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Abstract 
Androgen deprivation as an immune modulating therapy in combination with targeted 

immunotherapy for prostate cancer 

Anusha Muralidhar 

Under the supervision of Professor, Douglas G. McNeel 

at the University of Wisconsin-Madison 

 

Metastatic prostate cancer poses a significant clinical challenge due to its lethal nature and the 

eventual development of resistance to conventional therapies, including androgen deprivation 

therapy (ADT). While therapies targeting the androgen receptor signaling are effective initially, 

the emergence of resistance necessitates the exploration of alternative treatment modalities. In 

recent years, targeted radionuclide therapy (TRT) has emerged as a promising systemic radiation 

modality for metastatic disease, offering the potential to deliver therapeutic doses to all sites of 

metastasis with minimal damage to healthy tissues. However, the impact of TRT on the prostate 

tumor microenvironment and its potential to enhance the efficacy of immunotherapies remains 

largely unknown. 

In our study, we investigated the use of a novel TRT agent, 90Y-NM600, in combination with ADT 

in murine prostate tumor models. Our findings revealed a sequence preference in the delivery of 

ADT and TRT, mediated by differences in T cells and myeloid cells within the tumor immune 

microenvironment. Importantly, we demonstrated that the addition of agents targeting Gr-1+ 
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myeloid-derived suppressor cells significantly improved the antitumor efficacy of this 

combination therapy. 

Furthermore, we explored the combination of ADT with tumor-specific vaccination using a DNA 

vaccine encoding the ligand-binding domain of the androgen receptor. Our previous research has 

shown that this vaccine elicits antigen-specific CD8+ T cell responses in both rodent models and 

humans. By investigating the timing and sequencing of ADT with vaccination, we observed that 

vaccinating prior to ADT significantly enhanced anti-tumor responses, mediated in part by 

increased infiltration of CD8+ T cells following ADT. Additionally, targeting myeloid-derived 

suppressor cell recruitment following ADT with cyclical use of testosterone further augmented 

anti-tumor responses.  

Lastly, we delved into the complex interactions between ADT and T-cell responses, comparing 

various ADT approaches, including AR degraders and AR antagonists, to determine their synergy 

with AR-specific immunization. Our study highlights the potential of combining ADT with AR-

specific immunization to enhance AR-specific CD8+ T cell infiltration, laying the groundwork for 

identifying optimal combinations for enhancing anti-tumor responses using checkpoint blockade. 

Overall, our findings underscore the importance of exploring novel therapeutic combinations 

involving ADT and immunotherapy in prostate cancer treatment. Further investigation into these 

combinations is warranted, given their highly translatable nature and potential to improve clinical 

outcomes for patients with metastatic prostate cancer. 
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Chapter 1 
 

Introduction to prostate cancer and current treatments for treating 

prostate cancer.  

This work has been published in Cancers 2022, Journal of Pharmaceutics 2023, and Nature 

Reviews Urology 2023.  
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1.1 Standard treatments for prostate cancer  

Prostate cancer is the most common diagnosed malignancy among men and ranks as the second 

leading cause of cancer-related deaths in the United States [1]. In cases of hormone-sensitive 

prostate cancer, the standard of care includes androgen deprivation therapy (ADT) as a standalone 

or in combination with androgen receptor signaling inhibitors (ARSI), and radiation therapy or 

chemotherapy yielding significant enhancements in overall survival rates [2]. While localized 

cancer can be cured, metastatic prostate cancer remains a significant challenge worldwide. For 

recurrent prostate cancer, ADT remains the cornerstone of treatment, often administered lifelong 

for patients with metastatic disease. However, as castration resistance develops, chemotherapy has 

traditionally served as the primary treatment approach [3]. Nonetheless, recent years have 

witnessed the emergence of novel therapeutic options that have enhanced survival rates following 

chemotherapy. These options encompass ARSI, PARP inhibitors, and Lu-PSMA radioligand 

therapy [4].  

Immunotherapy's role in prostate cancer remains under continuous investigation, with Sipuleucel-

T being the sole approved immunotherapeutic agent [5]. Overall, the dynamic landscape of 

prostate cancer therapy presents both challenges and promise, as numerous new treatment avenues 

continue to surface. 

 

1.1.1 Androgen Deprivation Therapy  
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The advancement of prostate cancer occurs in a sequence of stages, starting from the development 

of prostatic intraepithelial neoplasia (PIN), progressing to high-grade PIN (HG-PIN), and 

ultimately leading to adenocarcinoma and metastasis. A key factor driving this progression is the 

dependence of prostate cells on androgens for their growth and function. As a result, therapies 

aimed at suppressing androgen production or blocking the androgen receptor (AR) are utilized 

throughout all phases of prostate cancer. While initially exhibiting high responsiveness to this 

treatment, these cancers almost inevitably develop resistance. This resistance typically involves 

acquiring gene amplifications of the AR, mutations occurring in the AR, activation of the AR 

independent of androgen stimulation through the upregulation of steroidogenic enzymes, including 

de novo intratumoral androgen synthesis from androstenedione and DHEA and the continued 

occupation of AR on DNA binding sites regardless of ligand availability [6–9]. 

   

1.1.1.1 Types of androgen deprivation therapies  

Localized prostate cancer treated with prostatectomy or radiation therapy or a combination of both 

which leads to complete regression in a third of the cases [10]. In cases of metastatic prostate 

cancer, patients undergo ADT continued indefinitely with or without docetaxel chemotherapy. 

FDA-approved LHRH agonists like leuprolide and goserelin, as well as the LHRH antagonist 

degarelix, effectively decrease luteinizing hormone production, leading to reduced gonadal 

testosterone production [11]. Despite significantly reducing serum testosterone, adrenal androgen 

production may persist, and prostate tumors can synthesize androgens. Therefore, additional 

therapies are often utilized to further suppress androgen levels or signaling [12]. Numerous 

specific androgen receptor degraders (SARDs) and proteolysis-targeting chimera (PROTACs) are 
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currently under development for treating advanced metastatic castration-resistant prostate cancer 

(CRPC). 

 Abiraterone, a potent Cyp17A1 inhibitor, further reduces testosterone levels by blocking androgen 

production in non-gonadal tissues [13–15]. The first-generation androgen receptor (AR) 

antagonists, nilutamide and flutamide, lacked selectivity for prostate tissue over other organs, 

leading to suboptimal efficacy and significant side effects [16]. These drugs only partially 

suppressed AR activity and were largely supplanted by bicalutamide, which offered improved 

selectivity and tolerability [17].  In recent years, second-generation AR antagonists, including 

enzalutamide, apalutamide, and darolutamide have been approved for the treatment of prostate 

cancer [18].  Enzalutamide, in particular, exhibited superior binding affinity and efficacy compared 

to earlier drugs like flutamide and bicalutamide [19]. However, despite its efficacy, enzalutamide 

treatment can lead to the emergence of resistance mechanisms. For instance, it may induce the 

expression of AR mutant ARF876L and AR-V7, which contribute to resistance to enzalutamide 

[20,21]. Additionally, there is evidence to suggest that enzalutamide treatment could potentially 

enhance the metastasis of prostate cancer [22]. These findings underscore the complexity of 

treating prostate cancer and the need for continued research into developing alternative treatment 

strategies that can overcome resistance and improve patient outcomes. 

