle to 
 inject   CpG-SiRNA conjugates diluted in 1× PBS in vivo.   

   2.    Anesthetic agents: Anesthesia induction chamber including 
isofl urane and oxygen supply.   

   3.     Mice  : For in vivo experiments C57BL/6 and NOD/SCID/
IL-2RγKO (NSG) mice were purchased from National Cancer 
Institute (Frederick, MD) and the Jackson Laboratory (Bar 
Harbor, ME), respectively.       

3    Methods 

       1.    Add 250 μL of DNase/RNase-free water to each of the two 50 
nmol aliquots of CpG-SiRNA(AS) and SiRNA(SS), mix well at 
37 °C for 5 min, and make sure that both oligonucleotides are 
completely dissolved.   

2.4  Flow Cytometry 
Reagents

2.5  Time-Lapse 
Confocal Microscopy 
Reagents, Instruments 
and Software

2.6  In Vivo CpG- 
siRNA Delivery

3.1  Hybridization 
of  CpG-siRNA   
Conjugates

    Table 1 
  Composition of 7 M urea/15 % PAGE   

 Reagent  For 10 mL 

 7 M Urea/20 % acrylamide solution  7.5 mL 

 8 M Urea  1.5 mL 

 10× TBE  1 mL 

 APS (10 %)  80 μL 

 TEMED  7 μL 
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   2.    Combine both strands in a new 1.5 mL sterile tube to make 
100 μM stock solution of CpG-SiRNA conjugate (use amber 
tubes for fl uorescently labeled reagents).   

   3.    Place the tube at 80 °C for 1 min; promptly transfer to the 37 
° C water bath and incubate for 1 h.   

   4.    Spin down and aliquot hybridized CpG-SiRNA conjugates 
into desired volumes for long-term storage at −80 °C.      

       1.    Assemble the gel plates in the gel casting chamber, prepare 
7 M urea/15 % PAGE gel according to Table  1  and pour 
quickly between gel plates, insert comb, and allow polymeriz-
ing for 30 min.   

   2.    Dismount the polymerized gel from casting chamber and 
assemble into gel apparatus according to manufacturer’s 
instruction.   

   3.    Fill the gel chamber with 1× TBE, carefully remove the comb, 
wash all wells and pre-run for 30 min.   

   4.    Dilute oligonucleotides to 10 μM, use 2 μL of diluted samples 
to mix with 0.5 μL of 0.5 M EDTA, pH 8.0 and 3 μL of 2× 
RNA loading dye, load into the wells together with the RNA 
marker, and run the gel at 250 V for 1 h.   

   5.    Remove the gel and carefully transfer into a dish containing 1× 
TBE plus ethidium bromide, stain for 15–20 min, and  then 
  examine the gel on the UV transilluminator (Fig.  1 ) ( see   Note 2 ).

3.2   Oligonucleotide   
Quality Control on the 
7 M Urea/PAGE Gels

CpG-siRNA
CpG-siRNA (AS)

CpG-siRNA conjugates

siRNA (SS)

Mouse Human

500
300

150
80

30

50

  Fig. 1    Quality control for the hybridized CpG-siRNA constructs. Mouse and human 
versions of siRNA(SS),    CpG-siRNA(AS), and CpG-siRNA conjugate were loaded on 
the 7 M urea/15 % PAGE gel. After electrophoresis gel was stained using ethid-
ium bromide to visualize oligonucleotides compared to a dsRNA marker       
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                1.    Culture the desired number of cells (usually 10 6  cells/mL) in 
the appropriate medium or, if using freshly isolated primary 
cells ( see  Subheadings  3.7 – 3.9 ), allow cells to adjust to the 
in vitro culture condition for 2–4 h ( see   Note 3 ).   

   2.    Treat cells with various doses (10–500 nM) of fl uorescently 
labeled CpG-SiRNA constructs, then collect cells at desired 
times to verify cellular uptake.   

   3.    Collect cells, resuspend each sample in 100 μL of the staining 
buffer, add 1 μL of the Fc Block for 10 min, then stain cells 
with a combination of fl uorescently labeled antibodies specifi c 
to immune cell markers for 20–30 min on ice, wash once with 
2 ml of the staining buffer, and resuspend in the staining buffer 
plus 7AAD for exclusion of dead cells for the analysis using 
fl ow cytometry (Fig.  2a, b ) ( see   Note 4 ).

              1.    Plate and culture cells overnight at a desired density (usually 
10 5  cells/well) in the appropriate medium using the 35/14 mm 
#1.5 glass-bottom tissue culture dishes.   

   2.    Next day, wash cells twice in phenol red-free cell culture 
medium, then replace it with complete culture medium, and 
add fl uorescently labeled CpG-SiRNA at 100–500 nM 
concentration.   

   3.    Transfer culture dishes to the microscope chamber with envi-
ronmental control (37 °C at 5 % CO 2 ), and incubate for desired 
times (0.25–48 h).   

   4.    Acquire images at various time increments using cLSM510- 
Meta inverted confocal microscope, C-Apochromat 40×/1.2 
water-immersed objective and LSM software v.4.2 SP1 (Zeiss).   

   5.    Use LSM Image Browser v.4.2.0.121 for post-acquisition 
analysis (Zeiss) (Fig.  3 ) ( see   Note 5 ).

              1.    Prepare 7–10-week-old mice (C57BL/6 or NSG for syngeneic 
or xenotransplanted tumor models, respectively).   

   2.    Inject tumor cells suspended in sterile PBS (usually 0.1–1 × 10 6  
cells/100 μL) to generate subcutaneous (SC) tumor model.   

   3.    After tumor size exceeds ~5 mm in diameter, prepare for injec-
tions of CpG-SiRNA.   

   4.    Prepare solution of fl uorescently- labeled   CpG-SiRNA (e.g., 
CpG-SiRNA Cy3 ) at 1–5 mg/kg (20–100 μg) in 100 μL of ster-
ile PBS.   

   5.    Use insulin syringe with 30G injection needle laid parallel to 
the skin and inserted fl atly onto the tumor.   

3.3  The 
Cytofl uorimetric 
Assessment  of 
  CpG-siRNA 
 Internalization   by 
Target Cells In Vitro

3.4  Time-Lapse 
Confocal Microscopy 
to Verify 
 Internalization   
of CpG-siRNA In Vitro

3.5  Local 
Peritumoral Delivery 
of CpG- siRNA to Target 
Cell Populations 
In Vivo

Dewan Md Sakib Hossain et al.
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  Fig. 2    Human immune and leukemic cells effi ciently internalize CpG-siRNA conjugates in vitro. ( a )  Targeted 
delivery   of CpG- STAT3  siRNA into different primary human immune cells in vitro. Human PBMCs were incu-
bated with fl uorescently labeled CpG(A)- STAT3  siRNA Cy3  or unconjugated  STAT3  siRNA Cy3  at 500 nM concentra-
tion for 1 h without any transfection reagents. Percentages of Cy3 +  monocytes (CD14 + ), plasmacytoid dendritic 
cells (BDCA2 + ), B cells (CD19 + ), and T cells (CD3 + ) were assessed by fl ow cytometry. ( b ) CpG-siRNA internaliza-
tion by human MM (KMS.11) and  AML   (MV4-11, KG1a) cells. Cells were incubated with 500 nM Cy3-labeled 
CpG- STAT3  siRNA for 1 h. The percentage of Cy3 +  leukemic cells was analyzed by fl ow cytometry         
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   6.    Slowly  inject   CpG-SiRNA solution in four different locations 
(~25 μL/location) without completely withdrawing the  needle 
to reach maximum area without puncturing skin on the 
 opposite side ( see   Note 6 ).   

   7.    After the appropriate time (usually 1–24 h), euthanize mice, 
harvest tumors, tumor-draining, and peripheral lymph 
nodes, and prepare single-cell suspensions as described in 
Subheading  3.7  followed by the fl ow cytometric analysis of the 
oligonucleotide internalization as in Subheading  3.3 .      
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       1.    Prepare 7–10-week-old mice (C57BL/6 or NSG for syngeneic 
or xenotransplanted tumor models, respectively) and anesthe-
tize using isofl urane inhalation.   

   2.    Prepare solution of fl uorescently labeled CpG-SiRNA (e.g., 
CpG-SiRNA Cy3 ) at 1–5 mg/kg in 200 μL of sterile PBS.   

   3.    Position the anesthetized mouse on its side, use index fi nger 
and thumb to draw back skin of above and below the eye then 
carefully insert the 30G needle at ~45° angle at the corner of 
the eye, lateral to the medial canthus.   

   4.    Slowly inject the CpG-SiRNA solution into the retrobulbar 
sinus then remove needle gently and apply ointment to reduce 
strain ( see   Note 7 ).   

   5.    After the desired time (usually 1–24 h) euthanize mice, collect 
blood and harvest various organs (e.g., liver, spleen, kidney, 
bone marrow) to evaluate biodistribution of the fl uorescently 
labeled oligonucleotides using as described in Subheadings  3.3 , 
 3.7  and  3.8  (Fig.  4 ) ( see   Notes 8  and  9 ).

                 1.    Transfer harvested tissues into Petri dishes and wash twice with 
HBSS.   

   2.    Add 5–10 mL of 1× Collagenase D (400 U/mL) and 1× 
DNase I (1 mg/mL) and mince tissues into small cubes 
(~1–2 mm in diameter) using surgical scissors, and incubate 
for 30 min/37 °C.   

3.6  Systemic 
Delivery of CpG- siRNA 
to Target Cell 
Populations In Vivo

3.7  Isolation of Cells 
from Soft Tissues 
and Tumors

  Fig. 3    Intracellular localization of CpG-siRNA after in vitro uptake. Representative 
images from time-lapse confocal microscopy of cultured primary bone-marrow 
derived macrophages incubated in the presence of 500 nM CpG-siRNA Cy3  for 0.5 h       
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   3.    Add 10 mM EDTA (tissue culture grade) to stop enzymatic 
reaction and then pipette up and down to disperse tissues into 
single-cell suspension.   

   4.    Filter cell suspensions through 70 μm cell strainers into 50 mL 
tubes, adjust volume to 20–30 mL with HBSS without cal-
cium and magnesium and spin down at 500 ×  g /5 min/18 °C.   

   5.    To lyse erythrocytes, add 5 mL of 1× ACS buffer to the cell 
pellet, resuspend, and incubate for 3 min/RT.   

   6.    Add 25 mL HBSS without calcium and magnesium to stop the 
lysis, spin down, and resuspend cells into 10 mL HBSS with-
out calcium and magnesium. To isolate viable cells, pipet 10 
mL of cell suspension into 50 mL tube then carefully underlay 
with 5 mL of Histopaque ® -1083 equilibrated to RT and cen-
trifuge tubes at 400 ×  g /30 min/18 °C.   

   7.    Collect viable cells from the interphase without touching the 
pellet, resuspend in HBSS without calcium and magnesium, 
spin down again, and then resuspend again for cell counting 
(Fig.  5 ) ( see   Note 10 ).
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  Fig. 4    CpG- Stat3  siRNA is effi ciently internalized by  AML   cells in vivo. C57BL/6 mice bearing  Cbfb-MYH11/
Mpl   +   AML were injected with a single dose of CpG- Stat3  siRNA Cy3  (5 mg/kg). Uptake of fl uorescently labeled 
siRNA was assessed using fl ow cytometry in AML cells isolated from spleen and bone marrow 3 or 18 h after 
injection       
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 1.   Euthanize mice, remove tibia and femur and place them in
tubes with PBS.

 2.   Cleanly remove rests of muscles from bones, place them in a
mortar and add 5 mL of PBS/3 % FBS, crush all bones using
pestle for 1–2 min, and rinse with 1 mL of PBS/3 % FBS.

 3.   Aspirate the cell suspension up and down using 5 mL pipette,
and then fi lter the content of the mortar through a 70 μm
strainer into 50 mL tube and spin down at 500 ×  g  for 5 min.

 4.   To lyse erythrocytes, add 5 mL of 1× ACS buffer to the cell
pellet, resuspend, and incubate for 3 min/RT.

 5.   Add 25 mL PBS then spin down and re-suspend cells into
10 mL PBS.

3.8  Isolation of Cells 
from the Bone Marrow

  Fig. 5    Schematic of blood, bone, and soft tissue processing to assess organ and 
cellular biodistribution  of   CpG-siRNA conjugates       
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   6.    To isolate viable cells, pipet 10 mL of cell suspension into 
50 mL tube, then carefully underlay with 5 mL of 
Histopaque ® -1083 equilibrated to RT, and centrifuge tubes at 
400 ×  g /30 min/18 °C.   

   7.    Collect viable cells from the interphase without touching the 
pellet, resuspend in HBSS without calcium and magnesium, 
spin down, and resuspend the cell pellet again for cell counting 
(Fig.  5 ).      

        1.    Transfer collected blood into 15 mL tube containing 3–4 mL 
ACS buffer to lyse blood cells.   

   2.    Incubate for 5–10 min at RT and spin down 500 ×  g  for 5 min.   
   3.    Wash cell pellet twice with PBS.   
   4.    Count cell number and proceed to next experiment (Fig.  5 ).       

4    Notes 

     1.    The choice of fl uorochrome and its position in the conjugate 
depends on the application. For uptake and biodistribution 
studies, it is best to label 3′ end of the SiRNA(SS) to prevent 
interference with the intracellular processing of the conjugate. 
For in vivo applications, more intensive fl uorochromes are pre-
ferred, e.g., Cy3 or Alexa 488 rather than fl uorescein.   

