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Abstract 

The role of immune signaling in cancer is complex and conflicting. Inflammatory signaling 

can drive an anti-tumor response, but copious evidence suggests that chronic inflammation also 

promotes tumorigenesis. The most well-characterized of inflammatory pathways is the Toll-like 

receptor (TLR) pathway, which promotes downstream NF-κB activation. Mutations in TLRs are 

associated with a higher risk of prostate cancer.  

Using the TRAMP model of prostate cancer, we report the impact of TLR signaling 

disruption on tumor growth and progression. The adaptor protein MyD88 is an essential 
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component of signaling for almost all TLRs, so loss of MyD88 abrogates most TLR signaling. 

Absence of MyD88-dependent signaling in TRAMP prostate tumors resulted in a more aggressive 

disease, as determined by histology. Analysis of infiltrating immune cells revealed an increase in 

CD11b+Gr-1+ MDSCs (myeloid-derived suppressor cells) in MyD88-/- tumors when compared to 

MyD88+/+ tumors, both in number and in functional output.  MyD88-/- tumors also displayed 

increased expression of some chemokines involved in MDSC recruitment.  

An explicit link between MyD88-dependent signaling and MDSC accumulation was 

suggested by the expression of S100A9, a chemokine and a TLR4 ligand. Specifically, this 

indicates that MyD88-dependent signaling may play a role within the MDSCs themselves. In vitro 

differentiation of MDSCs from bone marrow skewed towards the granulocytic subset (gMDSCs) 

in MyD88-/- cells, supporting an internal role for MyD88 signaling. MyD88-/- MDSCs also showed 

an increased sensitivity to chemotaxis mediated by S100A9 and an increase in Arg-1 expression 

following S100A9 stimulation. We conclude that MyD88-dependent signaling may play an 

essential role in regulating the population of tumor-infiltrating cells by reducing MDSC activity 

and MDSC response to S100A9-mediated chemotaxis, thus limiting prostate tumor progression. 
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CHAPTER I 

 

 

 

INTRODUCTION 

 

  

1 



	
  

PROSTATE CANCER 

 
Incidence and treatment. Prostate cancer is the most common cancer in men, representing 26% of 

new cases of cancer1-2. Currently, 2.9 million men are living with prostate cancer in the US, and 1 

in 6 men will be diagnosed within their lifetime. However, prostate cancer constitutes only 9% of 

male cancer deaths in the US. Patients’ 5-year relative survival depends heavily on the progression 

of their disease: for localized and regional tumors, survival is 100%; for metastatic disease, 5-year 

survival is merely 29.3%1.  

 

The first line therapeutics for patients with metastatic disease are typically anti-androgen therapies. 

As part of the male reproductive system, the prostate responds to growth signals from testosterone 

and other hormones through the androgen receptor (AR)3. Tumors can stimulate their own growth 

by increasing activity of the AR pathway, so therapeutics are used to inhibit androgen-AR binding 

and suppress androgen production. Typically, this castration therapy results in rapid tumor 

regression and reduction in metastatic lesions, and patients may be treated simultaneously with 

radiotherapy or prostatectomy.  

 

Castration-resistant disease. Eventually, many tumors become resistant to androgen deprivation 

therapy and are then termed castration-resistant prostate cancer (CRPC). This stage represents a 

particular focus for the research community. While most prostate tumors initially respond to 

androgen deprivation, CRPC therapeutic responses are more measured. In recent years, several 

therapies (of varying efficacy) have been developed: abiraterone, enzalutamide, docetaxel, and 

sipuleucel-T4. Both abiraterone and enzalutamide are anti-androgens- abiraterone inhibits 

androgen synthesis and partially blocks AR, while enzalutamide blocks AR with very high affinity 
2 



	
  

and inhibits effectors of downstream AR signaling. Sipuleucel-T, the first cell-based cancer 

immunotherapy approved by the FDA, involves the removal and priming of patient dendritic cells 

with a common prostate cancer protein5. The activated cells are then re-infused and stimulate an 

anti-tumor immune response. 

 

Barriers to immunotherapy. Despite the success of sipuleucel-T in mCRPC, prostate cancer 

notoriously responds poorly to immunotherapies. While promising results were seen with 

nivolumab (anti-PD-1) in non-small cell lung cancer, renal cell carcinoma, and melanoma, no 

objective response was seen in patients with mCRPC6-7. Similarly, a phase III trial of ipilimumab 

(anti-CTLA-4) in mCRPC with almost 800 patients showed no significant difference in overall 

survival8.  

 

Given previous efficacy with cell-based therapies, adoptive T cell therapies have been proposed, 

but advanced prostate cancer lacks tumor-specific markers needed to direct those T cells. For 

example, increased PSA levels have long been associated with prostate cancer, but PSA is prostate-

specific and not tumor-specific. Additionally, PSA is a secreted protein. While the non-coding 

PCA3 transcript is tumor-specific, it lacks a surface protein for immune cells to target9. At this 

point, the most promising immunotherapies appear to be mostly ineffective with CRPC. 

Understanding the tumor and its interactions with immune cells may elucidate novel targets and 

ways to enhance susceptibility to existing therapies. 

 

Mouse models. Mice do not spontaneously develop prostate cancer, limiting the design of potential 

research models. Most of the early models of prostate cancer were in rats: the Lobund-Wistar rat 
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developed spontaneous disease at 26 months (earlier with chemical treatment)10; the Fischer F344 

rat developed non-metastatic tumors after chemical treatment11; the Dunning R-3327 system used 

cell lines derived from the spontaneous tumor of a Copenhagen rat12. 