ASC-J9, a curcumin analog, represents another PROTAC which works by disrupting the 

association between the AR and its co-regulator ARA70. ASC-J9 effectively triggers the 

degradation of the AR protein [23]. This mechanism of action offers a novel approach to targeting 

the AR pathway, potentially circumventing resistance mechanisms that arise with traditional AR-

targeted therapies. Preclinical studies have demonstrated the efficacy of ASC-J9 in degrading both 
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wild type AR and the F877L mutant AR, which is known to confer resistance to enzalutamide, a 

commonly used anti-androgen drug in the treatment of prostate cancer [24]. These findings 

highlight the potential utility of ASC-J9 in overcoming treatment resistance and improving 

outcomes for patients with advanced prostate cancer. Despite its promising preclinical data, ASC-

J9's efficacy and safety profile in clinical settings have yet to be fully evaluated. ARV-110, also 

belonging to the class of PROTACs has shown remarkable efficacy in inducing degradation of the 

AR protein in pre-clinical studies in Enzalutamide-Insensitive PDX models [25]. Moreover, in 

phase I/II clinical trials, ARV-110 has shown promise in a heavily pretreated metastatic castration-

resistant prostate cancer (mCRPC) patient population [26] Notably, patients with AR T878 and/or 

H875 mutations, which are associated with resistance to standard therapies, demonstrated the 

greatest PSA50 activity and RECIST responses to ARV-110. This subset of patients appears to be 

particularly sensitive to ARV-110 treatment [27]. However, further investigation is warranted to 

fully understand the efficacy and safety profile of ARV-110 in larger phase clinical trials.  

Another agent, galeterone, which not only inhibits testosterone production by targeting Cyp17A1 

but also competitively inhibits the androgen receptor (AR), prevents AR binding to DNA, and 

enhances degradation of both wild type and mutant AR [28,29]. However, phase 3 trials of 

galeterone were recently halted because the data monitoring committee determined that it would 

not improve patient survival compared to enzalutamide [30]. 

While historically androgen receptor (AR)-targeted agents have primarily focused on the ligand-

binding domain of the AR, a new class of AR inhibitors has emerged, directing attention to the N-

terminal domain, which plays a significant role in interacting with transcriptional proteins. 

Preclinical studies involving EPI-001, which specifically targets the AF1 domain of the AR, 
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thereby blocking AR transactivation, have demonstrated regression of castration-resistant prostate 

cancer (CRPC) xenografts with minimal toxicity effects [31,32]. Additionally, EPI-506, which 

similarly targets the N-terminal domain of the .AR, is presently under evaluation in phase 1/2 

clinical trials (NCT02606123) [33].  

In summary, ADT results in tumor regression, through the induction of tumor cell apoptosis and 

senescence.  There are several ways to decrease circulating androgen levels, using either LHRH 

agonists or antagonists, Cyp17A1 inhibitors, or compounds to target the AR itself, such as anti-

androgens, AR degrading agents, or compounds that use several strategies at once. Invariably, 

prostate tumors develop mechanisms of resistance to these various methods of ADT. 

 

1.1.1.2 Effects of Androgen deprivation therapy on immune function  

Androgens have been associated with direct adverse effects on T-cell function. When splenic 

CD4+ T cells were cultured in Leydig cell conditioned media, which contains testosterone, or 

exposed directly to testosterone, there was a dose-dependent rise in the number of CD4+ 

CD25+Foxp3+ regulatory T cells (Tregs) and increased the production of IL-10. This effect was 

reversed with concurrent administration of the anti-androgen flutamide that abolished IL-10 

production, indicating the androgen dependency of CD4+ CD25+ Foxp3+ Treg function [34].  

Interestingly, elevated levels of regulatory T cells (Tregs) in the prostate are correlated with 

decreased PSA recurrence-free survival. Moreover, this increase in Tregs is significantly linked to 

higher tumor grade and increased Ki67 labeling in tumors [35] 

However, the castration of aged mice led to an enlargement of the thymus, which was linked to 

increased proliferation and decreased apoptosis of thymocytes in castrated aged mice compared to 
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intact aged mice [36]. Morse et al showed that shortly after androgen deprivation in mice, there 

was an  increase in the numbers of circulating naïve T cells and these were of the TH-1phenotype 

[37]. In addition, studies using short-term androgen deprivation prior to prostatectomy, an increase 

in oligoclonal T-cell infiltration into prostate tissue was observed [38].  

In separate rodent investigations, castration prompted the infiltration of T cells into the prostate. 

Initially, these cells exhibited a bias towards the Th1 subset, but later shifted towards theTh17 

subset, persisting for at least 90 days post-castration [37]. In studies of prostate tumor-bearing 

mice, castration with immunization similarly elicited a greater number of antigen-specific CD8+ 

T cells, however with prolonged treatment an increase in Tregs was observed[39]. Together, these 

studies all demonstrate that androgen deprivation can enhance T cell function. Furthermore, in 

patients, castration resulted in elevated absolute levels of T cells circulating in the peripheral blood 

[40]. Taken together, these findings underscore the intricate relationship between androgens and 

T-cell function, highlighting the potential impact of androgen deprivation on immune modulation 

in the context of prostate cancer. 

1.1.2 Radiation Therapy  

Radiation therapy that is used in both localized and advanced stage disease and can be categorized 

into three main categories: external-beam radiation therapy (EBRT), which uses an x-ray machine 

(linear accelerator) to produce gamma rays outside the body that target cancer cells, brachytherapy 

(BT), which uses radioactive seeds administered internally, and TRT which involves administering 

radionuclides coupled to cancer targeting compounds to irradiate tumor cells. 

 



8 

 

1.1.2.1 External beam radiation therapy    

EBRT is a potentially curative treatment for localized prostate cancer, and typically prioritized for 

patients who are not candidates for prostatectomy and/or have adverse pathologic features [41–

43]. The standard regimen for treating low risk disease is 75-80Gy and for intermediate-risk and 

high-risk prostate cancer EBRT is often combined with short-term androgen deprivation [44,45].  

During the past three decades, technological advances have greatly improved radiation therapy 

delivery with emphasis on improving target definition with smaller radiation fields [46]. To 

achieve dose escalation, 3-dimensional conformal radiation therapy (3D-CRT) was developed 

using computed tomography simulations (CT) and as reported in the RTOG 9406, phase I/II trial, 

yielded favorable outcomes for localized prostate cancer [47]. With the development of more 

sophisticated treatment-planning software in the mid-1990s, intensity-modulated radiation therapy 

(IMRT) emerged as an advanced form of conformal therapy. In addition to IMRT, image-guided 

radiotherapy (IGRT) is an essential adjunct for dealing with daily changes to the target anatomy 

[48]. It has been reported that IMRT may be more effective than 3D-CRT for higher dose 

treatments [49].  

Several studies have indicated that prostate cancer responds well to EBRT delivered in fewer 

fractions with higher doses (hypofractionation) [50–52]. Stereotactic body radiation therapy 

(SBRT), also called stereotactic ablative radiotherapy (SABR), is a technique that can deliver 

higher doses in hypofractionated regimens and has shown comparable biochemical control and 

morbidity to standard fractionation schedules in prospective randomized trials [50,53]. Results 
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with SBRT in limited numbers of patients with low-risk prostate cancer suggest that this approach 

is feasible, with comparable efficacy and safety to other forms of radiation therapy [54–56].   

In contrast to conventional photon (X-ray) therapies, proton beam therapy (PBT) can also confer 

several advantages in terms of tumor targeting and dose exposure. Multi-institutional randomized 

trials (NCT01617161, NCT03561220) are comparing IMRT versus PBT for impacts on treatment-

related toxicity and quality of life, however no prospective trials have evaluated the efficacy of 

PBT relative to EBRT [57].  

 

1.1.2.2 Brachytherapy  

In the early 19th century, Pasteau and DeGrais explored treatments for prostate cancer by 

implanting radium sources through a catheter in the urethra or rectum. This initial approach led to 

developments in techniques and instruments for brachytherapy using radioactive sources by 

multiple others. In particular, the interest in brachytherapy was revived by Bagshaw and colleagues 

in the late 1950s with a series of patients being cured by high energy cobalt treatment [58]. In the 

early 1980s, Whitmore experimented with a variety of different radioisotopes implanted as 

permanent brachytherapy sources in patients, and found this approach was well tolerated [59] . 

Holm and colleagues applied transrectal ultrasound to the guidance of Iodine-125 seed placement 

[60]. Iodine-125, palladium-103, and cesium-131 are now the three isotopes routinely used for 

low-dose-rate (LDR) prostate brachytherapy [61]. Neither isotope appears to be more effective 

than another based on the available data [62]. In some cases LDR brachytherapy is used in 

combination with EBRT in men with intermediate- or high-risk prostate cancer [63]. Escalating 
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the dose of radiation through high-dose-rate (HDR) brachytherapy with iridium-192 has also been 

used as a monotherapy and/or in combination with EBRT, and this has been a promising approach 

for treating locally advanced prostate cancers [64–66]. 