   2.    Differences in concentrations or formation of secondary struc-
tures between CpG part of the molecule and the SiRNA(AS) 
could potentially interfere with proper hybridization of both 
oligonucleotides. Therefore, it is important to confi rm the 
quality and the proper formation of hybridized duplex using 
gel electrophoresis.   

   3.    For selection of optimal target cells, it is critical to confi rm 
TLR9 expression. Cells lacking TLR9 internalize  CpG-SiRNA 
  but endosomal retention of the SiRNA is likely to prevent gene 
silencing effect [ 12 ].   

   4.    Majority of TLR9-positive immune cells and malignant cells, 
such as leukemia and lymphoma, internalize the conjugate 
within 1–4 h at concentrations from 100 to 500 nM. Higher 
concentrations of the CpG-SiRNA usually do not improve 
uptake any further.   

   5.    The purpose of testing conjugate uptake using confocal 
microscopy is to confi rm that SiRNA is present intracellularly 
rather than associated with target cell surface. The exact local-
ization of the construct cannot be distinguished by standard 
fl ow cytometry.   

3.9  Processing 
of Blood Cells
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 6.   For peritumoral injections, it is important not to withdraw
needle completely and to avoid additional puncturing of the
skin which can result in leakage of the reagent. It is also advis-
able to hold the needle in position for few seconds after inject-
ing the total 100 μL to allow for penetration of the solution
deeper into tissues to minimize potential refl ux.

 7.   In case of retroorbital injections, mice should not receive more
than single injection per day. Additional injections are possible
only when using alternate eyes with 1–2 days in between.

 8.   Effi cient in vivo delivery of the SiRNA to target cells depends
on their ability to quickly internalize CpG-SiRNA (within
0.5–1 h). The best results are usually achieved targeting nor-
mal and malignant myeloid cells in vitro and in vivo.

 9.   Conjugate degradation by serum nucleases as well as rapid kid-
ney clearance limits CpG-SiRNA half-life in mouse circulation.
Chemical modifi cation of the oligonucleotide backbone and
the  conjugation of   CpG-SiRNA to polyethylene glycol (PEG)
can improve the pharmacokinetic profi le of these conjugates.

 10.   To induce target gene silencing in vivo, mice should be treated
using CpG-SiRNA conjugates for at least 2 days using daily
injections of the reagent.
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ABSTRACT

Prostate cancer progression was associated with tumorigenic signaling 
activated by proinflammatory mediators. However, the etiology of these events 
remains elusive. Here, we demonstrate that triggering of the innate immune 
receptor, Toll-like Receptor 9 (TLR9), in androgen-independent prostate cancer 
cells initiates signaling cascade leading to increased tumor growth and progression. 
Using limited dilution/serial transplantation experiments, we show that TLR9 is 
essential for prostate cancer cells’ potential to propagate and self-renew in vivo. 
Furthermore, low expression or silencing of TLR9 limits the clonogenic potential 
and mesenchymal stem cell-like properties of LNCaP- and PC3-derived prostate 
cancer cell variants. Genome-wide transcriptional analysis of prostate cancer cells 
isolated from xenotransplanted TLR9-positive and -negative tumors revealed a 
unique gene expression signature, with prominent upregulation of inflammation- 
and stem cell-related markers. TLR9 signaling orchestrated expression of critical 
stem cell-related genes such as NKX3.1, KLF-4, BMI-1 and COL1A1, at both mRNA 
and protein levels. Our further analysis identified that TLR9-induced NF-κB/RELA 
and STAT3 transcription factors co-regulated NKX3.1 and KLF4 gene expression 
by directly binding to both promoters. Finally, we demonstrated the feasibility of 
using TLR9-targeted siRNA delivery to block RELA- and STAT3-dependent prostate 
cancer cell self-renewal in vivo. The intratumoral administration of CpG-RELAsiRNA 
or CpG-STAT3siRNA but not control conjugates inhibited growth of established 
prostate tumors and reduced clonogenic potential of cancer cells. Overcoming 
cancer cell self-renewal and tumor-propagating potential by targeted inhibition 
of TLR9 signaling can provide therapeutic strategy for late-stage prostate cancer 
patients.
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INTRODUCTION

In developed countries, prostate cancer is the second 
leading cause of male cancer-related deaths with lack of 
effective therapies for late-stage cancer patients [1]. The 
initiation, progression and metastasis of prostate cancers 
is thought to be associated with chronic or recurrent 
inflammation as underscored by numerous studies and 
epidemiological evidence [2, 3].

Cellular reactions to infection, tissue stress and 
injury involve activation of Toll-like receptors (TLRs) in 
various hematopoietic cells [4]. More recent studies found 
that TLRs, such as TLR9, are expressed by solid tumors 
including prostate cancers [5]. Cancer cells can also 
upregulate TLR9 in response to genotoxic stress caused 
by irradiation or chemotherapy [6]. Rather than becoming 
immunogenic, TLR9+ prostate cancers are reportedly less 
differentiated, more aggressive and prone to reoccur [7, 8]. 
TLR9 recognizes DNA molecules harboring unmethylated 
CpG motifs, typical for bacterial DNA [4]. Recent studies 
documented that mitochondrial DNA (mtDNA) released 
as a result of sterile tissue injury activates TLR9 causing 
pathologic inflammatory responses [9, 10]. Downstream 
TLR9 signaling involves NF-κB transcription factor, 
which regulate expression of proinflammatory and survival 
mediators [4]. In immune cells, TLR9 signaling is tightly 
controlled at multiple levels by the signal transducer and 
activator of transcription 3 (STAT3) [11, 12]. STAT3 
is an essential negative feedback inhibitor for TLR9 
signaling which is activated by NF-κB-induced cytokines 
such as IL-6 or IL-10 [9, 13, 14]. Little is known about 
downstream effects of TLR9 signaling in human cancer 
cells. However, there is compelling evidence on the role 
of NF-κB and STAT3 in prostate cancer cell proliferation, 
survival and androgen-independence. [15–18]

In the current study, we investigated whether 
inflammatory TLR9 signaling in prostate cancer cells 
provides a set of molecular targets driving tumor 
aggressiveness and tumor-propagating potential. These 
studies provide insights into tumorigenic role of 
inflammation in advanced prostate tumors.

RESULTS

TLR9 promotes prostate cancer cell engraftment 
and progression in vivo

Previous studies reported expression of the 
innate immune receptor TLR9 in human prostate cancer 
cells [5, 7, 8]. We verified these findings by histopathology 
on 48 primary prostate cancer specimens. Although TLR9 
expression showed inter- and intratumoral variation, 
all samples showed at least low level of cytoplasmic 
TLR9 (Figure 1A). The staining intensity correlated 
with increased Gleason grade for the majority of 

samples (Supplementary Table S1). To assess whether 
TLR9 contributes to prostate cancer progression, we 
selected three prostate cancer models: parental LNCaP 
cells, LNCaP-S17 cells stably expressing IL-6 and 
PC3-luc cells as representing less or more advanced 
stages in the progression to androgen-independence, 
respectively [19]. The TLR9 protein levels were 
undetectable in LNCaP, low in LNCaP-S17 and high 
in PC3 cells (Figure 1B, inlays). To study the role of 
TLR9, we stably transduced the LNCaP and LNCaP-S17 
cells using lentiviruses encoding either human TLR9 
cDNA (LNCaP-TLR9+ and LN-TLR9HI) or mock 
vector (LNCaP-TLR9− and LN-TLR9LO); meanwhile 
the PC3 cells were transduced with either TLR9 shRNA 
(PC-TLR9LO) or non-silencing control vector (PC-
TLR9HI) (Figure 1B, inlays). In both LNCaP and PC3 
cell variants higher levels of TLR9 expression and 
activation (by CpG ODN stimulation) correlated with 
increased mRNA and protein levels of IL-6, an important 
STAT3 activator and a contributor to prostate cancer 
progression [19]. As expected, these effects were blunted 
in LNCaP-S17 cells overexpressing IL-6 (Supplementary 
Figure S1). The in vitro proliferation of these cancer cells 
variants did not significantly change (Supplementary 
Figure S2AB). To evaluate TLR9 effect on prostate 
tumor progression, we injected LNCaP, LNCaP-S17 and 
PC3 cell variants subcutaneously into immunodeficient 
NSG mice. Both LNCaP-TLR9+ and LN-TLR9HI cells 
formed progressively growing tumors in contrast to 
poorly tumorigenic LNCaP-TLR9− and LN-TLR9LO 
cells (Figure 1B, left/middle). Although the PC-TLR9LO 
tumors became palpable within two weeks, their growth 
was strongly delayed compared to PC-TLR9HI tumors 
(Figure 1B, right). Overall, in all tested prostate cancer 
models, high TLR9 expression correlated with tumor 
engraftment and growth.

TLR9 increases frequency of prostate cancer 
stem-like cells with self-renewal properties

Prior studies linked increased tumorigenicity 
to a population of prostate cancer stem cells which 
enable serial tumor transplantation [20, 21]. To assess 
frequency of tumor-propagating cell (TPC) and their self 
renewal potential in variants of LNCaP-S17 and PC3 
cells, we used limited-dilution/clonal tumor-initiation 
assays [21]. The LN-TLR9LO tumors showed limited 
and delayed engraftment in NSG mice, thus preventing 
us from the TPC assessment within the timeframe of our 
analysis (Figure 1C). In contrast, the TPC frequency in 
LN-TLR9HI tumors was high and comparable to TPC 
numbers in the PC-TLR9HI model (Figure 1C, first panel). 
The silencing of TLR9 in PC-TLR9LO cells resulted 
in ~200-fold reduction in the TPC frequency (Figure 1C, 
second panel) which corresponded to the previously 
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Figure 1: Higher frequency of self-renewing tumor-propagating cells (TPC) in TLR9 + prostate tumors. A. The advanced 
human prostate cancers express TLR9 as assessed by immunohistochemical staining and pathological evaluation on sections from primary 
prostate cancers; scale bars = 10 μm. TLR9 levels were assessed within foci of carcinoma representative of the final Gleason score and the 
cytoplasmic staining was scored as: negative, no staining; +, staining in < 20% of carcinoma cells; ++, weak to moderate staining in > 20% 
of carcinoma cells; +++, strong/diffuse staining in > 20% of carcinoma cells. B. TLR9 expression promotes engraftment and growth of 
prostate cancer xenotransplants. Human TLR9 was either expressed in LNCaP and LNCaP-S17 cancer cells (with low basal levels of 
TLR9) or silenced in PC3 cells (with high basal levels of TLR9) using lentiviral systems. The protein levels of TLR9 were assessed using 
Western blotting; β-actin was used as a loading control (inlays). The immunodeficient NSG mice were injected subcutaneously using 
5 × 106 LNCaP- (left panel), LNCaP-S17- (middle panel), or PC3-derived cell variants (right panel). Tumor growth was measured at the 
indicated times; means ± SEM (n = 5). The results represent three independent experiments. C. The primary, secondary and tertiary TPC 
frequencies were measured in LN-TLR9LO and LN-TLR9HI or in PC-TLR9LO and PC-TLR9HI tumors using limiting dilution analysis in vivo; 
shown are means and 95% CI. D. Prostate cancer cells expressing TLR9 have augmented clonogenic potential. Cancer cells freshly isolated 
from xenotransplanted LNCaP (left), LNCaP-S17 (middle panel) or PC3 (right panel) variants were grown in 3D cultures to form colonies. 
Shown are the representative images and numbers of spheroid colonies; means ± SEM (n = 5).



Oncotarget4www.impactjournals.com/oncotarget

observed delayed PC-TLR9LO tumor engraftment 
(Figure 1B, right). To confirm the enhanced self-renewal 
properties of PC-TLR9HI cells, we transplanted tumor 
cells using limited dilution, from primary into secondary 
and then tertiary recipients (Figure 1C, three right 
panels). The significant reduction in the TPC frequency 
was consistent throughout serial transplantations of 
PC3 variants. Differences in TPC frequencies between 
prostate cancer variants could reflect changes in putative 
stem-like/progenitor cell populations [20, 21]. We used 
standard colony/sphere formation assays to verify whether 
TLR9 expression affects clonogenic potential of prostate 
cancer cells. Within 7–14 days, both LNCaP-TLR9+ 
and LN-TLR9HI cells formed prostatospheroids while 
LNCaP-TLR9− and LN-TLR9LO cells were only loosely 
clustered (Figure 1D, left/middle). Both variants of PC3 
cell created large and regular prostatospheres, however 
the number of colonies was reduced 8-fold after TLR9 
silencing (Figure 1D, right).

Prostate cancer cells often demonstrate bone 
marrow mesenchymal stem cells’ features [22]. Under 
in vitro stimulation both LNCaP and PC3 cancer cells 
differentiate into either osteoblast- or adipocyte-like 
cells [22]. Thus, we tested whether upregulation of TLR9 
levels will stimulate such properties of prostate cancer 
cells. Depending on culture conditions, both LN-TLR9HI 
and PC-TLR9HI cells differentiated into adipocyte- or 
osteoblast-like cells while prostate cancer cells with low 
levels of TLR9 failed to differentiate (Supplementary 
Figure S3). Together with our prior results, these 
observations support the notion that TLR9 expression 
in prostate cancer cells promotes tumor-propagating and 
stem cell-like phenotype, which is likely responsible for 
enhanced aggressiveness.