 

An autochthonous mouse model of prostate cancer called TRAMP (transgenic adenocarcinoma of 

the mouse prostate) was developed using a prostate-specific transgene13. A rat probasin promoter 

drives the expression of the SV40 large T antigen, a viral protein that targets and inhibits the 

Rb/p53 family of tumor suppressors. Over time, the mice develop prostate tumors that mimic the 

histology and progression of human disease14-15. In addition, several TRAMP cell lines derived 

from the transgenic tumors have been established and characterized16. These cell lines can be 

grown subcutaneously in C57Bl/6 mice, though they do not recapitulate the prostate histology seen 

in patients. 
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TOLL-LIKE RECEPTOR SIGNALING 

 

Activation of immune pathways. Toll-like receptors (TLRs) are an essential part of the innate 

immune system, recognizing foreign or unusual molecules and triggering a humoral response17. 

TLRs are transmembrane proteins that each recognize a conserved molecular pattern and, upon 

recognition, transduce a signal across the cell membrane. TLRs 1-10 have been identified in 

humans, and TLRs 1-9 plus 11-13 have been identified in 

mice18.  

 

Following activation of the TLR, an adaptor protein 

MyD88 associates with the intracellular domain, leading 

to phosphorylation of IRAK1 (Figure 1.1). IRAK1 

attracts TRAF6, which then forms a complex with TAK1, 

TAB1, and TAB2. TRAF6 is ubiquitinylated, activating 

TAK1, which phosphorylates IKK and MAPK. 

Phosphorylated IKK promotes degradation of IκB, which 

releases its inhibition of NF-κB. After translocation to the 

nucleus, NF-κB modifies expression of its target genes. 

Through this canonical TLR-NF-κB pathway, TLR 

activation promotes inflammation and innate immune 

activation. Not all the TLRs use MyD88 as an adapter 

molecule. TLR3 uses TRIF exclusively, while TLR4 uses 

both MyD88 and TRIF.  
Figure 1.1. Toll-like receptor signaling. 

Adapted from Akira & Takeda (2004). 
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Ligands. Individual TLRs can recognize multiple ligands, but there are two main categories: 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns 

(DAMPs). The PAMPs are better-studied, as most of the early research on TLRs focused on 

response to infection19.  For example, TLR3 binds to dsRNA and TLR9 binds CpG DNA, both 

unique structures of viral or bacterial pathogens. TLR4 meanwhile binds to LPS, a component of 

Gram-negative bacterial cell walls.  

 

DAMPs, meanwhile, are released from or near necrotic cells, indicating that tissue damage has 

occurred. These molecules can also bind TLRs and activate inflammatory signaling. HMGB1 is a 

nuclear protein that is only released into the extracellular space following cell necrosis, but not 

apoptosis20-21. HMGB1 can bind TLR2, TLR4, and RAGE. S100A8 and S100A9 are calcium-

binding molecules specifically secreted by some cells following damage or stress. They can homo- 

or hetero-dimerize to activate their receptors, TLR4 and RAGE22-23. 

 

TLRs in cancer. Activation of TLRs is intended to drive an immune response to fight off invading 

pathogens and/or rebuild damaged tissue. Therefore, one could expect TLR activity in or around 

a tumor would promote an anti-tumor response. The class of immune checkpoint inhibitors (anti-

PD-1/PD-L1) have been successful by specifically removing suppressive forces on infiltrating T 

cells24-25. However, chronic inflammation, particularly through NF-κB, has been consistently tied 

to tumorigenesis26-27. Specifically in prostate cancer, areas of chronic inflammation are common 

surrounding prostatic intraepithelial neoplasia (PIN) lesions28-29.  Additionally, a series of SNPs 

have been identified within the TLR gene cluster that indicate an increased prostate cancer risk30.  
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This duality of inflammation also plays out in various tumor models when TLR signaling is 

perturbed (Table 1.1). In colorectal31-33, gastric34, breast35, and prostate models36, disruption of TLR 

signaling produces an anti-tumor effect. However, additional studies in colorectal37-38, lymphoma39, 

pancreatic40, and prostate41 models show that disruption of TLR signaling enhances tumor growth 

and progression. No obvious conclusion can be drawn, as the same mutation in different disease 

models, or even different mutations within the same disease model show varying results. We hope 

to gain a deeper understanding of how TLR signaling affects different tissue types.                                                                                                                                                                                                                                                                                                                                        

 

 

 

 

  

Modification Ref Model Tumor Effect 

TLR3-/- 41 Prostate (TRAMP) é 

IKK-β-/- 36 Prostate (TRAMP) ê 

TLR2-/- or MyD88-/- 35 Breast (xenograft) ê 

MyD88-/- 40 Pancreatic (KrasG12D) é 

MyD88 L265P 39 DLBCL patients é 

MyD88-/- 37 Colitis (DSS) é 

TLR2-/- 34 Intestinal (DSS) ê 

Mal (TIRAP)-/- 38 Colorectal (CAC) é 

IKK-β-/- 31 Colorectal (CAC) ê 

MyD88 inhibitor 33 Colorectal (CAC) ê 

MyD88-/- 32 Colon (APC) ê 

MyD88-/- 34 Gastric (Gan) ê 

Table 1.1. TLR disruption in cancer models. 
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MYELOID-DERIVED SUPPRESSOR CELLS 

 

MDSC markers and function. The immune system employs several mechanisms to regulate non-

specific or self immune activation and prevent the emergence of autoimmune disease. Distinct cell 

types with regulatory functions have been identified, including Tregs and myeloid-derived 

suppressor cells (MDSCs)42. In mice, MDSCs are defined as a heterogeneous group of CD11b+ 

Gr-1+ cells and can be subdivided into populations of granulocytic and monocytic lineages43. 