There have been no randomized prospective trials to compare the efficacy of EBRT and BT 

treatments. However, a meta-analysis of randomized clinical trials provided evidence to support 

the use of BT boost after EBRT to improve  biochemical progression-free survival (bPFS) in 

intermediate and high-risk patients [67].  

 

1.1.2.3 Targeted radionuclide therapy   

Despite potentially curative therapy for localized prostate cancer, nearly 1/3 of patients will 

ultimately progress to metastatic disease [68–70]. Due to the inability to feasibly target all 

metastatic lesions, EBRT has typically been used only for palliative purposes in this setting 

[71,72]. However, in recent years, targeted radionuclide therapy (TRT) has emerged as a promising 

treatment strategy for metastatic prostate cancer. Strontium-89 (Sr-89) and Samarium-153 (Sm-

153) were the first TRT agents approved for palliative use due to their ability to target metastatic 

bone disease, although they did not improve overall survival [73,74]. Radium-223, which is a 

calcium mimetic, similarly targets bone metastatic disease, and was the first alpha emitting 

radionuclide approved by FDA as a treatment for mCRPC based on evidence of extended survival 

[75,76]. 

While these TRT agents have been useful for patients with disease localized exclusively to the 

bone, they are not effective for those with other disease sites. Hence, other investigations have 
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focused on compounds that specifically target cancer cells rather than the bone. One of the most 

studied targets for these approaches has been prostate-specific membrane antigen (PSMA) which 

is highly expressed in prostate cancer cells [77]. As the first PSMA-targeting antibody, capromab 

pendetide was initially used as an imaging tool for prostate cancer. Labeling of this agent with 

therapeutic isotypes demonstrated limited clinical efficacy, probably because it binds to an 

intracellular epitope of PSMA, requiring the internal domain of PSMA to be exposed externally 

[78]. However, J591, a monoclonal antibody that binds the extracellular domain of PSMA, has 

been conjugated to multiple radionuclides and evaluated in trials for patients with mCRPC. Using 

an activated monoclonal antibody-fluorophore conjugate of J591, Nakajima and colleagues 

successfully imaged prostate cancer in vivo in murine prostate tumor models [79]. Bander et al 

conducted several trials assessing dose limiting toxicities and efficacy of radiolabeled J591 and 

demonstrated that the agent can accurately target metastatic prostate cancer sites in bone and soft 

tissue, and may be useful for targeting diagnostic or therapeutic imaging agents [80,81]. In 

particular, a phase II clinical trial evaluating a single administration of 177-Lu-J591 found this to 

be well tolerated and capable of targeting metastatic sites. Of 47 patients with mCRPC treated, 

59.6% experienced a decrease in PSA, and 1/12 with measurable disease achieved a partial 

response. Those with low PSMA expression by imaging were less likely to respond [82]. As a 

mixed alpha and beta emitter, bismuth-213 (213Bi) has also demonstrated pre-clinical activity 

when tagged to the PSMA-targeting antibody J591 [83–86]. However, 213-Bi-J591 has not yet 

been evaluated in patients with prostate cancer. 

More recently, a small molecule ligand that binds PSMA, PSMA-617, has been radiolabeled with 

different radionuclides and investigated for both diagnostic imaging and therapeutics (theranostic 
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agent). 68Ga-PSMA-617 was the first approach to utilize PSMA-617 for the diagnosis of prostate 

cancer. As reported by Liu and others, PET/CT imaging of 68Ga-PSMA-617 was useful as an 

imaging biomarker to assess metastatic disease not detectable by conventional imaging, to stratify 

the risk of metastatic prostate cancer [57,87,88]. Preclinical studies of PSMA-617 with the 177-

Lu beta emitting radioligand yielded encouraging results for safety and efficacy as reported by 

Ruigroket et al [89]. 177Lu-PSMA-617 (Lu-PSMA) was evaluated in a prospective single-arm 

phase 2 study in which 57% of patients experienced PSA declines greater than 50%. Patients also 

experienced pain improvements, and median PFS and OS of 7.6 months and 13.5 months, 

respectively, were identified [90]. This was confirmed in a randomized phase 3 trial in which 

patients with mCRPC, who had received prior taxane chemotherapy and at least one AR pathway 

inhibitor agent, were randomized to receive 177Lu-PSMA-617 or a non-chemotherapy standard 

of care (SOC). This trial demonstrated that Lu-PSMA therapy was effective in generating a longer 

radiological progression-free survival (8.7 months) in patients with PSMA+ mCRPC who 

previously received standard of care therapies, as well as overall survival (15.3 months), compared 

to 3.4 and 11.3 months, respectively, for the SOC group. These findings led to FDA approval in 

2022 for the use of LuPSMA as a treatment for mCRPC following previous treatment with 

chemotherapy and a second generation AR pathway targeting agent [91,92].  

PSMA-617 has also been evaluated conjugated to other radioisotopes, notably with the higher 

energy alpha emitter 225 Ac. A series of small studies have evaluated 225Ac PSMA-617 in patients 

with mCRPC, including patients resistant to 177-Lu PSMA-617 [93–96]. A retrospective meta-

analysis of 6 trials comprising 201 patients treated, showed that PSA declines >50% occurred in 

66.1% of patients, with low rates of hematological toxicity. The most common adverse effect, as 
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with Lu-PSMA, was xerostomia, which occurred in 77.1% of all patients. Further prospective 

clinical trials with this agent are anticipated [97].  

 

1.1.2.3.1. 90Y-NM600 as a theranostic agent  

90Y-NM600 represents a novel theranostic agent that can be utilized as a diagnostic tracer and 

therapeutic radiopharmaceutical therapy. It comprises NM600, a small molecule, conjugated with 

the radioisotope yttrium-90 (90Y). Yttrium-90, being a high-energy beta emitter with a half-life of 

64.1 hours. Upon administration, 90Y-NM600 selectively accrues in tumor tissue, delivering 

therapeutic radiation doses directly to cancer cells while preserving adjacent healthy tissue. 

Preclinical studies have shown that 90Y-NM600 is effective in treating T cell lymphoma models 

[98]. Further work has demonstrated that 90Y-NM600 in combination with CTLA-4 blockade can 

result in strong anti-tumor efficacy in melanoma, breast, and neuroblastoma models by eliciting a 

cytotoxic and memory CD8+ T cell response [99]. However, this compound has been studied in 

the context of prostate cancer with anti-PD-1 and has shown combination 90Y-NM600 and PD-1 

blockade is ineffective in these models due to the persistence of Tregs and the activating effects of 

PD-1 blockade on this population and careful evaluation of the effects of other radioisotopes or 

TRT agents on the tumor microenvironment could be crucial for successful combination with 

checkpoint blockade in prostate cancer [100]. 
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1.1.2.4 Effect of Radiation therapy on tumor immune microenvironment  

Radiation therapy (RT) has effects on both tumor cells and immune cells within the tumor 

microenvironment, potentially making immunotherapies more effective against poorly 

immunogenic tumors. The optimal dose and fractionation of radiotherapy are likely important and 

may differ for each tumor type and immune microenvironment. Radiation at optimal doses can 

cause release of proinflammatory cytokines such as IL-1β and TNFα, increase FAS expression on 

tumor cells rendering them susceptible to Fas-ligand expressing lymphocytes [101], and increase 

MHC-I expression on tumor cells making them more readily detected by CD8+ T cells [102]. In 

addition, RT-induced dsDNA fragments can be sensed by cGAS within dendritic cells (DCs), 

activating STING signaling, and leading to a type I IFN response and increased cross-presentation 

by DCs. Radiation therapy can also increase CD86 and CD70 expression on intratumoral DCs, as 

well as promote DC maturation, increased expression of MHC II, and migration to the tumor 

draining lymph nodes to present antigens to CD8 T cells [103,104]. Moreover, as the dose of 

radiation increases, greater accumulation of DNA damage occurs [105]. DNA damage leads to cell 

death, which is accompanied by release of damage-associated molecular patterns and a cascade of 

inflammatory response activation known as immunogenic cell death [106]. RT induced 

immunogenic cell death can lead to the release of tumor-associated antigens that, cross-presented 

by activated DC, may elicit an adaptive immune response and lead to further increased T-cell 

infiltration into tumors [107]. In addition to the extensive literature demonstrating that RT has 

immunostimulatory effects, it has been shown that a significant portion of the anti-tumor effects 

of radiation are mediated by immune populations. Immunocompromised mice require much higher 



15 

 

doses of radiation to result in tumor eradication than do immunocompetent mice [108]. 