TLR9 orchestrates expression of tumorigenic 
and stem cell-related genes in prostate 
cancer cells

TLR9 regulates expression of genes critical 
for function of non-malignant immune cells [4] but 
the TLR9 downstream gene targets in cancer cells 
are mostly unknown. We employed whole transcriptome 
profiling to dissect the TLR9’s role in prostate cancer 
cells (Supplementary Figure S4). Altogether, our results 
revealed the potential link between TLR9 signaling and 
gene networks involved in stem cell maintenance and 
renewal. For validating this prediction, we selected a set of 
prostate cancer stem cell-specific genes: BMI-1, NKX3.1 
and SOX-4; mesenchymal stem cell-related COL1A1; and 
critical regulators of pluripotent embryonic stem cells 
(ESC): KLF-4, SOX-2, OCT-4 and NANOG. [23–26] The 
qPCR analysis of total RNA samples isolated from cultured 
LNCaP-TLR9 variants or in vivo grown LN-TLR9HI and 
LN-TLR9LO tumors showed the significant upregulation of 
majority of the tested stem cell-related genes after TLR9 

expression (Figure 2A, top/middle). Correspondingly, the 
silencing of TLR9 in PC3 cells (PC-TLR9LO) significantly 
downregulated of the majority (6/8) of tested genes, except 
for canonical ESC factors NANOG and OCT4 (Figure 2A, 
bottom; Supplementary Figure S5A-B). In addition, TLR9 
expression correlated with the protein levels of NKX3.1, 
KLF-4, BMI-1 and COL1A1 in both LNCaP-S17 and PC3 
cells (Figure 2B). When seeded in 2D culture at clonal 
density, PC3 cells form two types of keratinocyte-like 
colonies: the dispersed paraclones and the regularly-
shaped holoclones. The latter type reportedly harbors 
stem-like cells with self-renewal potential [27]. Our initial 
studies indicated that TLR9 expression correlated with the 
number of holoclones formed by LNCaP, LNCaP-S17 and 
PC3 cell variants (Supplementary Figure S6). Thus, we 
combined immunofluorescent staining with clonal cell-
dilution assays to evaluate TLR9, NKX3.1 and BMI-1 
expression in PC3 cell variants. In fact, PC-TLR9HI cell 
holoclones showed higher than paraclones levels of TLR9 
(Figure 2C, top). Furthermore, we observed that BMI-1 
and NKX3.1 were expressed exclusively in PC-TLR9HI 
holoclones (Figure 2C, middle and bottom). These results 
suggested that TLR9 drives the transcriptional program, 
which promotes the stem cell-like phenotype in prostate 
cancer cells.

NF-κB and STAT3 cooperate to mediate  
TLR9-induced effects in prostate cancer cells

The IPA analysis of our RNAseq data suggested 
NF-κB/RELA and STAT3 as top mediators of 
TLR9-dependent gene expression in prostate cancer 
cells (Supplementary Figure S5C). To elucidate  
TLR9-mediated transcriptional regulation, we focused on 
two key prostate cancer stem cell-related genes: NKX3.1 
and KLF-4. The CpG-induced upregulation of NKX3.1 
and KLF4 was inhibited by the silencing of either NF-κB/
RELA or STAT3 in both LNCaP-TLR9+ (Figure 3A) and 
LN-TRL9HI cells (Figure 3B). Next, we used the chromatin 
immunopreciptation (ChIP) and qPCR assays to test 
whether TLR9 stimulates binding of NF-κB/RELA and/or  
STAT3 to NKx3.1 or KFL-4 promoter regions in LN-TLR9HI  
cells. In fact, within an hour after TLR9 activation both 
NF-κB/RELA and STAT3 were recruited to NKX3.1 
and KFL-4 promoters (Figure 3C). NF-κB/RELA and 
STAT3 potentially partner in transcriptional regulation of 
tumorigenic genes in cancer cells [16]. We used Re-ChIP 
assays to assess whether these TFs bind to the same DNA 
regulatory elements in NKX3.1 and KFL-4 promoters. 
The sequential immunoprecipitation using STAT3- and 
then NF-κB/RELA-specific antibodies yielded promoter 
regions from both NKX3.1 and KLF-4 (Figure 3C). We 
further evaluated these results using ChIP/Re-ChIP assays 
in PC3-TLR9LO and PC3-TLR9HI cells. As expected, CpG 
stimulation induced binding of NF-κB/RELA together 
with STAT3 to the NKX3.1 promoter in PC3-TLR9HI but 
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not in PC3-TLR9LO cells (Figure 3D, left). NF-κB/RELA 
and STAT3 similarly collaborate for the transcriptional 
regulation of KLF-4 in PC3-TLR9HI cells (Figure 3D, 
right). TLR9 silencing reduced STAT3 binding to KLF-4 

promoter, although it did not affect NF-κB/RELA. It is 
likely that the interaction with STAT3 supports but is not 
required for NF-κB binding to KLF-4 promoter. Taken 
together, our results suggest that NF-κB/RELA and STAT3 

Figure 2: TLR9 orchestrates expression of prostate cancer stem cell-related genes. A. The mRNA expression of BMI-1, 
COL1A1, KLF4, OCT-4, SOX-2, SOX-4, NKX3.1 and NANOG was assessed by qPCR in RNA samples isolated from LNCaP cells (top) 
or xenotransplanted LNCaP-S17 (middle) and PC3 (bottom) tumor variants; means ± SEM (n = 3). B. Protein levels of the selected stem 
cell-related factors as indicated were assessed using Western blotting; β-actin was used as a loading control. C. Intracellular localization 
of TLR9 (top), BMI-1 (middle) and NKX3.1 (bottom) shown in red with DAPI for staining nuclei (blue) in holo-/paraclones formed by 
PC-TLR9LO or PC-TLR9HI cells in vitro and analyzed using immunofluorescent microscopy; scale bar = 100 μm.
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Figure 3: NF-κB and STAT3 co-regulate expression of NKX3.1 and KLF-4 prostate cancer stem cell-related genes 
downstream from TLR9. A, B. Both NF-κB and STAT3 are required for TLR9-dependent expression of NKX3.1 and KLF-4 genes. 
106 LNCaP-TLR9+ (A) or LN-TLR9HI cells (B) were transfected using Lipofectamine 2000 (Invitrogen) and siRNAs specific to NF-κB/
RELA, STAT3 or Luciferase as a negative control (40 nm/L). After 24 h, cells were treated using CpG ODN (1 μg/mL) for another 24 h or left 
untreated. The mRNA levels of NKX3.1 and KLF4 as well as NF-κB/RELA and STAT3 for verification of target gene silencing were assessed 
by qPCR and normalized to TBP expression. Shown are results from two independent experiments; means ± SEM. C. TLR9 activation in 
prostate cancer cells induces binding of both NF-κB/RELA and STAT3 to promoters of stem cell-related genes. The LN-TLR9HI cells were 
stimulated using CpG as above. NF-κB/RELA and STAT3 binding to NKX3.1 (left two graphs) and KLF4 (right two graphs) promoters was 
evaluated using ChIP assays with qPCR analyses. In addition, a portion of the anti-STAT3 immunoprecipitate was subjected to a second 
round of immunoprecipitation using NF-κB/RELA antibody (re-Chip) as indicated. D. TLR9 silencing reduces NF-κB/RELA and STAT3 
recruitment to NKX3.1 and KLF4 promoters in PC3 cells. ChIP (left) and Re-ChIP assays (right) were performed using PC-TLR9LO and 
PC-TLR9HI cells treated using CpG ODN for 1 h. NKX3.1 and KLF4 promoter-binding activities of NF-κB/RELA and STAT3 were assessed 
as fold enrichment in two independent experiments; mean ± SEM (n = 4).
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cooperate to various extents in orchestrating expression 
of TLR9-induced prostate cancer stem cell-related genes.

Targeted inhibition of NF-κB and STAT3 
signaling in TLR9-positive tumor-propagating 
cells inhibits growth of human prostate cancers 
in vivo

While targeting stem cell-like cells could overcome 
therapeutic resistance of late-stage cancers, the task 
remains challenging [21]. TLR9 expression in prostate 
cancer propagating cells creates an opportunity to use 
this receptor as a target for the delivery of therapeutic 
molecules, such as CpG-siRNA [28]. As we previously 
demonstrated, siRNAs linked to TLR9 ligands (e.g. CpG 
ODNs) are internalized by hematopoietic cells, followed by 
the TLR9-mediated cytoplasmic siRNA release and target 
gene silencing [28]. We verified that in the absence of 
any transfection reagents in vitro, TLR9-positive PC3-luc 
and DU145 prostate cancer cells, efficiently internalize 
CpG-siRNA (Figure 4A and Supplementary Figure S7A). 
Next, we evaluated the impact of silencing NF-κB/RELA 
or STAT3 on the growth of PC3-luc and DU145 tumors. 
The intratumoral injections of CpG-RELAsiRNA alone, 
CpG-STAT3siRNA alone or combination thereof, but 
not CpG-scrambled RNA, induced target gene silencing 
and inhibited growth of PC3 tumors. The observed 
therapeutic effects were more pronounced for targeting 
RELA rather than STAT3 or both transcription factors 
together. In contrast, similar experiments using DU145 
tumors showed comparable growth inhibitory effects 
of both CpG-RELAsiRNA and CpG-STAT3siRNA 
(Figure 4B, right; Supplementary Figure S7B). These 
results may reflect various degree of STAT3-dependency 
in both tumor models as well as less effective silencing 
of STAT3 compared to RELA in target cells (Figure 3C). 
Importantly, the colony-forming assays confirmed 
that intratumoral injections of  CpG-RELAsiRNA and 
CpG-STAT3siRNA reduced clonogenic potential of tumor 
cells (Figure 4D). Consistently with our earlier studies, 
we did not observe target gene silencing or any antitumor 
effects of CpG-STAT3siRNA in TLR9-negative tumor 
xenotransplants in immunodeficient mice (Supplementary 
Figure S8) [28]. Our ongoing studies using syngeneic 
prostate cancer models should reveal the complete 
therapeutic potential of immunostimulatory CpG-siRNAs.

Previous in vitro studies suggested that TLR9 
promotes prostate cancer cell proliferation and/or 
invasiveness [7]. However, to our knowledge this is the 
first report of TLR9′s role in promoting prostate cancer 
cells’ self-renewal and tumor-propagating potential. 
This is a result of the concerted expression of genes 
related to cancer stem cell maintenance through NF-κB/
RELA and STAT3 as downstream mediators of TLR9 
signaling. Finally, we demonstrate the feasibility to use 

TLR9-mediated siRNA delivery for targeting prostate 
cancer-propagating cells in vivo, thereby halting tumor 
progression. Targeting of TLR9+ tumor-propagating cells 
alone or in combination with antiproliferative agents 
has potential to address an unmet need for treatment of 
patients with advanced and poorly differentiated prostate 
cancers.

DISCUSSION

Previous studies reported that prostate cancer cells 
express innate immune receptors, such as TLR9, normally 
restricted to the hematopoietic cell lineage [2, 5, 7].  Rather 
than becoming immunogenic, TLR9+ prostate cancers 
were less differentiated, more aggressive and prone to 
reoccur [8, 29]. Our study reconciles these observations as 
it identifies a novel function of TLR9 signaling in cancer 
cells and underscores the role of inflammation in prostate 
cancer progression. We demonstrate for the first time that 
TLR9 expression promotes tumor-propagating potential of 
prostate cancer cells in vivo. The TLR9+ prostate cancer 
cells have increased both clonogenic potential and the 
ability to differentiate into osteoblast- or adipocyte-like 
cells similarly as bone marrow mesenchymal stem cells. 
These phenotypic changes are associated with concerted 
expression of tumorigenic mediators, including a set of 
genes related to cancer stem cell maintenance and tumor-
propagating potential. We identify NF-κB/RELA and 
STAT3 as two critical downstream mediators of TLR9 
signaling. Both NF-κB/RELA and STAT3 coordinate 
transcription NKX3.1 and KLF4 stem cell-related genes. 
Finally, silencing of RELA or STAT3 specifically in TLR9+ 
tumor-propagating cells inhibits growth of established 
prostate cancers in vivo.