Granulocytic MDSCs (gMDSCs) are Ly6G+ Ly6Cmid/lo, while monocytic MDSCs are Ly6G- 

Ly6Chi, and they are currently identified as immature cells from different myeloid lineages that 

share a similar functional output44-45. Human MDSCs have not been fully characterized, and there 

are no markers to correspond with the murine subpopulations, but the current identification is 

CD11b+ CD33+ HLA-DRlo 46. 

 

Generally, MDSCs are important for suppressing T cell function, particularly blocking the 

cytotoxic action of CD8+ cells, by producing arginase-1 and inducible nitric oxide synthase 

(iNOS)47-48. Arginase-1 depletes the amino acid L-arginine, which is central to T cell 

proliferation49, and iNOS uses L-arginine to produce nitric oxide (NO) and reactive oxygen species 

(ROS) that react to form peroxynitrites50. Peroxynitrites are powerful oxidants that will then 

promote nitration of T cell receptors and CD8 molecules, preventing antigen-specific T cell 

activation48. Though they ultimately perform the same function, the two MDSC subsets prefer 

different oxidant species: gMDSCs produce ROS, while mMDSCs produce NO51. This is the only 

confirmed functional difference in the subpopulations, and it does not cause differences in the T 

cell suppressive activity of MDSCs45. MDSCs can also function to suppress NK cells, both in 
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differentiation and in activity52-54, and some effects on dendritic cell development have been 

observed55. 

 

MDSCs in cancer. MDSCs have recently been identified as an important barrier to the success of 

cancer immunotherapies56. Present in the tumor microenvironment of mice and circulating in the 

bloodstream of most human patients, these cells promote escape from immune surveillance57-59. 

For example, in breast cancer, more circulating MDSCs correlated with increased clinical stage, 

larger metastatic burden, and decreased response to chemotherapy60. Similar results are seen in 

prostate cancer61 and a host of other cancers62-64.  The tumors themselves, as part of an immune 

escape mechanism, will often secrete or promote the expression of chemokines that recruit 

MDSCs65-67. Notably, a reduction in tumor inflammation delays MDSC recruitment to the tumor 

microenvironment, consequently slowing tumor progression68. Given our current understanding of 

MDSC-tumor interactions, targeting MDSC recruitment and activity should reduce tumor growth 

and increase the efficacy of immunotherapies69. 

 

Many signaling molecules that regulate aspects MDSC function have been well-characterized70. 

Several members of the colony-stimulating factor family71 are important for MDSC generation and 

differentiation: G-CSF72-75, GM-CSF76-78, and M-CSF79-80. While these proteins are not directly 

involved in recruitment, they drive production of MDSCs and regulate differentiation into the g- 

and m-MDSC populations. The cytokines IL-1β and IL-13 play a role in MDSC activation, as IL-

1β promotes inflammation in the tumor that indirectly induces MDSCs, and IL-13 drives a Th2 

immune response and increases Arg-1 expression in MDSCs 81-85. Members of the CC and CXC 

chemokine families are shown to play the most direct role in MDSC accumulation in the tumor86-
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89. Chemokines CCL2, CCL3, CCL5, CCL7, CXCL1, CXCL8, CXCL12, and CX3CL1 have all 

been identified as potential recruiters of MDSCs. However, CCL2 activity has been studied in 

more depth, as MDSCs express its receptor, CCR2, and CCL2-CCR2 binding directly recruits 

MDSCs to tumors90-93. Additionally, blockade of CCL2 or inhibition of its synthesis has been 

shown to augment immunotherapies and induce tumor regression92,94. 
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S100A9 

 

Inflammatory activity. As described previously, DAMPs (damage-associated molecular patterns) 

are endogenous proteins that activate Toll-like receptors (TLRs) following tissue damage or 

necrosis. One of the best-studied DAMPs is S100A9, a member of the S100 calcium binding 

pathway that is often hetero-dimerized with S100A895. S100A9 binds to two surface receptors: 

TLR495-98 and RAGE99. Downstream of TLR4, S100A9 signaling activates the MyD88-dependent 

NF-κB pathway97,100, while MAPK pathways are activated downstream of RAGE99,101-102.  

 

S100A9 expression and activation of both receptors has been repeatedly documented in a variety 

of cancers, where S100A9 signaling appears to promote tumor growth103-109.  This is particularly 

true in prostate cancer, where S100A9 is considered a diagnostic marker due to its close association 

with more proliferative, more aggressive tumors110-113. Notably, S100A9 is also a chemokine that 

recruits MDSCs114-116. It is therefore unsurprising that high expression of S100A9, leading to 

increased MDSC infiltration, would be correlated with more advanced tumors. 
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Loss of MyD88 Leads to More Aggressive TRAMP Prostate
Cancer and Influences Tumor Infiltrating Lymphocytes
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BACKGROUND. The influence of pattern recognition receptor (PRR) signaling in the
prostate tumor microenvironment remains unclear. Although there may be a role for PRR
agonists as adjuvants to therapy, prior evidence suggests tumor promoting as well as tumor
inhibiting mechanisms. The purpose of this study is to examine the role of the key Toll-like
receptor (TLR) signaling adaptor protein myeloid differentiation primary response gene 88
(MyD88) in prostate cancer development.
METHODS. MyD88-/- mice in a C57Bl6 background were crossed with transgenic
adenocarcinomas of the mouse prostate (TRAMP) mice to create MyD88-/- TRAMPTgá/�

animals, which were compared to MyD88á/á TRAMPTgá/� animals and their non-transgenic
counterparts at 30 weeks. Prostates were examined histologically, by immunohistochemistry
and immunofluorescence staining, and by qPCR, to characterize tumor-infiltrating immune
populations as well as activation of the downstream NF-kB pathway and androgen receptor
(AR) expression. Splenocytes were examined for development of distinct immune cell
populations.
RESULTS. Absence of MyD88 led to increased prostatic intraepithelial neoplasm (PIN) and
areas of well-differentiated adenocarcinoma in TRAMP transgenic mice. Analysis of
infiltrating immune populations revealed an increase in CD11bá Gr1á myeloid-derived
suppressor cells (MDSCs), as evidenced by increased expression of prostatic arginase-1 and
iNOS as well as the cytokine IL-10, and a deficiency in NK cells in prostates from MyD88-/-

TRAMPTgá/� compared to MyD88á/á TRAMPTgá/� mice, whereas a decrease in splenocytic
NK cell differentiation was observed in MyD88-/- mice. Prostate tumors revealed no
significant differences in NF-kB or AR expression in MyD88á/á TRAMPTgá/� compared to
MyD88-/- TRAMPTgá/� mice.
CONCLUSIONS. During prostate cancer development in the TRAMP model, MyD88 may
play a role in limiting prostate tumorigenesis by altering tumor-infiltrating immune
populations. This suggests that in the context of specific cancers, distinct PRRs and signaling
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ABSTRACT 
 

The role of immune signaling in cancer is complex and conflicting. Inflammatory signaling 

can drive an anti-tumor response, but chronic inflammation is strongly tied to tumorigenesis and 

many tumors exploit mechanisms of immunosuppression to block an anti-tumor response. The 

most well-characterized of inflammatory pathways is the Toll-like receptor (TLR) pathway, and 

mutations in TLRs are associated with a higher risk of prostate cancer.  

We have previously reported the impact of TLR signaling disruption on tumor growth and 

progression in the TRAMP model of prostate cancer. The adaptor protein MyD88 is an essential 

component of signaling for almost all TLRs, so loss of MyD88 abrogates most TLR signaling. 

Absence of MyD88-dependent signaling in TRAMP prostate tumors resulted in a more aggressive 

disease, likely driven by increased infiltration of CD11b+Gr-1+ MDSCs (myeloid-derived 

suppressor cells) when compared to MyD88+/+ tumors.  

The goal was to identify an explicit link between MyD88-dependent signaling and MDSC 

accumulation, at some level likely tied to chemokines that promote MDSC recruitment. Various 

chemotactic agents were expressed by the tumors, but the most promising was S100A9, a TLR4 

ligand also known to directly recruit MDSCs to tumors. S100A9 activity indicates that MyD88-

dependent signaling may play a role within the MDSCs themselves. In vitro differentiation of 

MDSCs from bone marrow skewed towards the granulocytic subset (gMDSCs) in MyD88-/- cells, 

supporting an internal role for MyD88 signaling. MyD88-/- MDSCs also showed an increased 

sensitivity to chemotaxis mediated by S100A9 and an increase in Arg-1 expression following 

S100A9 stimulation. We conclude that MyD88-dependent signaling may play an essential role in 

regulating the population of tumor-infiltrating cells by reducing MDSC activity and MDSC 

response to S100A9-mediated chemotaxis, thus limiting prostate tumor progression.  
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INTRODUCTION 

 

Prostate cancer is the second most common cancer for men in the US, with 2.9 million men 

currently living with prostate cancer1. One in six men will be diagnosed in their lifetime, and, while 

localized disease is highly survivable, the 5-year survival for metastatic disease is 29.3%. 

 

The role of inflammation in the development and progression of cancer was originally proposed 

by Rudolf Virchow in 1863. However, inflammatory signaling still continues to show both pro- 

and anti-tumor effects in a variety of models2-7. Within prostate cancer, chronic inflammation has 

been identified as a common feature in tumor-adjacent tissue8, and some SNPs in TLR genes 

increase the risk of prostate cancer9.  

 

Previous work in our lab10 has focused on the role of the adaptor protein MyD88 in murine prostate 

cancer using the established TRAMP model11-12. We showed that MyD88-dependent signaling is 

important for regulating the tumor-infiltrating immune populations and that loss of this signaling 

led to a more immunosuppressive tumor microenvironment and a more advanced disease. 

 

Specifically, myeloid derived suppressor cells (MDSCs) appeared to play an important role, as 

TRAMP tumors lacking MyD88 showed a significantly increased MDSC population. These cells 

are part of a heterogeneous group of cells with similar suppressive activity but different lineages 

13-14. MDSCs are typically identified as CD11b+Gr-1+ cells, though Gr-1 can be further broken 

down into Ly6G and Ly6C. The granulocytic lineage of MDSCs is CD11b+Ly6G+Ly6Cmid/lo, while 

the monocytic lineage is CD11b+Ly6G-Ly6Chi. Both subpopulations inhibit T cell activation and 
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NK cell differentiation, and both are associated with more aggressive tumors and worsened 

survival15-16. 