Additionally, when CD8+ T cells are depleted from tumor-bearing mice, the anti-tumor effect of 

radiation is greatly reduced [104]. Although RT initially results in temporary depletion of CD8+ 

T cells, this population is eventually activated and infiltrates the tumor, as reported in both 

preclinical models and human cancers [109–111]. It has also been shown that RT skews tumor-

infiltrating CD8+ T cell populations towards resident memory phenotypes, in part because these 

memory cells are more radioresistant [112,113]. There is also some evidence that RT can facilitate 

NK expansion, activation, and accumulation in draining lymph nodes, resulting in improved anti-

tumor efficacy in vivo [114,115]. While conceptually radiation can be used to stimulate the 

development of an anti-tumor cytotoxic response, many tumors also have an increased number of 

immunosuppressive cell populations (tumor-associated macrophages (TAMs), MDSC, and Tregs) 

that are more radioresistant than the other immune subtypes. These populations can cause NK cell 

and T cell anergy and block DC maturation [116,117]. The dose of RT can therefore significantly 

affect the phenotype of immune cells and alter the signaling within the tumor microenvironment, 

making them pro- or antitumorigenic. For instance, RT can affect the functional polarization of 

macrophages that can activate either anti-tumor M1-like macrophages or immunosuppressive M2 

macrophages, encouraging angiogenesis and remodeling of the stromal matrix to help tumor 

establishment [118]. However, high doses of RT have been correlated with increased TGF- β 

release that has potent immunosuppressive properties, including polarization of CD4 T cells into 

Tregs, suggesting that targeted chemokine receptor antagonists might be effectively combined 

with RT [119,120] Additionally, radiation can increase T-cell checkpoint molecule/ligand 

expression. Specifically, high-dose radiation results in upregulation of PD-L1 on tumor cells [121]. 



16 

 

This explains the rationale behind treatment combinations with radiation and checkpoint blockade. 

Because prostate cancer is associated with multiple immunosuppressive pathways, combining 

immunotherapy that targets these immunosuppressive pathways with radiotherapy may be a 

promising approach for increasing antitumor responses and preventing immune escape. 

 

1.1.3 Immunotherapy  

The concept of immunotherapy for prostate cancer dates back to the 1970s when Ablin and 

colleagues reported anecdotal cases of metastatic prostate cancers that regressed after being treated 

locally with cryotherapy [122]. The identification of autologous antibodies that recognized the 

prostate tissue suggested that this abscopal-type treatment response was immune mediated [123]. 

This led to significant interest in developing immune-based strategies for prostate cancer 

treatment. Early efforts focused on vaccines aimed at generating T cell and antibody responses to 

the prostate. This concept was ideal for prostate cancer since the prostate is a non-essential organ, 

and therefore an immune response directed against prostate cancer need not be necessarily limited 

to malignant cells. Since then, there have been several approaches to developing anti-tumor 

vaccines, most commonly delivering inactivated or modified tumor cells (antigen non-specific), 

or delivering components of tumors to stimulate immune responses to specific antigenic targets 

(antigen-specific vaccines). Five phase 3 clinical trials have been conducted in patients with 

mCRPC using different vaccine approaches. Four of these approaches did not demonstrate 

improved overall survival [124–128]. To date, only sipuleucel-T met its primary endpoint of 

extending survival in patients with advanced metastatic prostate cancer and was approved by FDA 
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in 2010 [128]. Sipuleucel-T is comprised of autologous antigen-presenting cells loaded ex vivo 

with a fusion protein of a tissue-specific antigen (prostatic acid phosphatase, PAP) and GM-CSF. 

The approval of sipuleucel-T has demonstrated that vaccine therapies can be useful in the treatment 

of prostate cancer, however the absence of significant objective radiographic responses or 

substantial changes in serum prostate specific antigen (PSA) with sipuleucel-T, or other vaccines 

when used as monotherapies, has led to the exploration of vaccines as a part of combination 

therapies.  

More recently, efforts have been directed toward recruiting effector T cells to the sites of tumor 

with the development of bispecific T-cell engagers (BiTE). These agents consist of a tumor-

specific domain and a T-cell activating domain. Several such agents targeting PSMA are in clinical 

stages of development. In particular, pasotuxizumab (AMG 212) and acapatamab (AMG 160) have 

demonstrated objective responses in patients with mCRPC [129,130]. A phase 1 clinical trial with 

JNJ-081, a similar bispecific antibody for targeting PSMA and CD3, demonstrated transient 

reductions in PSA in patients with mCRPC [88]. A second generation BiTE approach, HPN424, 

has also recently completed evaluation in a phase 1/II clinical trial [88]. More BiTE approaches 

targeting other prostate-specific surface molecules are being explored.  

Although all the vaccine approaches evaluated in phase 3 trials were effective in activating antigen-

specific T cells, most did not improve clinical outcomes when used alone in treating advanced 

prostate cancer. Similarly, despite immune checkpoint blockade therapy being effective for many 

different cancer types, these treatments have been relatively ineffective as monotherapies for 

advanced prostate cancer. Together, these findings suggest that mechanisms of immune 
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suppression are active in prostate cancer. Prostate cancer is known to have an immunologically 

“cold” tumor microenvironment characterized by a low mutational burden and limited infiltration 

of effector CD8 T cells. In addition, the secretion of immune-suppressive cytokines like TGF-β 

and CXCR2 by prostate tumor cells leads to the recruitment of immunosuppressive populations, 

such as regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSC) that have been 

also been associated with poor clinical outcomes [131,132]. The expression of nitrous oxide 

synthase and indoleamine2,3-dioxygenase by these populations can further suppress the activity 

of CD8+T cells [132,133]. Consequently, these immunotherapeutic approaches may be most 

active when used in combination with agents that target the mechanisms that underlie tumor-

associated resistance and immune evasion. 

 

1.1.3.1. DNA vaccines for prostate cancer  

The shift towards DNA vaccines in cancer treatment stems from their unique advantages over 

traditional vaccine approaches. DNA vaccines offer simplicity in design, ease of manufacturing, 

and a favorable safety profile, making them an attractive option for combating tumors. The first 

target of DNA vaccines to be explored for prostate cancer treatment was PSA. Pisa and colleagues 

reported a phase I dose-escalation study using a plasmid encoding full length PSA that was given 

intramuscularly and intradermally to patients with advanced CRPC in monthly cycles for five 

months. The highest dose (900μg of DNA) elicited PSA-specific cellular and humoral antibody 

responses [134]. To further improve the immunogenicity of this PSA vaccine, this group tested a 

DNA vaccine encoding the rhesus PSA gene administered intradermally and with electroporation 
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[135] . Immune responses to PSA were detected in several patients, and 4/15 patients demonstrated 

a > 50% increase in PSA doubling time. This approach has not been pursued further.  