Our results align with earlier reports demonstrating 
elevated TLR9 expression in prostate cancers with 
higher Gleason scores and in the cell lines established 
from more advanced tumor stages such as PC3 or 
DU145 [5, 7, 29]. Previous in vitro studies suggested 
that TLR9 activity promotes cancer cell proliferation [30] 
and/or invasiveness [7]. However, to our knowledge this 
is the first report of TLR9’s role in promoting prostate 
cancer cells’ self-renewal and tumor-propagating 
potential. Several studies suggested the existence of 
undifferentiated population of prostate cancer stem cells 
with self-renewing potential, which enable serial tumor 
transplantation in immunodeficient mice [20, 21, 31]. 
Growing evidence also links prostate cancer stem cells to 
castration resistance and tumor recurrence [20, 32]. We 
found that TLR9 expression is essential for prostate cancer 
cells ability to differentiate into adipocytes or osteoblasts 
[22]. Given the similarity between prostate cancer cells 
and bone marrow mesenchymal stem cells, TLR9+ tumor-
propagating cells may play a role in the metastatic tumor 
spread to bone. This possibility will be explored in our 
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Figure 4: TLR9-targeted silencing of RELA or STAT3 inhibits growth and clonogenic potential of prostate 
tumors. A. Internalization of naked CpG-siRNA conjugates by PC3-luc and DU145 prostate cancer cells in the absence of transfection 
reagents. Cells were incubated with fluorescently-labeled CpG-STAT3siRNAFITC or unconjugated STAT3siRNAFITC (500 nM) for 1 h and 
the level of uptake was analyzed using flow cytometry. B. CpG-mediated silencing of RELA and/or STAT3 inhibits growth of PC3-luc (left) 
and DU145 (right) prostate tumors in NSG mice. After tumors well established (as shown by arrows), the established PC3-luc tumors were 
treated using IT injections of the indicated CpG-siRNA conjugates, CpG-scrambled RNA control (5 mg/kg) or PBS every other day while 
measuring tumor volumes. C. The silencing effect of CpG-siRNA conjugates in PC3 cells were verified using qPCR to measure RELA 
(left) and STAT3 (right) expression levels and normalizing to TBP expression; shown are means ± SEM (n = 6). D. In vivo treatments using 
CpG-RELAsiRNA or CpG-STAT3siRNA reduce clonogenic potential of PC3 prostate cancer cells. Tumor cells isolated from NSG mice 
treated as indicated were used for colony-forming assays; shown are mean numbers of colonies ± SEM (n = 5).
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further studies. Noteworthy, recent studies suggested that 
non-stem cancer cells can dedifferentiate into tumorigenic 
cells [33]. The notion of stem cell phenotype reversibility 
find some support in our findings that forced expression or 
silencing of TLR9 can affect tumor-propagating potential 
of prostate cancer cells. As recently demonstrated, TLR9 
expression in cancer cells is upregulated in response to 
genotoxic stress caused by irradiation or chemotherapy [6]. 
Therefore, expansion of cancer stem cell population could 
result from TLR9-mediated response to environmental 
conditions, thereby limiting the outcome of cytotoxic 
tumor therapies. In fact, sterile tissue injury or tumor 
irradiation can stimulate TLR9 signaling in vivo through 
release of natural TLR9 agonists such as mitochondrial 
DNA [9, 10, 34].

Downstream TLR9 signaling involves NF-κB 
activation and indirectly induces STAT3 signaling. [4, 9, 11]   
In our studies, TLR9 expression upregulated several well 
known activators of tumorigenic STAT3 signaling in 
prostate cancer cells, such as EGFR, IL-6 and VEGF [12]. 
We demonstrate that TLR9/NF-κB/STAT3 signaling axis 
operates in prostate cancer cells to promote expression 
of tumorigenic and stem cell-related genes. While both 
NF-κB and STAT3 are well known mediators of prostate 
carcinogenesis and progression, their collaboration 
in promoting prostate cancer-propagating cells has 
not yet been shown [15, 35]. As suggested by both our 
transcriptome and protein analyses, the link between TLR9/
NF-κB and STAT3 signaling likely relies on IL-6 secretion 
by cancer cells. IL-6 is known for inducing rapid STAT3 
phosphorylation through the IL-6R-associated Janus 
family kinases (JAKs) [36]. IL-6-mediated activation of 
STAT3 in human prostate cancers is well documented and 
related to androgen-independence [17, 37]. As recently 
suggested, IL-6/STAT3 signaling also promotes stem cell-
like phenotype of cancer cells [38]. We cannot exclude the 
contribution of other signaling pathways to transcriptional 
activity induced by TLR9. In fact, based on our in vitro 
experiments TLR9-triggered gene expression is sensitive 
not only to inhibitors of NF-κB and STAT3, but also 
to Src and PI3K/Akt inhibitors (Moreira unpublished 
data). Recent reports demonstrated synergism between 
IL-6/STAT3 and PI3K/Akt or Src pathways in promoting 
prostate cancer aggressiveness and progression [37, 39]. 
Our findings underscore the possibility that these signaling 
pathways converge to orchestrate functionally overlapping 
set of genes. As shown by this study, TLR9/NF-κB/STAT3 
signaling coordinates expression of genes related to 
differentiation and renewal of normal or cancer stem cells. 
Several of the identified targets genes are known mediators 
of prostate cancer cell “stemness” and self-renewal, such 
as NKx3.1 [24], BMI-1 [23], and SOX-4 [25]; some are also 
embryonic stem cell (ESC) regulators, such as KLF4 and 
SOX2 [40]. However, TLR9 signaling is not required for 
expression of the two canonical ESC transcription factors 
NANOG and OCT4. This is in contrast to recently shown 

direct TLR4/NANOG signaling in liver cancer-initiating 
cells [41], which may indicate diversity of molecular 
mechanisms regulating stem cell phenotype in various 
solid tumors.

While targeting stem cell-like cells gained interest 
as a potential method to overcome therapeutic resistance 
of late-stage cancers, such task remains challenging 
[21, 31]. TLR9 expression in prostate cancer cells creates 
an opportunity to use this receptor as a target for the 
delivery of therapeutic molecules, such as CpG-siRNA 
conjugates [42]. Doses and uptake of CpG-siRNA by 
TLR9+ human prostate cancer cells were comparable to 
our previous observations in blood cancer models [28]. 
The proof-of-principle experiments using CpG-siRNAs 
to target tumorigenic NF-κB/RELA and STAT3 signaling 
in xenotransplanted TLR9+ prostate tumors confirmed 
therapeutic efficacy of such strategy. Targeting either of 
the two tumorigenic transcription factors inhibited tumor 
growth and reduced clonogenic potential of tumor cells. 
Overall, our findings suggest that TLR9-mediated siRNA 
delivery targets prostate cancer-propagating cells, thereby 
halting tumor progression. Further in vivo studies will 
elucidate effects of inhibiting TLR9-mediated signaling, 
which should trigger differentiation of cancer-propagating 
cells into tumor cells with potentially greater sensitivity to 
standard therapies [43]. Therefore, targeting TLR9+ tumor-
propagating cells alone or in combination with expanding 
panel of antiproliferative agents, can address an unmet 
need for treatment of patients with advanced and poorly 
differentiated prostate cancers.

MATERIALS AND METHODS

Pathological analysis

Investigation has been conducted in accordance with 
the ethical standards and according to the Declaration of 
Helsinki and according to national and international 
guidelines and has been approved by the authors’ 
institutional review board. Prostate cancer specimens from 
patients’ samples were acquired from the Biospecimen 
Repository (COH) with the prior Institutional Review 
Board approvals (IRB09213), with written, informed 
consent of all patients. 4 μm sections prepared from the 
selected 48 prostate cancer specimens were deparafiinized, 
stained using human TLR9-specific antibodies (IMG305a; 
Imgenex) and evaluated by a pathologist (COH).

Cell lines

Human prostate cancer cells: DU145, PC3 expressing 
luciferase and STAT3 (PC3-luc; Supplementary Figure S7C), 
LNCaP-S17 (LN-S17) stably expressing IL-6 [19] were 
kindly provided by Dr. Richard Jove (Vaccine&Gene 
Therapy Institute, FL), while LNCaP were purchased 
from ATCC. All cells were authenticated and clear from 
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contamination by other cell types (Biosynthesis, Lewisville, 
TX). The PC-TLR9LO and PC-TLR9HI cells were generated 
using lentiviral transduction of pKLO-puro.1-shTLR9 or 
control pKLO-puro.1 vectors (Sigma-Aldrich) into PC3-luc 
cells, respectively, followed by selection of stable cell lines 
in puromycin (1.5 μg/ml). The sequence of shTLR9 was: 
5′-CCGGCCACTTCTATAACCGGAACTTCTCGAGAAG 
TTCCGGTTATAGAACTGGTTTTTG-3′. To generate the 
LNCaP-TLR9+ and LN-TLR9HI cells, the full length human 
TLR9 cDNA (Addgene) was cloned into pLVX-EF1α vector 
and lentivirally transduced into LNCaP and LN-S17 cells to 
select stable clones.

In vitro spheroid and clonogenic assays

For the spheroid formation assays, 24-well culture 
dishes coated with 0.6%(w/v) agarose were overlayed 
using 1 × 104 of freshly isolated tumor cells suspended 
in the agarose-medium mixture (RMPI/10%(v/v)
FCS/0.3%(w/v) agarose). The colonies were 
counterstained and counted after 1–2 weeks of culture. 
The clonogenic assay design was reported by others [27]. 

In vivo experiments

NOD/SCID/IL-2RγKO mice (NSG), aged 6–8 weeks, 
were purchased from the Jackson Laboratory. Mouse 
care and experimental procedures were performed under 
pathogen-free conditions following protocols approved by 
the Institutional Animal Care and Use Committee (COH). 
The limited-dilution assays to calculate tumor-propagating 
cell frequency were performed as described elsewhere using 
the ELDA software to calculate frequencies and probability 
estimates [21]. The CpG-siRNA design was described 
previously [28]. The sequence of the CpG-RELAsiRNA 
(deoxyribonucleotides are underlined; asterisks indicate 
phosphothioation sites): CpG-siRNA(antisense strand):  
5′ G*G*TGCATCGATGCAGG*G*G*G*G-Linker-UCC 
UUUUACGUUUCUCCUCAAUCCGGU 3′ siRNA(sense 
strand): 5′ CGGAUUGGAGAAACGUAAAAGGA 3′.

Western blotting

Total cellular lysates were prepared as previously 
reported [28] and analyzed using antibodies specific to 
TLR9 (Imgenex), tyrosine-phosphorylated STAT3, total 
STAT3, BMI-1, COL1A1, KLF4, NKX3.1, SOX-4 (Santa 
Cruz) and β-actin (Sigma).

Quantitative real-time PCR

The RNA extraction, reverse transcriptase and 
real time PCR reactions were performed using CFX96 
Real-Time PCR Detection System (Bio-Rad) and the 
specific pairs of primers designed for BMI-1, COL1A1, 
KLF4, NANOG, NKX3.1, OCT-4, SOX2 and SOX4 
(sequences provided in the Supplementary Materials) as 

previous described [28]. The data were normalized to the 
TBP levels and the relative gene expression levels were 
calculated using the 2−∆∆Ct method.

Flow cytometry

For uptake studies, following the incubation with 
fluorescently-labeled oligonucleotides cells were analyzed 
using C6 flow cytometer (BD Biosciences) and analyzed 
using FlowJo software (Tree Star).

Chromatin Immunoprecipitation (ChIP) assays

ChIP assays were carried out with a EipTect ChIP 
OneDay (Qiagen) following the manufacturer’s instructions. 
For ChIP-re-ChIP assay, the immunoprecipitates were 
subjected to a second round of immunoprecipitation. The 
presence of specific DNA fragments was quantified using 
qPCR and specific primers listed in the Supplementary 
Methods.

Statistics

Unpaired t test was used to calculate two-tailed 
P value to estimate statistical significance of differences 
between two treatment groups. One- or two-way 
ANOVA plus Bonfeerroni post-test were applied to 
assess differences between multiple groups or in tumor 
growth kinetics experiments, respectively. Statistically 
significant P values were indicated in figures as follows: 
***, P < 0.001; **, P < 0.01 and *, P < 0.05. Data were 
analyzed using Prism software v. 6.01 (GraphPad).
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TLR9-Targeted STAT3 Silencing Abrogates
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Abstract

Purpose: Recent advances in immunotherapy of advanced
human cancers underscored the need to address and eliminate
tumor immune evasion. The myeloid-derived suppressor cells
(MDSC) are important inhibitors of T-cell responses in solid
tumors, such as prostate cancers. However, targeting MDSCs
proved challenging due to their phenotypic heterogeneity.

Experimental Design: Myeloid cell populations were evaluat-
ed using flow cytometry on blood samples, functional assays,
and immunohistochemical/immunofluorescent stainings on
specimens from healthy subjects, localized and metastatic
castration-resistant prostate cancer patients.

Results:Here, we identify a population of Lin�CD15HICD33LO

granulocytic MDSCs that accumulate in patients' circulation
during prostate cancer progression from localized to metastatic
disease. The prostate cancer–associated MDSCs potently inhibit
autologous CD8þ T cells' proliferation and production of IFNg
and granzyme-B. The circulating MDSCs have high levels of

activated STAT3, which is a central immune checkpoint regulator.
The granulocytic pSTAT3þ cells are also detectable in patients'
prostate tissues. We previously generated an original strategy
to silence genes specifically in Toll-like Receptor-9 (TLR9) positive
myeloid cells using CpG-siRNA conjugates. We demonstrate
that human granulocytic MDSCs express TLR9 and rapidly inter-
nalize naked CpG-STAT3siRNA, thereby silencing STAT3 expres-
sion. STAT3 blocking abrogates immunosuppressive effects of
patients-derived MDSCs on effector CD8þ T cells. These effects
depended on reduced expression and enzymatic activity of Argi-
nase-1, a downstream STAT3 target gene and a potent T-cell
inhibitor.

Conclusions: Overall, we demonstrate the accumulation of
granulocytic MDSCs with prostate cancer progression and the
feasibility of using TLR9-targeted STAT3siRNA delivery strategy
to alleviate MDSC-mediated immunosuppression. Clin Cancer
Res; 1–12. �2015 AACR.