 

Recruitment of MDSCs, both in infection and disease models, is well-characterized. Many secreted 

proteins have been identified as promoting MDSC differentiation and recruitment17: members of 

the CCL and CXCL families of chemokines18-20; interleukins IL-1β, -5, -6, and -1321-23; and colony 

stimulating factors (M-CSF, G-CSF, GM-CSF)24-25. 

 

We aim to determine the mechanistic link between MyD88 signaling and MDSC population 

changes in prostate cancer, with the hope that any mechanism be more broadly applicable.  Only 

by teasing out the complex interactions mediated by inflammatory signaling in cancer can we 

understand how to exploit those interactions to design therapeutics. 
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MATERIALS & METHODS 

 

Tumor model 

MyD88+/+ TRAMPTg-/-, MyD88+/+ TRAMPTg+/-, MyD88-/- TRAMPTg-/-, and MyD88-/- TRAMPTg+/- 

male mice were previously sacrificed at 30 weeks of age10, with lungs, liver, and abdominal lymph 

nodes grossly inspected for metastases. Whole prostates with seminal vesicles were removed, fixed 

in formalin, or embedded in OCT. 

 

Immunofluorescence and Immunohistochemistry 

Immunofluorescence was performed on OCT-embedded tissue. Sections were fixed in 4% 

paraformaldehyde for 10min and then blocked for 1hr with either standard (5% BSA and 5% goat 

serum in PBS) or specific, when using mouse primary antibodies, (M.O.M kit block, Vector Labs) 

reagents. Sections were stained overnight at 4°C with FITC anti-CD11b (M1/70, BD Bioscience), 

PE anti-Gr-1 (RB6-8C5, BD Bioscience), anti-CD49b (DX5, Biolegend), and FITC anti-CD3e 

(145-2C11, BD Bioscience) at 1:500. Secondary antibody staining using goat anti-rat Al568 

(Invitrogen) was performed, with incubation at 1:1000 for 1hr. Sections were counterstained with 

DAPI and mounted using Vectorshield (Vector Labs). Images were assessed by fluorescence 

microscopy using an Axio Imager 2 (Zeiss). 

 

Immunohistochemistry was performed on formalin-fixed and paraffin-embedded tissues. Sections 

were deparaffinized and rehydrated before blocking for one hour in 5% BSA and 5% goat serum 

in PBS. Sections were stained with anti-S100A9 at 1:500 (SC-20173, Santa Cruz), followed by 

incubation with biotinylated goat anti-rabbit antibodies at 1:750 using the ABC kit (Vector Labs). 
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Sections were developed using streptavidin-conjugated HRP and substrate, counterstained with 

hematoxylin, then dehydrated and mounted with Cytoseal 60 (Richard-Allan Scientific). Images 

were assessed by light microscopy using an Axio Imager 2 (Zeiss). 

 

In vitro MDSC differentiation 

WT and MyD88-/- C57Bl/6 mice were sacrificed at 8-12 weeks, and bone marrow was harvested 

from the femurs and tibiae. Bone marrow was dispersed by fine needle aspiration in PBS before 

red blood cells were lysed with ACK buffer. Once counted, cells were plated at 1x106 cells per ml 

in M-CSF media (RPMI with 10% fetal calf serum and 1% penicillin/streptomycin solution, plus 

20% L929 conditioned media) and incubated overnight. The following day, non-adherent cells 

were harvested and recounted.   

 

Those cells were replated in specific stimulation buffers: M-CSF+GM-CSF (M-CSF media 

described above with 10 ng/ml) or G-CSF+GM-CSF (RPMI complete media with 10 ng/ml G-

CSF and 10 ng/ml GM-CSF). Media was changed after 3 days, and only adherent cells were 

reserved. Cells were harvested on day 5 for flow cytometric analysis. 

 

Transwell migration assay 

Following in vitro differentiation, 1-5x105 cells were plated in 100 µl of media on cell culture plate 

inserts (Corning 24-well plate, 6.5 mm transwell, 5.0 µm pore). 600 µl of media (with or without 

a chemokine) was placed in the bottom of the well. Cells were incubated for 24 hours at 37°C, at 

which point, the transwell insert was carefully removed. The cell concentration within the bottom 

of the well was used to quantify the amount of migration, and the experimental results were 
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compared to a control with no chemokine. Results were reported as fold change in migration from 

the control, as has been described previously26-28. 

 

Quantitative PCR 

Total RNA extracted from frozen prostate tissue was used to synthesize cDNA using High 

Capacity cDNA Reverse Transcription Kits (Applied Biosystems). Relative gene expression was 

determined using SYBR Green PCR Master Mix (Applied Biosystems) on a Viia 7 system 

(Applied Biosystems), normalized to GAPDH as a reference gene, using the comparative threshold 

cycle method. Primer sets for the following genes were used: 

 

Gene Forward Primer Reverse Primer 

Arg-1 5’-AACACGGCAGTGGCTTTAACC -3’ 5’- GGTTTTCATGTGGCGCATTC-3’ 

iNOS 5’-GCTGGAAGCCACTGACACTTCG-3’ 5’- CGAGATGGTCAGGGTCCCCT-3’ 

CCL2 5’-GAAGGAATGGGTCCAGACAT-3’ 5’-ACGGGTCAACTTCACATTCA-3’ 

CCL3 5’-ACTGCCTGCTGCTTCTCCTACA-3’ 5’-AGGAAAATGACACCTGGCTGG-3’ 

CCL5 5’-CCTCACCATCATCCTCACTGCA-3’ 5’-TCTTCTCTGGGTTGGCACACAC-3’ 