The most studied antigen in DNA vaccine trials for prostate cancer has been PAP, the same target 

as for the sipuleucel-T vaccine. A phase I dose-escalation study was conducted using a plasmid 

encoding PAP, pTVG-HP, in 22 patients with PSA-recurrent, non-metastatic prostate cancer and 

was found to be safe and elicit CD8 T cell immune responses at each dose level tested [136]. In a 

separate phase I trial, two different schedules of pTVG-HP were assessed in 17 patients with non-

metastatic, CRPC. This study identified that multiple DNA immunizations were required to elicit 

and maintain PAP-specific immune responses. In both studies, increases in PSA doubling time 

were observed [137]. Based on these findings, a randomized phase II study was conducted to 

determine whether vaccination could delay the development of metastatic disease in patients with 

non-metastatic, castration-sensitive prostate cancer. Ninety-nine patients with a pre-treatment PSA 

doubling time of less than 12 months were randomized to receive pTVG-HP and GM-CSF 

adjuvant or GM-CSF alone. No difference in overall two-year metastasis-free survival (MFS) was 

observed between the two cohorts. However, the subset of patients with most rapidly progressing 

disease did have longer MFS, and decreases in sodium fluoride uptake in micro-metastatic bone 

disease detected by 18F-NaF PET/CT was observed in vaccine-treated patients [138]   

Together, these findings suggested that while there was evidence of biological activity, this pTVG-

HP vaccine should not be further pursued as a single agent, and that DNA vaccines might best be 

evaluated in combination with other vaccines or other immune-activating agents. As a result of 

these findings, a subsequent trial evaluated the pTVG-HP vaccine given following sipuleucel-T, 
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as a prime-boost approach targeting the same PAP target antigen [139]. Although small, this trial 

demonstrated that DNA booster immunizations could augment the antibody response to PAP that 

were elicited with sipuleucel-T, but differences in T-cell responses or longer TTP were not 

observed. Preclinical murine studies, however, demonstrated that DNA vaccination led to an 

increase in PD-1 expression on activated CD8+T cells and that combining vaccination with PD-

1/PD-L1 blockade led to superior anti-tumor outcomes, suggesting that DNA vaccination might 

best be used with concurrent PD-1 blockade [140] . This was initially demonstrated in a pilot trial 

in patients with mCRPC. Patients were vaccinated with pTVG-HP either concurrently with 

pembrolizumab over 12 weeks or receiving pembrolizumab after a 12-week course of vaccination. 

In that trial, objective radiographic changes were observed in 4/5 patients with measurable disease 

treated with the agents in combination, with 1/5 experiencing an unconfirmed PR. Similarly, any 

PSA decline from baseline was identified in 8/13 patients receiving the agents in combination 

compared with 1/12 receiving the agents sequentially (p=0.01) [141]. Of these PSA declines, 

declines >50% occurred in 2/13 patients receiving the agents in combination, but not sequentially. 

As a result, this trial was expanded to include 66 patients total with mCRPC, evaluating the effect 

of treatment on TTP. While few objective responses were observed, the overall radiographic PFS 

rate at 6 months was 47%, overall median time on treatment was 5.6 months (95% CI: 5.4 to 10.8 

months), and 32% of patients remained on trial beyond 6 months without progression. The median 

overall survival was 22.9 months (95% CI: 16.2 to 25.6 months) [142]. Given these findings, this 

approach using pTVG-HP in combination with PD-1 blockade is being pursued in trials in patients 

with early recurrent prostate cancer with nivolumab and in combination with a DNA vaccine 

encoding another antigen (pTVG-AR) and pembrolizumab in patients with mCRPC [143].  
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PSMA has also been evaluated as a target antigen for DNA vaccines. A DNA vaccine encoding 

an HLA-A2 binding epitope of the PSMA gene fused to a fragment of the tetanus toxin was tested 

in a phase I/II dose escalation trial [144] .Patients received vaccine with or without electroporation, 

and this demonstrated a significant increase in PSA doubling time compared to an unvaccinated 

patient control cohort. While the investigators deemed this worthy of evaluation in a randomized 

trial, to our knowledge there has been no further clinical development of this approach. In another 

approach, investigators evaluated a DNA vaccine encoding fragments of PSMA and preferentially-

expressed-antigen-in-melanoma (PRAME). In this trial, patients with several cancer types were 

immunized by intralymph node injection with DNA followed by immunization with peptides 

derived from PSMA and PRAME [145]. While safe and demonstrating evidence of immunological 

activity, this approach has not been further pursued in patients with prostate cancer, likely given 

that only 1/10 (10%) experienced a PSA decline >50%, and no partial or complete radiographic 

responses were detected. A more recent trial, however, evaluated INO-5150, a DNA vaccine 

consisting of plasmids encoding both PSMA and PSA, and delivered by electroporation with or 

without a plasmid DNA encoding IL-12 (INO-9012). This trial, conducted in 62 patients with 

biochemically recurrent prostate cancer, demonstrated no safety concerns, and patients overall 

experienced an increase in PSA doubling time that was associated with the development of 

immune response to the target antigens [146]. This approach is currently being evaluated in 

combination with PD-1 blockade (nivolumab) and flt3 ligand (CDX-301) in a multi-arm trial in 

patients with mCRPC.   

The androgen receptor (AR), the primary pharmacological target of prostate cancer, has also been 

investigated as a vaccine antigen. Preclinical studies had demonstrated the safety and anti-tumor 
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efficacy of a DNA vaccine encoding the ligand-binding domain (LBD) of the AR (pTVG-AR) 

[147]. In particular, anti-tumor efficacy was demonstrated when pTVG-AR was used with 

androgen deprivation, the primary treatment for prostate cancer that can lead to overexpression of 

the AR. A phase I trial evaluated pTVG-AR in one of two treatment schedules, and with or without 

GM-CSF given as a vaccine adjuvant, in patients with newly metastatic prostate cancer who had 

recently begun androgen deprivation [148]. This vaccination was demonstrated to be safe, and one 

schedule was demonstrated to elicit more AR-specific IFNγ-secreting T cells; GM-CSF was not 

found to augment immune responses. Immune response to the AR LBD target was associated with 

a longer PSA progression-free survival compared to patients who did not develop immune 

responses. The pTVG-AR vaccine is being further explored in combination with pTVG-HP and 

pembrolizumab in patients with mCRPC, and in patients with high-risk newly diagnosed prostate 

cancer in sequence with androgen deprivation and with or without PD-1 blockade using nivolumab 

[143]. 

Prostate cancer has traditionally been associated with low mutational burden, suggesting a lower 

number of potential tumor-specific mutation-associated neoantigens (MANA)[149]. This, and the 

availability of prostate cancer-specific targets as described above, has impeded the development 

of personalized vaccines for prostate cancer targeting MANA that have been explored as vaccine 

antigens for other cancer types[150]. However, a pilot clinical trial is evaluating a personalized 

vaccine approach using a DNA vaccine encoding MANA, following treatment with the 

PROSTVAC vaccine, and delivered with ipilimumab and nivolumab, in patients with metastatic 

castration-sensitive prostate cancer [151]. 
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Plasmid DNA vaccines have also been used as parts of heterologous immunization approaches 

[152]. In an approach known as VBIR, studies in preclinical models suggested that potent T cell 

responses could be elicited by means of a chimpanzee adenovirus vector encoding a target used 

for priming, followed by plasmid DNA encoding the same antigen. This could be further 

augmented using antibodies targeting PD-1 and CTLA-4 delivered subcutaneously. This approach 

was attempted in a large phase I trial of patients with different stages of prostate cancer, and 

targeting three antigens (PSA, PSMA and prostate stem cell antigen (PSCA)). This trial 

demonstrated few objective tumor responses, and grade 3 or 4 adverse events were observed in 

38% of patients [153]. As a consequence, this approach is not being further pursued.  

 

1.1.3.2 Immune checkpoint blockade therapy in prostate cancer  

Since 2010, the success of immune checkpoint blockade therapies for multiple cancer types has 

led to their exploration in the treatment of prostate cancer as well. Single-agent trials using agents 

blocking either CTLA-4 or PD-1 have advanced through clinical testing and have also been 

evaluated in randomized phase 3 clinical trials. Unfortunately, the results of these trials have been 

relatively disappointing in prostate cancer. In particular, two phase 3 trials using CTLA-4 blockade 

(ipilimumab), either alone or combined with bone metastasis-targeted radiation therapy, did not 

demonstrate prolonged overall survival [154,155]. Clinical trials using PD-1/L1 blocking agents 

have similarly demonstrated little evidence of single-agent activity in earlier phase clinical trials 

for patients with metastatic prostate cancer [156,157]. Combined PD-1 and CTLA-4 blockade 

demonstrated slightly more clinical activity against advanced prostate cancer, but with 
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significantly more toxicity, hence is not being further pursued [158]. A phase 3 trial using 

enzalutamide with or without atezolizumab found no difference in overall survival [159]. 