Introduction
Prostate cancer remains the most commonmalignancy in men

in the United States (1). Although localized prostate cancers are
curable with surgery or standard therapeutic regimens, the 5-year
survival rate of patients with the advanced metastatic tumors is
reduced to 20% to 30%. Androgen deprivation therapies control
the recurrent disease only for limited time until the development

of metastatic castration-resistant prostate cancers (mCRPC). Cur-
rent chemotherapeutic regimens formCRPC have limited efficacy
and are plagued by the highly toxic effects to normal tissues (2).
The first FDA-approved immunotherapeutic approach to
mCRPC, using autologous cellular vaccinations, showed prom-
ising although modest improvement in patients' survival (3).
Growing evidence suggests that prostate tumor microenviron-
ment can block immune responses using a wide array of immune
checkpoint mechanisms likely extending beyond PD-1 blockade
(4–7). Human tumors recruit and expand population of potently
immunosuppressive myeloid-derived suppressor cells (MDSC)
that were associated with progression and poor patients' survival
(8–10). Depending on the expression of lineage-specific immune
markers, MDSCs can be divided into CD14þCD15LOCD33HI

monocytic MDSCs (M-MDSC) and CD14�CD15HICD33LO gran-
ulocytic MDSCs (G-MDSC), also known as polymorphonuclear
neutrophil-MDSCs (PMN-MDSC; ref. 8). The generation of
MDSCs is a result of tumor-induced skewing of monocyte differ-
entiation from macrophages/DCs into M-MDSCs and later into
G-MDSCs, a dominant myeloid population in cancer patients'
circulation (11). First study that reported circulating prostate
cancer–associated MDSCs in patients with the localized disease
identified these cells asCD14þ/HLA-DR�M-MDSCs (12).Wheth-
er G-MDSCs are contributing to prostate cancer progression
remains unknown. However, there is accumulating evidence
linking G-MDSCs with immunosuppression in human
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genitourinary tumors, such as renal and bladder cancers (13–16).
Preclinical studies in mouse tumor models showed that MDSC
depletion or targeting their expansion and recruitment increases
the effectiveness of cancer therapies, including anti-PD-1 immu-
notherapies (8, 17). We also recently observed that resistance of
renal carcinoma patients to pazopanib, a multi-receptor tyrosine
kinase inhibitor and antitangiogenic agent, correlated with accu-
mulation of CD15þ G-MDSCs in circulation compared with
patients responding to therapy (18).

The expansion of MDSCs in the tumor microenvironment is
induced by cancer-derivedmediators, such as VEGF, HGF, G-CSF,
IL6, and IL10 (19). Downstream signaling induced bymajority of
these factors converges on signal transducer and activator of
transcription 3 (STAT3), which plays central role in the expansion
and function of MDSCs (19, 20). Tumor-induced STAT3 activa-
tion in myeloid cells inhibits differentiation while enhancing
their survival through upregulation of Bcl-XL, c-Myc, and cyclin
D1 (19, 20). In addition, STAT3 promotes immunosuppressive
functions of MDSCs by stimulating expression of Arginase-1,
ROS, iNOS, and IDO (19, 21). Targeting STAT3 is therefore an
attractive strategy to alleviate MDSC-mediated immunosuppres-
sion in the tumor microenvironment without the need for mye-
loid cell depletion. However, as a molecule without enzymatic
activity, STAT3 has proven to be a challenging target for pharma-
cologic inhibition. Small-molecule tyrosine kinase inhibitors are
an alternative strategy to target STAT3, but therapeutic effects in
most clinical trials were short lived (22).

We previously generated an original method to silence genes
specifically in human and mouse TLR9þ myeloid cells using
siRNA molecules conjugated to CpG oligonucleotides (23, 24).
Targeted TLR9 activation and STAT3 blocking using CpG-STAT3
siRNA alone, or in combination with radiotherapy, overcame
immunosuppression and generated antitumor immune
responses against various solid tumors in mice (23, 25). In the
present study, we demonstrate that a population of G-MDSCs
with high levels of STAT3 activity and Arginase-1 expression is
associated with progression of prostate cancers from localized to

metastatic disease. We also tested the feasibility of using
CpG-STAT3siRNA to abrogate immunosuppressive functions
of prostate cancer–associated G-MDSCs on effector T-cell activ-
ities. Overall, these studies provide a rational for application of
CpG-STAT3 siRNA strategy to immunotherapy of humanprostate
cancers.

Materials and Methods
Patients

Blood specimens were collected prospectively (after informed
consent was obtained) from patients under two independent
protocols, IRB-11020 and IRB-10058 (COH). In the IRB-
11020, selected patients were diagnosed with high-risk localized
prostate cancers. Blood specimens were collected at the baseline
before patients underwent prostatectomy. Patients in the IRB-
10058 were diagnosed with metastatic castration-resistant pros-
tate cancers (mCRPC) and were later treated with docetaxel
chemotherapy. Blood specimens were collected at baseline and
after 4 months of docetaxel chemotherapy applied in 3 weekly
cycles. Prostatectomy specimenswere acquired frompatientswith
high-risk, localized prostate cancers under IRB-10151 protocol
(COH). Each protocol and the relevant informed consent were
approved by the institutional scientific review committee, data
safety monitoring board, and the institutional review board at
City of Hope. All patients enrolled provided written informed
consent, and the study was conducted in accordance with the
amended Declaration of Helsinki and the International Confer-
ence on Harmonization Guidelines.

PBMC isolation and flow cytometry
PBMCs and plasma were separated using Vacutainer CPT tubes

(BD Biosciences) within 2 hours after collection by centrifugation
at 1,800 �g for 20 minutes at room temperature. Fresh PBMCs
were used for phenotypic analysis of myeloid immune cell
populations, 1 � 106 of PBMCs were preincubated with FcgIII/
IIR-specific antibody to block unspecific binding and then stained
with fluorescently-labeled antibodies to HLA-DR, CD11b, CD14,
CD3, CD19, CD56, CD114, CD15, or CD33 (eBiosciences). For
analysis of intracellular markers, we used PBMCs previously
frozen in optimized Cryostor CS5 media (Biolife). Freeze–thaw
procedure reduced CD15 staining causing decrease in the per-
centage of CD15HICD33LO cells (Supplementary Fig. S1), how-
ever, reductions of G-MDSC percentages were consistent between
various patients. Thus, it was feasible and acceptable to compare
identically handled cryopreserved samples to assess relative
changes of G-MDSC population during disease progression. For
intracellular staining, PBMCs were first stained for surface mar-
kers, then fixed and permeabilized using BD fixation and perm/
wash buffer, respectively, following the manufacturer's recom-
mendations. After blocking in human serum, cells were stained
using fluorescently-labeled antibodies specific to TLR9 (eBios-
ciences), tyrosine 705-phosphorylated STAT3 (pSTAT3; BD Bios-
ciences), or Arginase-1 (R&D Systems). Flow cytometric data were
collected on BD-Accuri C6 Flow Cytometer (BD Biosciences) or
MACSQuant (Miltenyi Biotec) and analyzed using FlowJo soft-
ware (TreeStar).

MDSC isolation and treatment
For analysis of immunosupressive functions, myeloid cell

populations were isolated from fresh blood samples using

Translational Relevance

Despite the initial efficacy of hormone therapies, prostate
tumors eventually progress to metastatic castration-resistant
prostate cancers (mCRPC), which resist current therapies and
also the emerging immunotherapeutic regimens. The advanced
prostate cancers develop a potently immunosuppressivemicro-
environment which partly relies on the heterogeneous
population of myeloid-derived suppressor cells (MDSC). We
identified a specific population of granulocytic MDSCs that
accumulated in patients' circulation during prostate cancer
progression from localized to metastatic disease. These
TLR9þ MDSCs showed high levels of immunosuppressive
mediators, STAT3 and Arginase-1, and inhibited effector T-cell
proliferation and activity. TargetingMDSCs using CpG-STAT3-
siRNA strategy alleviated their immunosuppressive functions,
restoring T-cell activity. With the ongoing clinical translation of
CpG-STAT3siRNA conjugates to therapy of hematologicmalig-
nancies, our results underscore the potential of utilizing these
oligonucleotide reagents to immunotherapy of advanced pros-
tate cancers.
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FACSAriaIII cell sorter (BD Biosciences) or magnetic enrichment
(STEMCELL Technologies). For the latter, CD14þ cells were first
removed from total PBMCs using specific antibodies (eBios-
ciences) and then CD14�CD15þ cells were selected using
CD15-specific antibodies (eBiosciences). Purity of isolated cells
was evaluated by flow cytometry, which detected single-cell
population (data not shown). For the analysis of STAT3 activation
and ARG1 expression, frozen PBMCs were thawed and cultured
for at least 2 hours in 20% plasma from the same patient. These
conditionswere sufficient to restore themaximum levels of STAT3
signaling as determined in preliminary studies (Supplementary
Fig. S2). Then selected myeloid cell populations were isolated
using high-speed cell sorting using FACS-Aria (BD Biosciences) or
magnetic separation using specific antibodies (STEMCELL Tech-
nologies). For the latter, after removal of CD14þ myeloid cells
from total PBMCs using CD14-specific antibodies (eBiosciences),
the CD14�CD15þ cells were enriched from the remaining PBMCs
using CD15-specific antibody (eBiosciences). For uptake studies,
enriched MDSCs were treated using different concentrations of
FITC-labeled CpG-STAT3 siRNA followed by flow cytometry
to assess the uptake. The sequences of human cell-specific
CpG-siRNAs were reported before (23, 24). All CpG-siRNA con-
jugates were synthesized at DNA/RNA Synthesis Core (COH) by
using 5 units of C3 carbon chain, (CH2)3 (Glen Research) to link
the D19 oligodeoxyribonucleotides to antisense strands (AS) of
siRNAs. The resulting constructs were hybridized to complemen-
tary siRNA sense strands (SS) to generate CpG-siRNA conjugates.
To test the effect of STAT3 or Arginase-1 inhibition on MDSC
function, the isolated MDSCs were treated with 500 nmol/L of
CpG-STAT3 siRNA or 20 mmol/L nor-NOHA (Cayman Chemical
Company) and then cocultured with autologous T cells.

T-cell assays
CD3þ T cells were isolated from patients' PBMCs using specific

antibodies plus magnetic bead-enrichment (STEMCELL Technol-
ogies) and then labeled using carboxyfluorescein succinimidyl
ester (CFSE; Life Technologies). CFSE-labeled cells were then
incubated with Human T-cell Activator CD3/CD28 Dynabeads
(Life Technologies) for 3 days with or without CD15HICD33LO

MDSCs isolated from same patient. Proliferation of CD3þ T cells
were evaluated as CFSE dilution using flow cytometry. To deter-
mine IFNg and granzyme-B response in CD8þ T cells in same
experimental condition, Golgi stop (BD Biosciences) was added
for last 6 hours to theMDSC–T-cell cocultures and harvested cells
were immunostainedwith specific antibodies to CD3, CD8, IFNg ,
and granzyme-B (BDBiosciences) according to themanufacturer's
protocol. UnstimulatedCD3þ T cells from each patient served as a
negative control.

Quantitative real-time PCR and protein assays
For quantitative PCR (qPCR), total RNA was extracted from

isolated MDSCs using the RNeasy Plus kit (Qiagen). After cDNA
synthesis using iScript kit (Bio-Rad), samples were analyzed using
sets of probes from the Universal Probe Library and specific
primer pairs for human STAT3: 50-CTGCCTAGATCGGCTA-
GAAAAC-30, 50-CCCTTTGTAGGAAACTTTTTGC-30, UPL #25;
TLR9: 50-TGTGAAGCATCCTTCCCTGTA-30, 50-GAGAGACAGCG-
GGTGCAG-30, UPL #56. SsoAdvanced SYBR Green Supermix
(Bio-Rad) was used to analyze human ARG-1, iNOS, and IDO
expression in patient MDSCs with following sets of primers:

ARG-1: 50-GTTTCTCAAGCAGACCAGCC-30 and 50-GCTCAAG-
TGCAGCAAAGAGA-30; iNOS: 50-ATTCTGCTGCTTGCTGAGGT-
30 and 50-TTCAAGACCAAATTCCACCAG-30; IDO: 50-CATCTG-
CAAATCGTGACTAAG-30 and 50-CAGTCGACACATTAACCTTC-
CTTC-30. Sequence-specific amplification was analyzed on the
CFX96 Real-Time PCRDetection System (Bio-Rad). The datawere
normalized to the TBP expression and the relative expression
levels were calculated using the 2�DDCtmethod. Concentrations of
cytokines and growth factors were assessed in plasma specimens
using Human Cytokine 30-plex protein assay (Invitrogen) on
FLEXMAP 3D System (Luminex) at the Clinical Immunobiology
and Correlative Studies Laboratory (City of Hope).

Arginase activity assay
Arginase-1 enzymatic activity in CD15HICD33LO cell lysates

and blood serum from different stage prostate cancer patients
were measured using the QuantiChrom Arginase Assay Kit
(BioAssay Systems). To prepare lysates, isolated MDSCs were
lysed with 10 mmol/L Tris-HCL (pH 7.4) containing protease
inhibitors (Complete Mini; Roche) and 0.4% Triton X-100 for
15 minutes on ice. For blood serum samples, urea was
removed using Amicon Ultra-0.5 centrifugal filter devices
(Millipore).