CXCL1 5’-CCAACACAGCACCATGATCC-3’ 5’-CCTCGCGACCATTCTTG-3’ 

G-CSF 5’-CTCAACTTTCTGCCCAGAGG-3’ 5’-AGCTGGCTTAGGCACTGTGT-3’ 

GM-CSF 5’-GCCATCAAAGAAGCCCTGAA-3’ 5’-GCGGGTCTGCACACATGTTA-3’ 

IL-1b 5’-CACAGCAGCACATCAACAAG-3’ 5’-GTGCTCATGTCCTCATCCTG-3’ 

IL-4 5’-GGATGTGCCAAACGTCCTC-3’ 5’-GAGTTCTTCTTCAAGCATGGAG-3’ 

IL-13 5’-ATGAGTCTGCAGTATCCCG-3’ 5’-CCGTGGCAGACAGGAGTGTT-3’ 

S100A9 5’-GTTGATCTTTGCCTGTCATGAG-3’ 5’-AGCCATTCCCTTTAGACTTGG-3’ 
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RESULTS 
 
 
Increased infiltration of MDSCs 

Prostates of all genotypes were stained for CD11b and Gr-1 (Figure 1A). While CD11b+ cells are 

found sparsely in both normal and Tg prostates, co-stained cells are abundant in MyD88-/- 

TRAMPTg+/- prostates, as reported previously10.  

 

Prostates were also co-stained for CD3e and CD49b (Figure 1B); CD49b+ single staining defines 

the NK cell population, and double staining with CD3e more specifically stains the NKT cell 

population. As is expected, the large population of MDSCs in the MyD88-/- tumor coincides with 

reduced NK cell presence.  

 

An established function of MDSCs is to suppress NK cell differentiation and activity29-31. There 

does not appear to be any significant difference in NKT cell populations in WT vs. MyD88-/- 

tumors, though there are few cells present at all. The observed effect on tumor-infiltrating 

populations recapitulates previous data.  

 

Chemokine-mediated MDSC recruitment 

An increase in MDSCs within the tumor microenvironment does not automatically suggest a role 

for MyD88-dependent signaling. However, there is an extensive body of literature on the many 

chemokines that have a role in MDSC recruitment, both generally and within a cancer model32-43. 

We selected the most relevant chemokines and observed the expression of these proteins in 

prostate tissue from all four mouse genotypes (Figure 2A).  
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Two major expression trends presented themselves. IL-1β, IL-13, CCL2, CCL3, and CXCL1 were 

highly expressed in only the MyD88-/- TRAMP tumors, with low expression in the rest. In another 

set of genes, G-CSF, GM-CSF and S100A9 all showed low expression in the non-transgenic 

prostates but increased expression in both the categories of TRAMP prostates, with no difference 

in expression between the MyD88+/+ and MyD88-/- tumors. 

 

Predictions for a recruitment mechanism 

The chemokine expression data suggest two possible mechanisms (Table 1) explaining the 

increased MDSC recruitment seen in MyD88-/- tumors: the “expression” model and the 

“sensitivity” model.  

 

In the expression model, more of the essential chemokine(s) responsible for MDSC recruitment 

will be found in the tumor microenvironment. That necessitates a chemokine-secreting cell near 

the tumor responsible for the increased expression. The loss of MyD88-dependent signaling would 

be relevant in that chemokine-secreting cell or another activating cell upstream. Therefore, the 

effect of MyD88-dependent signaling could be directly regulating MDSC recruitment or indirectly 

functioning to activate chemokine-secreting cells. 

 

In the sensitivity model, the same chemokine expression is observed in both MyD88+/+ and MyD88-

/- tumors. The putative chemokine-secreting cell from the previous model is not necessarily 

influenced by MyD88-dependent signaling here. Instead, the MyD88-/- MDSCs are more sensitive 

to the chemotactic effects of the protein. The same amount of chemokine recruits more MDSCs 
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when MyD88-dependent signaling is disrupted. Here, the role for MyD88 signaling is within the 

MDSC and downstream of the chemokine stimulation. 

 

All of the tested chemokines activate various pathways known to promote an inflammatory 

response (MAPK, JAK/STAT, AKT, NF-kB)17,32,37,44-46. These pathways are also known to 

influence each other through signaling crosstalk and downstream transcriptional changes, meaning 

that the loss of MyD88-dependent signaling would likely have downstream consequences even if 

the chemokine signaling did not specifically require MyD88. Obviously, this complicates the 

search for a specific mechanism regulating MDSC recruitment in this case, but the goal would be 

to find a direct connection between a chemokine and MyD88-dependent signaling. 

 

S100A9 

After a careful analysis of chemokine-related signaling, one protein stands out as having a direct 

signaling axis involving MyD88. S100A9 is both a robust recruiter of MDSCs to the tumor 

microenvironment47-49 and a well-studied endogenous ligand for TLR450-52, which promotes 

signaling through MyD88.  

 

S100A9 also displays significantly increased mRNA expression within the TRAMP tumors 

(Figure 2A). Protein expression within the tumor microenvironment was confirmed by 

immunohistochemistry (Figure 2B). We see no significant difference in the expression of S100A9 

within MyD88+/+ and MyD88-/- tumors, though the non-transgenic prostates had reduced 

expression. These data preliminarily support the “sensitivity” model, which is defined by inherent 
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MyD88-dependent signaling within MDSCs. To probe the cells themselves, we needed to generate 

MDSCs in vitro.  