Similarly, a recently completed phase 3 trial using docetaxel with or without pembrolizumab 

(KEYNOTE-921) for patients with advanced prostate cancer showed no improvement in overall 

survival. Earlier phase clinical trials have suggested that checkpoint blockade therapies may have 

efficacy in combination with other agents, including vaccines, and hence combination trials are 

being further pursued [142,160] with the hypothesis that combining vaccines with checkpoint 

blockade therapies will enhance the overall anti-cancer immune responses.  

 

1.2 Rationale for combining ADT with TRT  

While androgen deprivation therapy (ADT) and RT are standard treatments for localized prostate 

cancer, there has been relatively limited exploration of ADT combined specifically with TRT 

[161]. Apart from their independent cytotoxic effects, there is evidence to suggest that ADT 

synergistically works with RT by preventing DNA repair [162,163]. However, the order in which 

ADT and TRT are best administered has not been rigorously studied [164]. Recent data indicates 

that RT and ADT can distinctly influence the tumor immune microenvironment [165]. ADT 

enhances vulnerability to CD8+ T cell-mediated destruction, triggers thymus regeneration, 

amplifies naive T cell production, augments immune cell infiltration from myeloid and lymphocyte 

populations, and elevates antibody responses against prostate-specific antigens [39,166–169]. 

However, ADT also triggers a significant secretion of IL-8 in human prostate tumors, which can 

lead to the accumulation of intratumoral myeloid-derived suppressor cells (MDSCs), which may 

impede T-cell activity [170]. Conversely, RT elicits inflammatory responses, including the 
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upregulation of MHC-I expression on tumor cells, enhancement of antigen cross-presentation by 

antigen-presenting cells, activation of the Fas/Fas ligand (Fas-L) signaling pathway, targeting of 

immune-suppressive populations like regulatory T cells (Tregs), and the induction of 

immunogenic cell death [171,172]. In combination, ADT and RT can synergistically enhance 

tumor immunity, modulating both local and systemic anti-tumor immune responses [173]. 

Therefore, investigating effective strategies for their combination, including considerations such 

as the timing and sequence of ADT with RT, as well as the integration of newer systemic TRT 

agents, is crucial.  

1.3 Rationale for combining ADT with immunotherapy  

 
ADT leads to increased infiltration of T cells into both the prostate and prostate tumors [174].  In 

patients, tumor-infiltrating lymphocytes consist of both effector CD8+ T cells and CD4+ T cells, 

including regulatory T cells [175].  The diverse immunomodulatory effects of ADT underscore its 

potential utility in combination with vaccine-based therapies. Clinical trials have explored the 

sequential administration of Sip-T (PA2024, the PAP/GM-CSF fusion protein vaccine antigen) and 

androgen deprivation therapy in patients with biochemically recurrent prostate cancer at high risk 

of metastasis [5]. Additionally, randomized trials have evaluated the efficacy of the viral 

PROSTVAC vaccine compared to the AR antagonist nilutamide in patients with biochemically 

recurrent castration-resistant prostate cancer. While initial monotherapy trials did not reveal 

significant differences in time to treatment failure, combination therapy following PSA 

progression showed promising results [176]. Studies examining GVAX with the T-reg depleting 

agent cyclophosphamide followed by degarelix demonstrated significantly increased time to PSA 
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progression and time to next treatment compared to degarelix alone. However, it's noteworthy that 

treatment with ADT also results in the infiltration of CD8+ T cells into the tumor, albeit alongside 

an increase in T-regs and likely immunosuppressive myeloid cells [177].  

 

The exploration of ADT in combination with DNA vaccines presents another avenue for 

therapeutic advancement. Preclinical studies in murine models using the pTVG-AR DNA vaccine 

have demonstrated significant antitumor activity when combined with androgen deprivation 

therapy, possibly attributable to increased expression of the androgen receptor within prostate 

tumors following androgen deprivation [147]. Clinical trials evaluating this approach have shown 

that patients developing immunity to AR exhibit prolonged time to castration resistance, 

suggesting the potential benefits of DNA vaccines in combination with ADT. Moreover, the 

emergence of immune checkpoint blockade has revolutionized cancer immunotherapy, with 

notable targets including CTLA-4 and PD-1. While monotherapy trials in patients with metastatic 

castration-resistant prostate cancer (mCRPC) have shown limited efficacy, combination therapies 

targeting multiple checkpoints simultaneously have shown promise, albeit with increased toxicity. 

Furthermore, the addition of vaccination strategies may enhance the response to checkpoint 

blockade by activating or expanding tumor-associated T-cell populations [141]. Preclinical studies 

have demonstrated the potential of combining vaccination and immune checkpoint blockade in 

various models, highlighting synergistic effects and improved survival outcomes.  

 

In conclusion, the intricate interplay between androgen deprivation therapy and the immune 

system offers promising opportunities for the development of novel therapeutic strategies in 
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prostate cancer. Combination approaches integrating ADT with vaccine-based therapies and 

immune checkpoint blockade represent a paradigm shift in the treatment landscape, offering the 

potential for enhanced antitumor immunity and improved clinical outcomes for patients with 

prostate cancer. Further research is warranted to elucidate optimal treatment regimens and refine 

therapeutic strategies to maximize efficacy while minimizing adverse effects. 

 

1.4 Doctoral Thesis Objectives 

The aims of the thesis are: 

1. To determine whether, and by what mechanism  ADT in combination with 

Targeted Radionuclide therapy (TRT using 90Y-NM600) improves anti-tumor 

responses.. 

a. Determine whether ADT in combination with TRT specifically using 90Y-NM600 leads 

to better anti-tumor responses. 

b. Determine whether the timing of ADT with respect to TRT using 90Y-NM600 affects 

the tumor immune microenvironment. 

c.  Determine the mechanism underlying the dependence on the sequence of therapies in 

combination that leads to better anti-tumor responses. 

2. Determine the effects timing and sequencing of ADT in combination with AR-

targeted DNA vaccination that leads to better anti-tumor responses in murine 

prostate tumor models. 
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a. Determine whether the timing and sequencing of ADT and AR-specific vaccination 

affects the anti-tumor responses. 

b. Determine whether AR-specific vaccination leads to antigen specific CD8+T cells. 

c. Determine if intermittent schedules of ADT lead to reduction in MDSCs and therefore 

improve anti-tumor responses. 

 

3. Determine whether and by what mechanisms ADT in combination with AR-

targeted therapies and immune checkpoint blockade lead to enhanced anti-

tumor responses in murine prostate models. 

a. Determine the effect of different AR-targeted agents on the upregulation of AR 

expression in tumor cells in vitro. 

b. Determine the effect of AR targeted agents on tumor cells that affect CD8+T cell 

recognition in vitro.  

c. Determine the efficacy of AR degraders or AR antagonists in combination with AR-

specific vaccination in vivo. 

d. Determine the optimal AR targeted agent to combine with immune checkpoint 

blockade to enhance anti-tumor responses.  
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2.1Abstract 

Rationale: Androgen deprivation therapy (ADT) is pivotal in treating recurrent prostate cancer 

and is often combined with external beam radiation therapy (EBRT) for localized disease.   

However, for metastatic castration-resistant prostate cancer (mCRPC), EBRT is typically only 

used in the palliative setting, because of the inability to radiate all sites of disease. Systemic 

radiation treatments that preferentially irradiate cancer cells, known as radiopharmaceutical 

therapy or targeted radionuclide therapy (TRT), have demonstrable benefit for treating metastatic 

prostate cancer. Here, we explored the use of a novel TRT, 90Y-NM600, specifically in 

combination with ADT, in murine prostate tumor models. 