Immunohistochemistry and confocal microscopy
For immunohistochemical analysis, 4-mm sections were

deparaffinized and immunostained using antibodies specific
for CD15 (Abcam) or pSTAT3 (Cell Signaling Technology). The
slides were analyzed first using upright AX70 microscope
(Olympus) followed by whole-slide imaging using NanoZoo-
mer scanner and NDP v.2.5 software (Hamamatsu Photonics).
To assess the morphology of CD15HICD33LO and CD15LO

CD33HI populations, sorted cells were cytospinned on glass
slides and dried for 10 minutes at room temperature. Slides
were then vertically submersed in methanol for 15 minutes,
stained briefly using Differential Quick Stain kit (Polyscienecs,
Inc), coverslipped with mounting medium (Vector Labs), and
imaged using upright AX70 microscope (Olympus). For in vitro
uptake studies, CD15þCD14� cells enriched from prostate
cancer patient were incubated with fluorescently labeled
CpG-STAT3siRNAFITC (500 nmol/L) for various times. Cell
were then fixed using 1.6% paraformadehyde, permeabilized
using 0.5% Triton/PBS, and washed. After a cytospin onto the
poly-L-lysine (Sigma–Aldrich) coated slides, cells were
mounted in VECTASHIELD Hard-set mounting medium with
DAPI (Vector Labs) for confocal microscopy. The confocal
imaging was carried out using a �63 oil immersion objective
on LSM-510 Meta inverted confocal microscope (Zeiss).

Statistical analysis
The Unpaired t test was used to calculate the two-tailed P value

to estimate statistical significance of differences between two
experimental groups. One- or two-way ANOVA plus Bonferroni
posttest were applied to assess the statistical significance of
differences between multiple treatment groups or patients from
different stages and healthy donors. Statistically significant
P values are indicated in the figures with asterisks: ���, P <
0.001; ��, P < 0.01; �, P < 0.05. Data were analyzed using Prism
v.6.0 software (GraphPad).
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Figure 1.
CD15HI myeloid cells accumulate in peripheral blood and tumor tissues in prostate cancer patientswith disease progression. A andB, flow cytometric analysis of fresh
PBMCs from healthy subjects and prostate cancer patients with localized or metastatic disease. Representative dot plots (A) and graphs combining data
from all subjects (B) showing percentages of CD15HICD33LO or CD15LOCD33HI cells in prostate cancer patients' circulation at localized prostate cancers (PC; n¼ 11) or
metastatic tumors (mCRPC; n ¼ 10) compared with healthy donors (n ¼ 5). Shown are means � SD. C, representative histograms showing expression
of lineage markers (Lin ¼ CD3/CD19/CD56), CD11b, CD14, HLA-DR, and CD114 (G-CSFR) among CD15LOCD33HI (top row) and CD15HICD33LO (bottom row)
cells. D, cellular morphology of sorted, cytospinned, and stained CD15HICD33LO or CD15LOCD33HI myeloid cells. Representative microphotographs showing
monocytic (top) and granulocytic polymorphonuclear (PMN) phenotype (bottom) of CD15HICD33LO and CD15LOCD33HI cells, respectively. E, CD15þ cells in
cancer patients' prostate tissues have granulocytic and PMN phenotype. (Continued on the following page.)
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Results
Prostate cancer progression is associatedwith the accumulation
of circulating CD15HICD33LO granulocytic myeloid cells

We used flow cytometry to phenotype immune cell popula-
tions in blood derived from patients with localized or metastatic
prostate cancers compared tohealthy subjects. As shown in Fig. 1A
and B, increased percentages of circulating myeloid cell subsets
weremore sensitive indicators of tumor presence and progression
than changes in lymphoid cell populations, such as regulatory
T cells, or in plasmacytoid DCs (Supplementary Fig. S3). Com-
pared with controls, both groups of prostate cancer patients
showed significant accumulation of blood CD15HICD33LO gran-
ulocytic myeloid cells, whereas the percentage of CD15LOCD33HI

myeloid cells did not change (Fig. 1B). In addition, the percentage
of CD15HICD33LO granulocyticmyeloid cells was increasedmore
than twice in mCRPC patients compared with patients with

localized tumors (Fig. 1B). The percentage of CD15HICD33LO

myeloid cells in mCRPC patients remained elevated even after
standard docetaxel treatment regimen (Supplementary Fig. S4).
Further phenotypic characterization indicated that both myeloid
cell populations share expression of the commonmyeloidmarker
CD11bwhile being negative for lineage-markers CD3, CD19, and
CD56 (Fig. 1C). However, monocytic-lineage marker CD14 and
HLA-DR molecules were expressed only by CD15LOCD33HI and
not byCD15HICD33LO (Fig. 1C). Therefore, CD15HICD33LO cells
resemble the granulocytic subtype of MDSCs as also indicated by
G-CSFR/CD114 expression, which is associated with this sub-
population (Fig. 1C; ref. 26). To verify this observation, we next
analyzed cytomorphology of both populations after cell sorting.
As expected, CD15HICD33LO cells show polymorphonuclear
(PMN)morphology typical for granulocytic cells (top) compared
with mononuclear CD15LOCD33HI cells (bottom; Fig. 1D). The

Figure 2.
CD15HI MDSCs isolated from prostate cancer patients inhibit proliferation and activity of autologous T cells. A to C, CD15þCD14� granulocytic and CD15�CD14þ

monocytic cell populations freshly enriched from metastatic prostate cancer patients' PBMCs were cultured separately with autologous T cells in presence
of CD3-/CD28-specific antibodies for stimulation. A, representative flow cytometry data showing T-cell proliferation assessed by CFSE dilution after 3 days
of coculture. B, combined results of T-cell proliferation assays from 5 patients showing percentage of total T-cell proliferation at different T:myeloid cell
ratios. C, proliferation of CD4þ and CD8þ T cells when incubated at 1:1 ratio with or without the indicated myeloid cell populations; means � SD (n ¼ 5).
D and E, CD15þCD14� myeloid cells inhibit production of IFNg and granzyme B by activated CD8þ T cells. T cells were cocultured with either one of myeloid cell
populations at 1:1 ratio as above. The intracellular levels of IFNg and granzyme B were measured using flow cytometry. Representative dot plots and bar
graphs showing percentages of CD8þIFNgþ T cells (D) and CD8þGranzyme-Bþ T cells (E) after 3 days of culture; shown are means � SD (n ¼ 5). Asterisks,
statistically significant differences.

(Continued.) Representative results of immunohistochemical staining on FFPE sections from two different patients (top and bottom); scale bar, 100 mm.
F, mature CD16HI neutrophils are only minor fraction of circulating CD15HICD33LO cells in prostate cancer patients. The expression of CD16 was assessed on
granulocytic cells from healthy subjects or prostate cancer patients. Shown are representative dot plot graphs (two left panels) and the summary of results
from 6 different patients (right bar graph); means � SD (n ¼ 6). G, plasma levels of G-CSF and several other growth factors/chemokines increase with prostate
cancer progression in contrast to reduced levels of proinflammatory IFNa. Luminex-based analysis of plasma samples from prostate cancer patients with localized
(n ¼ 25) or metastatic tumors (n ¼ 15) compared with healthy individuals (n ¼ 4). Asterisks, statistically significant differences; means � SD.
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PMN features of CD15þ cells, such as partly segmented nuclei,
were also detectable in immunohistochemical stainings of
prostatectomy sections derived from mCRPC patients (Fig. 1E).
However, flow cytometric results detected only a small fraction of
mature CD16HI neutrophils withinCD15HICD33LO cell compart-
ment, which indicates that majority of these cells are immature
granulocytes (Fig. 1F). Other studies demonstrated the involve-
ment of various cytokines and growth factors in stimulating
MDSC expansion (G-CSF, HGF, bFGF), recruitment (IL8), or
differentiation (IFNa; ref. 19). Our further comparative analysis
of plasma samples from patients with localized versus metastatic
tumors indicated correlation between the elevated numbers of
CD15HICD33LO cells and the increase in plasma concentrations
of G-CSF, HGF, bFGF, and IL8 with the concomitant reduction
of proinflammatory IFNa (Fig. 1G). Overall, prostate cancer
progression from localized to metastatic disease correlates
with changes of cytokine/growth factor environment that may

promote accumulation of circulating CD15HICD33LO granulo-
cytic cells.

G-MDSCs inhibit proliferation andactivity of autologousT cells
We next verified whether prostate cancer–associated CD15þ

granulocytic cells show immunosuppressive activity. The effect on
the proliferation and activities of autologous T cells was assessed
using CD14�CD15þ cells enriched from mCRPC patients. The
CD14þCD15� monocytes were used as a negative control. As
shown in Fig. 2A and B, the CD14�CD15þ myeloid cells reduced
CD3/CD28-driven T-cell proliferation to approximately 50% at
2:1 or approximately 80% at 1:1 ratio of T cells to myeloid cells,
respectively. In contrast, the presence of CD14þCD15� mono-
cytes did not significantly alter T-cell proliferation. The CD14�

CD15þmyeloid cells had similar effect on both autologous CD8þ

and CD4þ T cells (Fig. 2C) as well as on allogeneic T cells
(Supplementary Fig. S5). The CD14�CD15þ myeloid cells but

Figure 3.
STAT3 activity is elevated in CD15HI

MDSCs in prostate cancer patients. A,
flow cytometric analysis of activated
STAT3 (pSTAT3) in granulocytic
MDSCs (CD15HICD33LO) from patients
with localized (n ¼ 6) and metastatic
(n ¼ 6) prostate cancers compared
with granulocytes from healthy
individuals (n ¼ 5). Shown are
representative histogram overlays
and bar graph summary of data from
all patients; average of mean
fluorescence intensities (MFI) � SD.
B, prostate cancer patients'
granulocytic cells show increased
STAT3 phosphorylation without
changes in the total STAT3 protein
levels. Western blotting analysis to
compare pSTAT3 and total STAT3
protein levels in CD15þ CD14� cells
isolated from PBMCs pooled from
prostate cancer patients or healthy
donors. C, the percentage of MDSCs
(CD15HICD33LO) with activated STAT3
increases with prostate cancer
progression. Summary of results from
all tested patients; asterisks,
statistically significant differences.
D, increased infiltration of pSTAT3-
positive cells with granulocytic (PMN)
morphology in prostate tissues from
high-risk prostate cancer patients.
FFPE tissue sections were stained
using immunohistochemistry for
pSTAT3 and analyzed using bright-
field microscopy. Arrows, pSTAT3þ

PMN cells accumulating within
capillaries and venules (top) and
involving the glandular lumen
(bottom). Shown are representative
images from two of 10 analyzed
specimens; scale bars, 100 mm.
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not monocytes from mCRPC patients, also strongly inhibited
IFNg (Fig. 2D) and granzyme B production by effector CD8þ T
cells (Fig. 2E). These results confirmed that CD15þ myeloid cells
accumulating in the circulation of prostate cancer patients are
functionally MDSCs.

G-MDSCs in circulation show higher level of pSTAT3
Recent clinical studies suggested that STAT3 contributes not

only to MDSC expansion, as suggested by mouse tumor models,
but plays a critical role for the expression of several mediators of
immunosuppression (21, 27). Thus, we used flow cytometry to
assess levels of activated and tyrosine-phosphorylated STAT3
(pSTAT3) in G-MDSCs during prostate cancer progression. As
shown in Fig. 3A, CD15HICD33LO cells from patients with both
localized and metastatic disease had elevated levels of intracel-
lular pSTAT3 compared to control healthy subjects. These changes
reflected increase STAT3 activation rather than upregulated
expression of STAT3 total protein, which did not change between
healthy subjects and prostate cancer patients (Fig. 3B). Impor-
tantly, the percentage of G-MDSCs with high STAT3 activity
increased significantly during disease progression, reaching max-
imum in mCRPC patients (Fig. 3C). Next, we verified whether
pSTAT3þ granulocytic cells are present not only in circulation but
also in the prostate cancer microenvironment. Sections of pros-
tatectomy-derived tumors (n ¼ 10) were stained using immuno-
histochemistry for pSTAT3, counterstained, and microscopically
analyzed. pSTAT3þ cells with PMN morphology were present in
patients' samples and could be found in prostate tissues, includ-
ing lumen of benign glands (Fig. 3D). Thus, we conclude that
granulocytic CD15þ/pSTAT3þ cells are commonly present in

mCRPC patients' circulation and likely reach into the prostate
tumor microenvironment.