 

In vitro differentiation 

Mouse bone marrow from WT and MyD88-/- mice was stimulated with various colony stimulating 

factors to promote differentiation of MDSCs, as described previously53-55. MDSC subpopulations 

were analyzed, using surface biomarkers, to characterize their differentiation56. MDSCs derived 

from a granulocytic lineage are CD11b+ Ly6G+ Ly6Cmid, while MDSCs from a myeloid lineage 

are defined as CD11b+ Ly6G- Ly6Chi. While the differences between these subpopulations are not 

fully understood, they appear to be functionally similar and equally able to suppress T cell 

activation56. 

 

Differentiation of MyD88-/- bone marrow with G-CSF+GM-CSF shows a skewing of the 

subpopulations when compared to the WT bone marrow (Figure 3A,B). Cells lacking MyD88-

dependent signaling appear to favor the granulocytic subset, with a corresponding decrease in the 

myeloid subset. The MDSCs differentiated in vitro did show a difference in expression of Arg-1 

and iNOS, indicating a change in the immunosuppressive activity (Figure 3C). Generally, MyD88-

/- MDSCs showed the same expression of Arg-1 but a significant decrease in the expression of 

iNOS. This decrease in iNOS expression can be attributed to the skewing of differentiation toward 

g-MDSCs, which favor ROS production over NO. Additionally, stimulation of these MDSCs with 

various TLR ligands did not have any effect on the functionality, except in the case of S100A9. 

Stimulation by S100A9 increased the expression of both genes from the control MyD88-/- cells, 

indicating a potential role for S100A9 to activate MDSCs as well. 
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Taken together, these changes imply that MyD88-dependent signaling plays a role within MDSCs 

themselves. In the context of the models described previously, this would indicate that MyD88-/- 

MDSCs may be inherently more sensitive to chemotactic proteins due to some alteration of internal 

signaling.  

 
The chemotactic response of WT and MyD88-/- MDSCs (derived in vitro) was measured using a 

standard trans-well migration assay26-28. The response to S100A9 was compared to other standard 

TLR ligands (Table 2). Both HMGB1 and S100A9 are damage-associated molecular patterns 

(DAMPs), endogenous ligands that stimulate TLR signaling in the case of internal injury or cell 

death57-60. From this panel of ligands, only S100A9 showed a significant ability to promote 

chemotaxis. Most compellingly, the migration induced by S100A9 was markedly increased in 

MyD88-/- MDSCs as compared to WT (Figure 3D).  

 

We can therefore postulate a mechanism linking MyD88-dependent signaling to MDSC 

recruitment to the tumor (Figure 4). Cells from the prostate tumor, surrounding stromal cells, or 

infiltrating immune cells secrete chemokines that promote MDSC chemotaxis. This includes 

S100A9, which binds to TLR4 on MDSCs. Loss of downstream MyD88 signaling induces a 

stronger chemotactic response to S100A9 than if MyD88 signaling was intact. An increased 

response to S100A9 leads to an increase in MDSC recruitment to the tumor. The increase in MDSC 

infiltration promotes tumor growth and limits any anti-tumor immune activity. 
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DISCUSSION 

 

Role of MyD88 

We report here that disruption of MyD88-dependent signaling results in the increased recruitment 

of myeloid-derived suppressor cells (MDSCs) to the tumor microenvironment in murine prostate 

cancer. Tumors showed increased expression of chemokines that are known to drive MDSC 

recruitment, though in some cases the exact expression scheme differed. MDSCs derived in vitro 

indicate that MyD88-dependent signaling is essential within the MDSC population to regulate 

subset differentiation and migration.  

 

Crucially, the chemokine S100A9 produced an elevated recruitment response in cells lacking 

MyD88 signaling. As S100A9 is known to bind TLR4, the data elucidate a mechanism where a 

dysregulated chemotactic response to S100A9 leads to an overabundance of tumor-infiltrating 

MDSCs (Figure 4). The end result is that prostate tumors in MyD88-/- animals show greater 

evidence of immunosuppression and advanced disease. 

 

RAGE and TLR signaling 

Existing literature also clarifies the role of MyD88 in chemotactic signaling. In fact, the ability of 

S100A9 to recruit MDSCs has been specifically linked to downstream RAGE signaling and not 

TLR4 activation56. Chen et al. definitively show that blockade of TLR4 does not prevent S100A9-

induced RAW cell migration, while migration was inhibited by RAGE blockade61. RAGE 

blockade has been shown to suppress tumor growth and metastasis in glioma, breast, and prostate 

cancers as well62-64. 
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Compellingly, RAGE does not appear to rely on MyD88-dependent signaling, while TLR4 signals 

heavily (but not exclusively) through MyD88. RAGE can also directly activate MAPK (ERK1/2, 

p38, SAPK/JNK), PI3K/Akt, and cell migration (RhoA, Rac-1, Cdc42) pathways65, and RAGE 

was shown to oppose MyD88 signaling in a liver resection model66. Therefore, disrupted MyD88-

dependent signaling may bias S100A9-induced activation towards RAGE, increasing the MDSC 

response to chemotaxis. 

 

Tasquinimod 

The drug tasquinimod (TASQ) was first introduced as an anti-angiogenic agent in animal models 

of prostate cancer67, but it was quickly shuttled into clinical trials for patients with metastatic 

castration-resistant prostate cancer (mCRPC)68. Tasquinimod was found to bind S100A9 and 

prevent binding to both RAGE and TLR4, reducing angiogenesis and tumor growth by modulating 

MDSCs69. It also significantly slowed patient progression and improved progression-free survival 

in phase II trials70-71.  