Methods: 6-week-old male FVB mice were implanted subcutaneously with Myc-CaP tumor cells 

and given a single intravenous injection of 90Y-NM600, in combination with ADT (degarelix). The 

combination and sequence of administration was evaluated for effect on tumor growth and 

infiltrating immune populations were analyzed by flow cytometry. Sera were assessed to determine 

treatment effects on cytokine profiles. 

Results: ADT delivered prior to TRT (ADTàTRT) resulted in a significantly greater anti-tumor 

response and overall survival than if delivered after TRT (TRTàADT). Studies conducted in 

immunodeficient NRG mice failed to show a difference in treatment sequence, suggesting an 

immunological mechanism. MDSCs significantly accumulated in tumors following TRTàADT 

treatment and retained immune suppressive function. However, CD4+ and CD8+T cells with an 

activated and memory phenotype were more prevalent in the ADTàTRT group. Depletion of 

Gr1+ MDSCs led to greater anti-tumor response following either treatment sequence. Chemotaxis 

assays suggested that tumor cells secreted chemokines that recruited MDSCs, notably CXCL1 and 
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CXCL2. Use of a selective CXCR2 antagonist, reparixin, further improved anti-tumor responses 

and overall survival when used in tumor-bearing mice treated with TRTàADT. 

Conclusion: The combination of ADT and TRT improved anti-tumor responses in murine models 

of prostate cancer, however this was dependent on the order of administration. This was found to 

be associated with one treatment sequence leading to an increase in infiltrating MDSCs. 

Combining treatment with a CXCR2 antagonist improved the anti-tumor effect of this 

combination, suggesting a possible approach for treating advanced human prostate cancer.  
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2.2 Introduction 

Radiation therapy (RT) has been one of the mainstay treatments for prostate cancer. External beam 

radiation therapy (EBRT) can be curative for localized prostate cancer but has traditionally been 

limited to palliation for widely metastatic disease due to the inability to radiate all sites of 

metastasis [1]. Systemic administration of radionuclides that are preferentially taken up in bone 

has been used to treat painful bone metastases. These radionuclides include beta-emitting 89Sr and 

153Sm, and FDA-approved alpha-emitting 223RaCl2 (Xofigo) for the treatment of metastatic 

castration resistant prostate cancer (mCRPC) with bone metastases [2–4]. This approach, utilizing 

targeted radionuclides to treat all metastatic diseases simultaneously, with relative sparing of 

healthy tissue, is called radiopharmaceutical therapy or targeted radionuclide therapy (TRT).   

While these TRT agents have been useful for patients with disease metastasized exclusively to the 

bone, they are not effective for those with other disease sites. Hence, other investigations have 

focused on compounds that specifically target cancer cells rather than the bone. One of the most 

studied targets for prostate tumor-directed radiation delivery is prostate-specific membrane antigen 

(PSMA) which is highly expressed on prostate cancer cells. Early attempts used 177Lu or 90Y 

conjugated to an antibody specific for PSMA (J591), which was well tolerated and promising in 

early clinical trials [5,6]. Further efforts focused on the development of small molecules such as 

[18F]DCFPyL and PSMA-11, which have both been utilized in PET/CT diagnostic imaging [7,8]. 

Another PSMA analog, PSMA-617, has also been labeled with radionuclides suitable for therapy 

(e.g., 177Lu, 225Ac) of recurrent prostate cancer [9]. 177Lu-PSMA-617 was the first cancer-targeted 

TRT agent that received FDA approval for the treatment of mCRPC on the basis of it 
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demonstrating a survival benefit compared to standard of care androgen receptor-targeted therapy, 

albeit by only 4 months [10].   

While androgen deprivation therapy (ADT) and RT are standard treatments for localized prostate 

cancer, there has been relatively limited exploration of ADT combined specifically with TRT [11]. 

Apart from their independent cytotoxic effects, there is evidence to suggest that ADT 

synergistically works with RT by preventing DNA repair [12,13]. However, the order in which 

ADT and TRT are best administered has not been rigorously studied [14]. Recent data indicates 

that RT and ADT can distinctly influence the tumor immune microenvironment [15]. ADT 

enhances vulnerability to CD8+ T cell-mediated destruction, triggers thymus regeneration, 

amplifies naive T cell production, augments immune cell infiltration from myeloid and lymphocyte 

populations, and elevates antibody responses against prostate-specific antigens [16–20]. However, 

ADT also triggers a significant secretion of IL-8 in human prostate tumors, which can lead to the 

accumulation of intratumoral myeloid-derived suppressor cells (MDSCs), which may impede T-

cell activity [21]. Conversely, RT elicits inflammatory responses, including the upregulation of 

MHC-I expression on tumor cells, enhancement of antigen cross-presentation by antigen-

presenting cells, activation of the Fas/Fas ligand (Fas-L) signaling pathway, targeting of immune-

suppressive populations like regulatory T cells (Tregs), and the induction of immunogenic cell 

death [22,23]. In combination, ADT and RT can synergistically enhance tumor immunity, 

modulating both local and systemic anti-tumor immune responses [24]. Therefore, investigating 

effective strategies for their combination, including considerations such as the timing and sequence 

of ADT with RT, as well as the integration of newer systemic TRT agents, is crucial.  

Our group has employed alkylphosphocholines (APCs) as TRT agents given that they have the 

ability to specifically accumulate within tumor cells by integrating into lipid rafts [25]. First 
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generation 131I-NM404 is currently under investigation as a potential monotherapy treatment for 

metastatic multiple myeloma and other cancer types [26–28]. We have recently focused on the 

assessment of a second-generation APC chelate, called NM600, which can be tagged with different 

radiometals. By employing the radiometal 86Y, one can visualize tumors and perform dosimetry 

measurements by PET/CT imaging [29]. Alternatively, through labeling with the isotopic pair, 

90Y, one can administer therapeutic radiation [30,31]. This innovative approach, utilizing Y-

NM600 for both imaging and therapy, has demonstrated success in numerous preclinical models 

[29,30,32]. However, its applicability to prostate cancer used in conjunction with ADT has not 

been previously investigated.  

In this report, we explored the combination of TRT using 90Y-NM600 with ADT in murine prostate 

models and specifically examined the effects of this combination on the tumor immune 

microenvironment. Our findings revealed that the effectiveness of this combination was influenced 

by the order of administration. ADT followed by TRT (ADTàTRT) showed superior 

enhancement of anti-tumor responses compared to the reverse sequence of TRT followed by ADT 

(TRTàADT). We demonstrated that this disparity was due, in part, to the presence of infiltrating 

MDSCs, which impaired the function of CD8+ T cells. Furthermore, we showed that the efficacy 

of anti-tumor responses could be improved by inhibiting the migration of MDSCs in vivo using a 

CXCR2 antagonist. These findings underscore the significance of understanding the mechanisms 

through which ADT and TRT influence the tumor microenvironment, enabling the optimal timing 

and choice of combination therapies for prostate cancer. 
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2.3 Results 
 

2.3.1 Combination of ADT and TRT with ADT prior to TRT (ADTà TRT) significantly 

improved anti-tumor responses in murine prostate tumor models. 