Prostate cancer–associated G-MDSCs secrete high levels of
Arginase-1

To assess whether G-MDSCs actively contribute to prostate
cancer–associated immune evasion, we compared iNOS, IDO, or
ARG1 mRNA levels in CD15þ/pSTAT3þ G-MDSCs sorted from
cancer patients in comparison with CD15þ/pSTAT3� cells in
healthy control subjects. The qPCR analysis indicated more than
100-fold increase in ARG1 levels in cancer patients' samples
(Fig. 4A). In contrast, the IDOmRNA increased only 5-fold while
there was no effect on iNOS expression in the same group of
samples. These results were further corroborated by measuring
ARG1 enzymatic activity directly in cellular lysates prepared from
CD15þCD14� cells derived from metastatic prostate cancer
patients versushealthy subjects. CD15þCD14� cells frommCRPC
patients showed about 10-fold increase in ARG1 activity com-
paredwith controls (Fig. 4B). In addition, the overall frequency of
ARG1 expressing CD15HICD33LO G-MDSCs increased with pro-
gression of the disease (Fig. 4C) corresponding to the increase in
the percentage of CD15þpSTAT3þ cells (Fig. 3C). At the same
time, the intracellular levels of ARG1 protein were comparably
high in G-MDSCs from patients with both localized and meta-
static prostate cancers (Fig. 4D). These changes were paralleled by
significantly elevated enzymatic activity of ARG1 in patients'
plasma samples during disease progression. Compared with
baseline levels in healthy controls, the ARG1 activity was doubled
or tripled in patients with localized or metastatic tumors, respec-
tively (Fig. 4E). Overall, these data implicate the role of ARG1 in

Figure 4.
The percentage of arginase-expressingMDSCs increaseswith prostate cancer progression. A and B, Arginase 1 expression and activity is highly elevated in G-MDSCs
from mCRPC patients. Levels of ARG1 mRNA in comparison with IDO and iNOS transcripts (A) as well as intracellular activity of Arginase 1 (B) were assessed
in CD15þCD14�G-MDSCs using real-timeqPCR andQuantiChromassays, respectively. Shown aremeans� SD (n¼4). C, prostate cancer progression correlateswith
increase in the percentage of arginase-expressing CD15HICD33LO G-MDSCs. Flow cytometric analysis comparing PBMCs from healthy individuals (n ¼ 4) with
prostate cancer patients with localized disease (n ¼ 6) or mCRPCs (n ¼ 6); means � SD. D, high intracellular levels of arginase expression in G-MDSCs from
prostate cancer patients compared with granulocytes from healthy subjects as assessed using flow cytometry. Representative histograms (three left panels)
andbar graph combining all data (right) fromoneof three experiments are shown;means�SD. E, plasma levels of arginase activity increasewith diseaseprogression
asmeasured in blood samples fromhealthy individuals (n¼ 4), prostate cancer patientswith localized (n¼ 6) andmetastatic disease (n¼ 6); means� SD. Asterisks,
statistically significant differences.
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Figure 5.
Targeted STAT3 silencing using CpG-STAT3siRNA strategy abrogates immunosuppressive activity of granulocytic MDSCs. A, CD15HICD33LO G-MDSCs express
TLR9 at mRNA or protein levels as assessed by using real-time qPCR (left) or flow cytometry (right), respectively. CD19þ B cells and CD3þ T cells were used
as positive and negative controls for qPCR analysis (left), respectively. B, dose- and time-dependent internalization of CpG-STAT3 siRNA by CD15HICD33LO

MDSCs. PBMCs from prostate cancer patients were incubated with fluorescently-labeled CpG-STAT3 siRNACy3 conjugate or unconjugated STAT3 siRNACy3

for the indicated times and doses without any transfection reagents. (Continued on the following page.)
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promoting and sustaining the immunosuppressive microenvi-
ronment in human prostate cancers.

Prostate cancer–associated G-MDSCs express TLR9 and are
effectively targeted by CpG-STAT3siRNA conjugates

We previously demonstrated that ligands for the intracellular
TLR9 receptor can deliver siRNA molecules into mouse and
human target cells (23, 24). The unformulated CpG-siRNA con-
jugates silence specific genes both in vitro and in vivo. As verified
using real-time qPCR, CD15HICD33LO G-MDSCs isolated from
prostate cancer patients' blood express TLR9 at both mRNA and
protein levels similar to B cells used as a positive control (Fig. 5A;
ref. 24). Next, we determined whether G-MDSCs can internalize
CpG-STAT3siRNA. PBMCs from late-stage prostate cancer
patients were incubated for various times and doses with
fluorescently labeled CpG-siRNACy3 or unconjugated siRNACy3

without any transfection reagents. Already after 30 minutes
of incubation, the uptake of CpG-STAT3siRNA exceeded 80% of
G-MDSCs and continued to increase with longer incubation
times (Fig. 5B, left two panels). At 4 hours, the CpG-STAT3siRNA
was internalized by the majority of cells already at the lowest
100 nmol/L concentration (Fig. 5B, middle). In contrast, the
G-MDSCs did not internalize the unconjugated STAT3siRNA even
after 4 hours of incubation at 500 nmol/L (Fig. 5B, right).
Confocal microscopy studies showed perinuclear/cytoplasmic
localization of the siRNA part of the molecule after uptake
by target G-MDSCs (Fig. 5C). This is consistent with the
TLR9-mediated mechanism of endosomal release of processed
CpG-siRNA conjugates (23). Finally, we examined whether CpG-
STAT3siRNA treatment will result in target gene silencing in
G-MDSCs. Magnetically enriched G-MDSCs were incubated for
48 hours with 500 nmol/L CpG-siRNA conjugates targeting
STAT3 or luciferase genes, the latter being used as a negative,
nontargeting control. Both STAT3 expression and pSTAT3 levels
were assessed using qPCR and flow cytometry together with
western blotting. CpG-STAT3 siRNA treatment reduced STAT3
mRNA expression by approximately 70% (Fig. 5D) and as a result
also STAT3 phosphorylation and total protein levels (Fig. 5E).
Importantly, STAT3 inhibition did not affect G-MDSC viability as
verified by flow cytometry (Supplementary Fig. S6). Next, we
determined the effect of CpG-STAT3siRNA on immunosuppres-
sive functions of G-MDSCs. The isolated CD15þCD14� cells were
pretreated using CpG-STAT3 siRNA or control CpG-Luc siRNA
overnight and then cocultured with autologous CD3þ T cells (1:1
ratio) with CD3/CD28 costimulation for additional 72 hours. As
shown in Fig. 5F, CpG-STAT3 siRNA alleviated most of the
G-MDSC–mediated effect on T-cell proliferation. Under the same
experimental conditions, we analyzed IFNg and granzyme B
production by CD8þ T cells. Both IFNg (Fig. 5G) and granzyme

B (Fig. 5H) expression levels were restored to approximately 70%
and approximately 80%of control levels, respectively, after STAT3
blocking in G-MDSCs using CpG-STAT3siRNA. Overall, these
results suggest the feasibility of using CpG-STAT3siRNA strategy
for functional depletion of prostate cancer–associated MDSCs.

CpG-STAT3siRNA blocks ARG1 production and impairs
G-MDSC activity

To gain insights into the mechanism(s) of G-MDSCs loss of
function, we assessed the effect of STAT3 inhibition on ARG1
expression. CD15þCD14� cells were isolated from late-stage
prostate cancer PBMCs and cultured for 48 hours in the presence
of 500 nmol/L CpG-STAT3siRNA or CpG-LucsiRNA. As assessed
using flow cytometric and colorimetric assays, both ARG1 expres-
sion (Fig. 6A) and enzymatic activity (Fig. 6B) were reduced by
approximately 60% in G-MDSCs following STAT3 silencing. To
verify whether ARG1 actually contributes to STAT3-mediated
suppression of T-cell activity by G-MDSCs, we repeated T-cell
proliferation assays using specific inhibitor of arginase activity
(nor-NOHA; ref. 21). Prostate cancer-derived G-MDSCs
(CD15þCD14�) were pretreated with nor-NOHA alone, CpG-
STAT3 siRNA alone, or both reagents combined and then
cocultured with autologous T cells with CD3/CD28-mediated
stimulation (Fig. 6C). As expected, G-MDSCs treated with
nor-NOHA used as a single agent reduced by about half the
immunosuppressive effect of G-MDSCs on T-cell proliferation
(Fig. 6D). However, STAT3 blocking using CpG-siRNA alone
eliminated most of the G-MDSC effect while the combination
with nor-NOHA didn't improve this effect any further (Fig. 6D).
Overall, these studies provide a proof-of-principle for targeting
immunosuppressive STAT3–ARG1 signaling axis in G-MDSCs as
a potential therapeutic strategy to disrupt the immunosuppressive
microenvironment in prostate cancers.

Discussion
Here, we provide the first evidence of TLR9þ granulocytic

MDSCs that accumulate in prostate cancer patients in correlation
with disease progression. We also document that these prostate
cancer–associated G-MDSCs require high levels of immunosup-
pressive STAT3 signaling and Arginase-1 activity protein for
suppressing effector T-cell activity. While our results are based
on limited number of patients, pSTAT3-positive granulocytic cells
were consistently found not only in blood but also patients'
prostatectomy specimens. Finally, we suggest therapeutic strategy
for the functional elimination of G-MDSCs using CpG oligonu-
cleotide-mediated delivery of STAT3 siRNA into these TLR9þ

myeloid cells. Overall, our findings indicate new and potentially
safer therapeutic approach to mitigate immunosuppression in

(Continued.) Percentages of Cy3þ CD15HICD33LO MDSCs were assessed by flow cytometry; shown are representative results from one of three experiments.
C, STAT3 siRNA localizes to perinuclear/cytoplasmic cell compartment shortly after internalization. G-MDSCs (CD15þCD14�) enriched from mCRPC patients
were incubatedwith 500nmol/LCpG-STAT3siRNAFITC for 1 hour. The localization of the labeled siRNApart of the conjugatewas assessed using confocalmicroscopy;
scale bar, 10 mm. D and E, CpG-STAT3 siRNA induces STAT3 silencing in fresh granulocytic MDSCs. The G-MDSCs enriched from prostate cancer patients' PBMCs
were treated with 500 nmol/L CpG-STAT3 siRNA or CpG-Luc siRNA, used as a negative control, for 48 hours. The level of STAT3 inhibition was measured
at mRNA level (D) using real-time qPCR or at protein level using flow cytometry (E, left) or Western blotting (E, right) after staining with antibodies specific
to pSTAT3 and/or total STAT3. Asterisks, statistically significant differences; shown are means � SD (n ¼ 5). F to H, CD15þCD14� MDSCs isolated from prostate
cancer patients were treated with CpG-STAT3 siRNA or control CpG-Luc siRNA for 18 hours and then cocultured with autologous CD3þ T cells at 1:1 ratio
with anti-CD3/CD28 stimulation. F, T-cell proliferationwas determined by CFSE dilution assay after 72 hours of coculturewith freshMDSC. Under same experimental
conditions percentages of IFNg- (G) or granzyme B- (H) producing CD8þ T cells were assessed using flow cytometry. Shown are representative data from
one of two experiments (left four panels) and bar graphs (right) combining results fromanalyses of 5 individual patients' samples;means� SD. Asterisks, statistically
significant differences.
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prostate cancer patients using gene- and cell type-specific inhib-
itory oligonucleotides.

The relevance of these results for human cancer therapy is
underscored by the lack of clinically relevant strategies for elim-
inating MDSC-dependent immune evasion. In contrast to results
of preclinical studies in mice (28), with notable exception of
sunitinib effect in renal cancer patients, current cancer therapies
usually fail to reduce the elevated levels of MDSCs (Supplemen-
tary Fig. S4; refs. 8, 15, 18). The G-MDSCs were found in circu-
lation of patients with other genitourinary malignancies, such as
renal and bladder cancers and several different solid tumors
(11, 13, 15, 16). However, due to complex pattern of surface
molecules, partly overlapping with other immune cell lineages,
targeting MDSCs through antibody-mediated depletion is chal-
lenging. Successful targeting of MDSCs requires identification of
functionalmarkers associatedwith the tumormicroenvironment,
as shown by promising preclinical results on targeting CXCR2-
mediatedMDSC tumor trafficking (17). Our findings suggest that
intracellular signaling mediators of immunosuppression may
provide alternative and even more precise functional MDSC
biomarkers. This is of importance given the difficulty in identi-
fyingMDSCs amongother immune cell populations using surface
markers or nuclearmorphology, as in case of discerningG-MDSCs

from mature neutrophils (29, 30). Thus, the contribution of
mature neutrophils to the overall immunosuppressive effect
cannot be excluded (29). The constitutive activation of STAT3,
a known master regulator of immunosuppression, was lately
reported in MDSCs associated with several types of human
cancers, such as melanoma, head and neck, renal, breast, and
pancreatic cancers (15, 21, 27, 31–33). Correspondingly, we have
found that majority of granulocytic cells that were infiltrating
prostate tissues showed activation of STAT3. These observations
merit further studies in a larger set of specimens to validate
whether the presence of CD15þ/pSTAT3þ and/or CD15þ/ARG1þ

cells can serve as an indicator of the G-MDSC-induced immuno-
suppressive microenvironment in prostate cancers. It is known
that immunosuppressive activity ofG-MDSCs dependsmainly on
Arginase-1 expression rather than iNOS activity for their function
(19). This is consistent with our data from patients' G-MDSCs, in
comparison with normal granulocytic cells, that showed highly
elevated levels ofARG1, weak induction of IDO and no detectable
effect on iNOS expression. These results seem to reflect different
level of STAT3 involvement in the regulation of these target genes.
In MDSCs, STAT3 was shown to have potent and direct effect on
ARG1, while it collaborates with noncanonical NF-kB signaling to
promote IDO expression (19, 21, 32). In contrast, STAT3activity is

Figure 6.
CpG-STAT3 siRNA blocks arginase expression and inhibits functions of granulocytic MDSCs. A and B, STAT3 targeting using CpG-siRNA strategy inhibits arginase
expression and activity in granulocytic MDSCs. Levels of arginase mRNA (A) and enzymatic activity (B) were assessed in cell lysates using qPCR and
QuantiChrom assays, respectively, in CD15þCD14� granulocytic MDSCs after 48 hours of incubation with CpG-STAT3 siRNA, CpG-Luc siRNA, or without any
treatment. C and D, selective STAT3 inhibition alleviates immunosuppressive effect of MDSCs to greater extent than arginase inhibitor (nor-NOHA). Representative
data from one of two experiments (C) and the summary of T-cell proliferation assays (D) cocultured in the presence or absence of MDSCs, nor-NOHA (20 mmol/L)
and the indicated CpG-siRNAs (500 nmol/L). Shown are means � SD (n ¼ 5). Asterisks, statistically significant differences.
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not required for iNOS expression which is driven by STAT1 and
NF-kB signaling activated in monocytic MDSCs but not in G-
MDSCs (19).