 

Due to the success of TASQ in early trials, a phase III trial was undertaken using TASQ as a single 

agent in chemotherapy-naïve men with mCRPC. While progression-free survival was significantly 

improved, overall survival was not affected72. Unfortunately, the mediocre results of the phase III 

trial led partners Active Biotech and Ipsen to discontinue all prostate cancer studies.  

 

Given the data presented here, we may not expect an S100A9 inhibitor to function robustly as a 

single agent. When MyD88 signaling is disrupted, a significant increase in tumor-infiltrating 
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MDSCs is observed, which produces only a modest increase in tumor progression. Depleting 

MDSCs alone may not be the most effective way to utilize the drug. In a field so rife with 

combinatorial therapies, TASQ is likely better-equipped to succeed as a complement therapy. In 

fact, TASQ previously showed significant enhancement to a prostate cancer tumor vaccine 

(SurVax M)73. Prostate cancer has typically shown poor responses to immunotherapies, other than 

Sipuleucel-T74-76. By reducing the immunosuppressive activity perpetuated by MDSCs, other 

immunotherapies may begin to show increased efficacy. 
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FIGURES  

 

Figure 3.1. MyD88-/- TRAMP tumors show increased infiltration of CD11b+Gr-1+ MDSCs. Prostates 

from MyD88+/+ and MyD88-/- mice, expressing or not expressing the TRAMP transgene, were embedded 

in OCT and frozen. Sections were stained by immunofluorescence with (A) CD11b and Gr-1 to show 

MDSCs or (B) CD3ε and CD49b to show T cells, NK cells, and NKT cells. DAPI was added to visualize 

the nuclei. Representative prostates from multiple mice are shown as merged fluorescence images (400x or 

1600x). Staining was quantified by mean positive-staining cells per field for 10 high-powered fields. All p-

values were determined by two-tailed Student t-test, with statistical significance defined as p<0.05. 
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Figure 3.2. Loss of MyD88-dependent signaling results in increased recruitment driven by chemokine 

expression in the tumor microenvironment. (A) Normal prostate and tumor samples were analyzed by 

qPCR to determine the expression of various known chemokines. The graphs depicted are representative 

experiments (n=2), with three animals per tumor category and one per normal prostate. Error bars represent 

standard deviation values, and all p-values were determined by two-tailed Student t-test, with statistical 

significance defined as p<0.05. (B) Prostate sections were stained by immunohistochemistry using anti-

S100A9 antibodies to measure protein expression in mouse prostates. Representative prostates from 

multiple mice are shown (n=2). 
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Figure 3.3. Loss of MyD88 signaling within MDSCs skews in vitro differentiation in favor of gMDSCs 

and alters response to various stimuli. Mouse bone marrow was differentiated in vitro and then stained 

with APC-CD11b, FITC-Ly6C, and PE-Ly6C for analysis by flow cytometry. (A) CD11b+ cells were gated 

based on the combination of Ly6G and Ly6C expression into gMDSC (Ly6G+ Ly6Cmid) and mMDSC 

(Ly6G- Ly6Chi) subpopulations. (B) The proportion of each subpopulation found within the CD11b+ 

differentiated cells was quantified. Representative experiment (n=3) is shown. Columns depict 

differentiated bone marrow samples from four mice, and error bars represent standard deviation values. All 

p-values were determined by two-tailed Student t-test, with statistical significance defined as p<0.05. (C) 

Differentiated MDSCs were stimulated for 24 hours with known TLR ligands. The expression of MDSC 

functional genes Arg-1 and iNOS were analyzed by qPCR. Representative experiment is shown (n=2). (D) 

Differentiated MDSCs were placed in the upper well of a trans-well plate, while a chemokine or other 

protein was added to the media of the lower well. After 24 hours, the change in migration due to chemotaxis 

was observed, as compared to the control. MDSCs were pooled from multiple differentiated samples (n=4-

6). The mean of two experiments is shown, and error bars represent standard deviation values. 
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Figure 3.4. Model of MDSC recruitment to the tumor microenvironment. (A) In prostate tumors of 

MyD88+/+ mice, immune populations in the tumor microenvironment are diverse, with T cells, NK cells, 

and other populations present. This is contrasted with (B) tumors in MyD88-/- mice, where many more 

MDSCs are observed around the tumor, and NK cell differentiation and tumor infiltration are disrupted. 

S100A9 expression within the tumor recruits MDSCs, but MyD88-/- MDSCs are more sensitive to 

S100A9-mediated chemotaxis. Therefore, MyD88-/- tumors see a drastic increase in MDSC infiltration 

and a corresponding effect on tumor progression.  
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Table 3.1. Potential mechanisms underlying MDSC recruitment. 
 
 
 

 

 

 

Table 3.2. Toll-like receptor ligands. 

 

 

 

  

Expression Sensitivity 

More chemokine in tumor microenvironment Same amount of chemokine 

More chemokine secreted by upstream cell No change in upstream secretion 

MyD88 role upstream of MDSCs MDSCs are more sensitive to chemokine 
 MyD88 role within MDSC 

Ligand Receptor MyD88-dependent Source 

Poly(I:C) TLR3 No Exogenous (PAMP) 

CpG TLR9 Yes Exogenous (PAMP) 

Lipid A TLR4 Partially Exogenous (PAMP) 

S100A9 TLR4/RAGE Partially Endogenous (DAMP) 

HMGB1 TLR2/TLR4/RAGE Partially Endogenous (DAMP) 
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