TLR9 was recently found to be expressed by tumor-associated
MDSCs inmice, with its highest levels observed inM-MDSCs (34,
35). This is consistent with the common expression of TLR9 in
mousemyeloid cells (36). AlthoughTLR9 expression inhumans is
more restricted than in mice, recent studies reported that envi-
ronmental factors such as GM-CSF can induce TLR9 in differen-
tiating monocytes and neutrophils (24, 37, 38). TLR9 expression
in prostate cancer patients' G-MDSCs is likely associated with the
multiple soluble factors released from the tumor microenviron-
ment (Fig. 1G). Downstream TLR9 signaling throughMyD88 and
NF-kB contributes tomyeloid cell-driven inflammatory responses
in reaction to tissue stress and injury (39–41). Interestingly, two
reports showed that intratumoral injections of high doses of
synthetic TLR9 agonists, CpG oligodeoxynucleotides (ODN), can
trigger MDSC differentiation and reduce their immunosuppres-
sive potential in mice (34, 35). These effects were suggested to be
either direct or mediated through activation of plasmacytoid DCs
and production of type I IFNs. However, numerous clinical trials
using CpG ODNs proved that generation of systemic antitumor
immune responses is challenging due to immunosuppressive
effects of the tumor microenvironment (42). Other studies in
mouse tumor models showed that activation of TLRs in myeloid
cells can in fact promote expression of immunosuppressive
molecules critical for MDSC function, such as Arginase-1,
S100A8, IL10, and PGE2 (19, 43–45). The functional dichotomy
of TLR9 effects results from cross-talk with other signaling path-
ways operating under normal or tumor-induced inflammatory
conditions. The outcomeof TLR9 signaling seems to be defined by
a multilayered negative feedback regulation through STAT3
(41, 46). Our own studies in mouse solid tumor models revealed
that preexisting STAT3 activity in tumor-associated myeloid cells,
such as macrophages and MDSCs, can skew TLR9 signaling
toward supporting tumor angiogenesis while blocking antitumor
immunity (25, 46). Whether TLR9 contributes to immunosup-
pressive potential of prostate cancer–associated MDSCs remains
to be established in more extensive molecular studies.

STAT3 provides an attractive therapeutic target in tumor-asso-
ciated myeloid cells (20, 41). At the same time, the role of STAT3
signaling in T lymphocytes is complex. While STAT3 reduces
antitumor activity of effector CD8 T cells and promotes generation
of tumor-promoting Th17 cells, it is also necessary for the gener-
ation of memory T cells and prolonged antitumor immune
responses (47–49). Thus, targeting STAT3 for cancer immunother-
apy requires myeloid cell-specific strategies to avoid unpredictable
adverse effects and toxicities. For example, recent study in mouse
melanomamodels demonstrated that small-molecule drug target-
ing upstream STAT3 activators, JAK1/2 kinases, reduced numbers
of MDSCs while increasing their immunosuppressive potential
and blocking T-cell proliferation (50). We previously demonstrat-
ed that TLR9 agonists, CpG ODN, can be utilized for delivery of
therapeutic siRNA molecules into TLR9þ cells in both mouse and
human systems (23, 24). Targeting STAT3 with parallel TLR9
activation using CpG-STAT3siRNAwas shown to eliminate tumor-

igenic effects of TLR signaling in mouse tumor models (25). Here,
we demonstrated that CpG-siRNA strategy allows for targeting of
TLR9þG-MDSCs to eliminate their immunosuppressive functions
without myeloid cell depletion. Further studies should determine
whether CpG-STAT3siRNA only modulates G-MDSC activity or
induces their differentiation into mature granulocytes or DCs/
macrophages. Correspondingly, we previously observed that
CpG-STAT3siRNA induces activity of neutrophils against blood
cancer xenotransplants inNSGmice (24). Independently from this
article, we recently identified that prostate cancer propagating cells
inhuman tumors express TLR9and it is feasible to target this cancer
cell population using CpG-siRNA approach (Moreira and Korty-
lewski; unpublished results). Taken together, our findings provide
support for application of CpG-STAT3siRNA strategy to immuno-
therapy of advanced prostate cancers alone or in combinationwith
immunotherapies, such as Sipuleucel-T treatment or emerging
T cell-based therapies. Disruption of STAT3 signaling in the tumor
microenvironmentwithconcurrentTLR9stimulationhaspotential
to disrupt the central immunosuppressive circuit paving way to
effective antitumor immune responses without toxicities associat-
ed with pharmacologic agents.
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Abstract 

The myeloid‐derived suppressor cells (MDSCs) contribute to tumor immune evasion and still remain an 

elusive therapeutic target. Our study identified granulocytic MDSCs accumulating in prostate cancer patients during 

disease progression. We demonstrate the feasibility of using STAT3siRNA‐based strategy for targeting MDSCs to 

alleviate arginase‐dependent suppression of T cell activity. 



Metastatic castration‐resistant prostate cancers are known for being resistant to current standard therapies 

and even to the emerging immunotherapeutic regimens. Growing evidence suggests that advanced prostate cancers 

develop  potently  immunosuppressive microenvironment which  partly  relies  on  the  heterogeneous  population  of 

myeloid‐derived  suppressor  cells  (MDSCs).  The MDSCs  play  pivotal  role  in  cancer  progression  and  poor  patients’ 

survival.1 The MDSCs are  immature myeloid  cells which  lack expression of multiple  immune  cell  surface markers, 

including antigen‐presenting molecules. Depending on the expression of myeloid lineage markers, human MDSCs can 

be divided  into CD14+CD15LOCD33HI monocytic MDSCs  (M‐MDSCs) and CD14–CD15HICD33LO granulocytic MDSCs  (G‐

MDSCs).1 The M‐MDSCs were previously found  in prostate cancer patients and their  levels correlated with  levels of 

PSA  used  as  a marker  of  tumor  burden.2  Even  though  G‐MDSCs were  recently  observed  in  other  genitourinary 

tumors, the contribution of G‐MDSCs to prostate cancer progression remained unknown.  

Our  recently  published  study  focused  on  the  phenotypic  analysis  of  immune  cell  populations  in  blood 

derived  from patients with  localized or metastatic prostate  cancers  compared  to healthy  subjects.3  In  contrast  to 

earlier studies, our flow cytometric analysis revealed significant accumulation of granulocytic (CD15HICD33LO) but not 

monocytic (CD15LOCD33HI) cell populations in patients’ circulation with progression of the disease. Further studies of 

both myeloid cell populations confirmed that only CD15HICD33LO myeloid cells were functionally MDSCs as indicated 

by  their potent  inhibitory effect on T  cell proliferation and activity. Due  to  complex  identification which  relies on 

markers common to other immune cell lineages, eliminating MDSCs using monoclonal antibodies is challenging. Thus, 

it  seems  more  practical  to  target  signaling  molecules  which  control  MDSC  function  in  the  specific  tumor 

microenvironment. Our analysis of cytokine and growth factor (GF) profiles revealed elevated levels of factors related 

to recruitment and expansion of myeloid cells, such as G‐CSF and IL‐8 among others.  Given the critical role of STAT3 

transcription  factor  in  the  downstream  signaling  of  G‐CSF  as  well  as  other  GFs  present  in  the  tumor 

microenvironment3, we assessed  levels of activated  STAT3  (pSTAT3)  in prostate  cancer‐associated G‐MDSCs using 

flow cytometric and immunohistochemical analyses. We observed elevated pSTAT3 in circulating G‐MDSCs and also 

in polymorphonuclear  cells  infiltrating prostate  tissue biopsies  from  cancer patients.  In addition, STAT3 activation 

clearly correlated with high  levels of Arginase‐1  (ARG1) expression  in G‐MDSCs compared  to healthy granulocytes, 

and also with detectable ARG1 activity  in blood samples from cancer patients. Highly elevated  levels of ARG1  in G‐

MDSCs with weak induction of IDO and undetectable iNOS mRNA expression likely reflected different levels of STAT3 

involvement in the regulation of these target genes. In G‐MDSCs, STAT3 was shown to have potent and direct effect 

on ARG1, while  it  collaborates with  noncanonical NF‐κB  signaling  to  promote  IDO  expression.  In  contrast,  STAT3 

activity  is not  required  for  iNOS  expression which  is driven by  STAT1  and NF‐κB  signaling  activated  in monocytic 

MDSCs but not in G‐MDSCs.1 Altogether, these observations strengthened the evidence that G‐MDSCs are commonly 

present in prostate cancer patients’ circulation and likely reach into the prostate tumor microenvironment.  

TLR9  was  recently  found  to  be  expressed  by  tumor‐associated MDSCs  in mice,  with  its  highest  levels 

observed  in M‐MDSCs.4 However,  the pattern of TLR9 expression differs dramatically between mouse and human 

immune systems. While in mice TLR9 is ubiquitous in myeloid cells, it is expressed specifically by human plasmacytoid 



DCs in healthy subjects.5 Thus, the expression of TLR9 in prostate cancer patients’ MDSCs and specifically in G‐MDSCs 

was a novel finding of our study. Whether downstream TLR9 signaling restricts or supports the  immunosuppressive 

functions of G‐MDSCs remains unclear. Treatments with synthetic TLR9 agonists, CpG oligodeoxynucleotides (ODN), 

can  trigger MDSC differentiation  and  reduce  their  immunosuppressive potential  in mice.4 However, other  studies 

suggested  that activation of TLRs  in myeloid cells can promote expression of molecules critical  for MDSC  function, 

such as ARG1, S100A8,  IL‐10 and PGE2.1 The functional dichotomy of TLR9 effects results from crosstalk with other 

signaling  pathways  operating  under  normal  or  tumor‐induced  inflammatory  conditions.  The  outcome  of  TLR9 

signaling seems to be defined by a multilayered negative feedback regulation through STAT3 regardless whether it is 

triggered by synthetic ligands or release of natural agonists (e.g. mitochondrial DNA) from dying cells.6, 7   

We previously demonstrated  that TLR9 agonists, CpG ODN,  can be harnessed  for delivery of  therapeutic 

siRNA molecules  into  TLR9+  cells  in  both mouse  and  human  systems.8,  9  Targeting  STAT3 with  simultanous  TLR9 

activation  using  CpG‐STAT3siRNA was  shown  to  eliminate  tumorigenic  effects  of  TLR9  signaling  in mouse  tumor 

models.7 Here, we  demonstrated  that  CpG‐STAT3siRNA  allows  for  targeting  of  TLR9+ G‐MDSCs  to  eliminate  their 

immunosuppressive  functions  without  myeloid  cell  depletion.  Further  studies  should  determine  whether  our 

approach  only  modulates  G‐MDSC  activity  or  induces  their  differentiation  into  mature  granulocytes  or 

DCs/macrophages. In fact, we previously observed that CpG‐STAT3siRNA induces activity of neutrophils against blood 

cancer xenotransplants  in NSG mice.9  In a parallel  study, we  recently  identified  that prostate  cancer  stem  cells  in 

human  tumors  rely on TLR9  signaling  through NF‐κB and STAT3  signaling crucial  for  their  self‐renewal and  tumor‐

propagating potential. We demonstrated that it is feasible to target tumorigenic signaling in cancer stem cells using 

CpG‐siRNA approach.10 Taken together, our findings provide support for application of CpG‐STAT3siRNA strategy to 

immunotherapy of advanced prostate cancers alone or  in combination with  immunotherapies, such as emerging T 

cell‐based therapies. Disruption of STAT3 signaling in the tumor microenvironment with concurrent TLR9 stimulation 

has potential to disrupt the central immunosuppressive circuit paving way to effective antitumor immune responses 

without toxicities associated with pharmacological agents.   
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Figure 1. TLR9‐targeted STAT3 inhibition allows for two‐pronged therapeutic effect against prostate cancers. CpG‐

STAT3siRNA conjugates target STAT3 signaling in TLR9+ G‐MDSCs, an immunosuppressive population of myeloid cells 

which accumulate during prostate cancer progression from  localized to metastatic disease. STAT3 silencing reduces 

production  of  a  potently  immunosuppressive  mediator,  arginase‐1  (ARG1),  thereby  restoring  effector  T  cell 

proliferation and activity. As shown in a parallel study, CpG‐siRNA strategy allows for delivery of therapeutic siRNAs 

to prostate  cancer  stem  cells which  express  TLR9  and  rely on NF‐κB/STAT3  signaling  for  self‐renewal  and  tumor‐

propagating  potential.  The  combination  of  breaking  immune  suppression  in  the  tumor  microenvironment  and 

decreasing cancer cell survival is likely to augment the overall therapeutic effect against prostate cancer.  
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