We studied the effects of 90Y-NM600 in combination with ADT in two separate murine prostate 

tumor models, Myc-CaP and TRAMP-C1. As depicted in Figure 1A, MyC-CaP tumor cells were 

implanted subcutaneously in male FVB mice, and when tumors reached a volume of 0.2-0.3cm3 

they were treated with degarelix. TRT (250µCi ~ 9.25MBq of 90Y- NM600, delivering ~16Gy) 

was given one week before or after degarelix. When ADT was delivered prior to TRT 

(ADTàTRT) there was a significant tumor growth delay (Figure 1B and Figure 2A) and improved 

overall survival (Figure 1C). Because ADT and TRT can have different effects depending on the 

day they are administered relative to tumor volume, in a second study, ADT was again used before 

or after TRT, but this time fixing the day on which TRT was administered (Figure 1D). As before, 

the ADTàTRT combination significantly delayed tumor growth (Figure 1E and Figure 2B) and 

improved overall survival (Figure 1F) compared to the monotherapies or TRTàADT 

combination. ADTàTRT also significantly improved anti-tumor responses and overall survival 

in a prostate tumor model in which TRAMP-C1 tumor cells were implanted in C57BL/6 mice 

(Figures 1G, 1H, 1I and Figure 2C). However, there was no evidence of improved treatment 

response or overall survival when Myc-CaP cells were implanted in NRG mice lacking functional 

T cells (Figures 1J, 1K and 1L and Figure 2D). Overall, these findings demonstrated that ADT and 

TRT had a stronger anti-tumor effect in combination and was dependent on the order of 

administration, with ADTàTRT leading to superior anti-tumor responses, and this was likely 

immune cell dependent. 
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2.3.2 CD4+ T and CD8+ T cells persisted in the tumor microenvironment in the 

ADTàTRT sequence whereas significant increases in MDSCs were observed in the 

TRTàADT sequence.  

We next sought to understand the effect of sequencing of these treatments on the tumor immune 

microenvironment. A similar study was performed as in Figure 1D, but tumors were collected at 

several time points following treatment for evaluation of immune cell compositions via flow 

cytometry, as shown in Figure 3A.  Representative flow plots for T cells and MDSCs are shown 

in Figure 3B (and gating strategy shown in Appendix). We found that CD4+T and CD8+T cells 

persisted in the tumor microenvironment until day 32 in the ADTàTRT treated mice (Figures 3C 

and 3D) compared to the TRTàADT treated mice (Figures 3E and 3F, and Supplemental Figure 

4). Increases in MDSCs were not observed in ADTàTRT mice until day 39, and there were no 

significant changes in regulatory CD4+ T cells following treatment (Figures 3G and 3H). Notably, 

MDSCs were significantly increased in the TRTàADT group immediately after TRT treatment 

and this increase was further accentuated with the subsequent administration of ADT (Figure 3I), 

whereas there were no significant changes in regulatory CD4+ T cells (Figure 3J). Taken together, 

these data suggested that the balance of CD4+ T cells, CD8+ T cells and MDSC affected by these 

treatments might have contributed to the preferred treatment sequence.  
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2.3.3 ADTàTRT led to persistence of activated and memory CD8+ T cells while these were 

significantly reduced in the TRTàADT group. 

A similar study was performed to further characterize CD8+ T cells (Figure 4A) with the gating 

strategy shown in Appendix. Tumor-infiltrating CD8+ T cells from mice treated in the ADTàTRT 

sequence were found to have increased proliferation (Ki67+) and activation (CD69) (Figures 4B 

and 4C) compared to the TRTàADT treatment sequence (Figures 4D and 4E). Notably, memory 

CD8+ T cells in the ADTàTRT sequence persisted, including effector and resident memory 

populations (Figures 4F, 4G, 4J and 4K). Conversely, the TRTàADT sequence led to a significant 

reduction in memory CD8+ T cells, notably effector and resident memory populations (Figures 

4H, 4I, 4L and 4M). In summary, these findings indicate that the ADTàTRT treatment sequence 

facilitated the sustained presence of activated and memory CD8+ T cells, whereas these 

populations were substantially diminished in mice initially treated with TRT.  

 

2.3.4 T cell depletion reduces the anti-tumor efficacy of the combination of ADT and TRT. 

We next sought to understand if T cells were required in mediating differences in anti-tumor 

responses by depleting these populations immediately after ADT or TRT (Figure 5A). In the 

ADTàTRT group, depleting CD4+T or CD8+T cells resulted in a slightly accelerated tumor 

growth, although the difference was not statistically significant. However, in the TRTàADT 

group, CD8+ T cell depletion led to significantly more rapid tumor growth (Figure 5B and Figure 

6). Regardless of the combination sequence, depletion of T cells worsened survival (Figure 5C).  
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2.3.5 MDSC depletion significantly improved anti-tumor responses and increased 

infiltration of CD4+ and CD8+ T cells into prostate tumors. 

We next wished to determine whether tumor infiltrating MDSCs that were present following TRT 

were functionally immunosuppressive. MDSC were obtained from mice treated with TRT with or 

without ADT and evaluated for their effects on CD8+ T cell proliferation (Figure 7A). We found 

that MDSCs obtained from tumors of mice treated with TRT alone had a slight suppressive effect 

on CD8+ T cell proliferation, however MDSCs from mice subjected to the TRTàADT treatment 

markedly suppressed CD8+ T cell proliferation (Figure 7B). MDSC from mice treated with either 

TRT alone or TRTàADT similarly suppressed IFNγ secretion from CD8+ T cells stimulated with 

anti-CD3/anti-CD28 beads (Figure 7C). These data demonstrate that MDSCs infiltrating tumors 

in mice treated with TRT were still functionally active. We next used clodronate liposomes or anti-

Gr1 antibody to deplete these myeloid populations in mice treated with TRTàADT (Figure 7D). 

Either of these treatments resulted in significantly greater tumor control compared to control mice 

(Figure 7E and Figure 8). These treatments led to a significant decrease in tumor-infiltrating 

MDSCs (Figure 7F), as well as slight increases in tumor-infiltrating CD4+ (Figure 7G) and CD8+ 

(Figure 7H) T cells.  

 

2.3.6 Cytokines and chemokines secreted by tumor cells promote MDSC infiltration into 

tumors.  

We next explored the potential mechanism of tumor infiltration by MDSCs by investigating the 

effects of the combination treatments on the cytokines and chemokines present in the sera 
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following these different treatments (Figure 9A). As shown in Figure 9B-F, CXCL1, CXCL2 and 

CCL5, all chemokines associated with myeloid cell migration, were significantly increased in sera 

of mice treated with the TRTàADT sequence relative to the ADTàTRT sequence. To determine 

which cell types may be involved in MDSC recruitment, a chemotaxis assay was performed using 

tumor cells, T cells, or the combination, in testosterone-replete or testosterone-deficient medium 

(Figure 9G).  As shown in Figure 9H, tumor cells primarily contributed to MDSC migration. The 

presence of T cells slightly reduced the migration of MDSC. Similar differences were observed 

using testosterone replete or testosterone-deficient media containing 90Y (Figure 11A and Figure 

12). CXCL1 and CXCL2 were increased significantly in Myc-CaP conditioned media (Figures 9I 

and 9J) while CCL2, CCL3, CCL5 were increased in conditioned media containing Myc-CaP and 

T cells (Figures 9K-M). No significant changes were observed in other chemokines and cytokines 

(Figures 10 and 11B).  

 

2.3.7 CXCR2 blockade improves antitumor efficacy in the TRTàADT combination.  

Because tumor cells appeared primarily responsible for MDSC recruitment, and MDSC 

recruitment was inhibited in the presence of T cells, this suggested that CXCL1 and CXCL2 

produced by tumor cells may be the dominant chemokines involved in MDSC recruitment. 

Consequently, we next tested if CXCL1 directly contributed to MDSC migration in vitro, and 

whether this might be affected by blockade of the CXCL1/CXCL2 receptor, CXCR2 (Figure 13A). 

As demonstrated in Figure 13B, we observed that MDSCs exhibited a migratory response toward 

supernatants containing CXCL1, and this response was significantly reduced when CXCR2 was 

blocked using reparixin. We next wanted to determine whether blocking CXCR2 could improve 
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the anti-tumor response of the TRTàADT treatment sequence (Figure 13C). As demonstrated in 

Figure 13D (and Figure 14), mice treated with reparixin showed improved anti-tumor responses. 

Tumors from these mice exhibited a significant reduction in MDSCs (Figure 13E), a slight increase 

in CD4+ T cells (Figure 13F), and a significant increase in CD8+ T cells (Figure 13G). Similar 

improved anti-tumor responses were found in mice treated with ADTàTRT and reparixin (Figure 

15).  
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2.4 Discussion  
 

Following the approval of 177Lu-PSMA-617, there has been a growing interest in the utilization of 

TRT for the treatment of prostate cancer, either as a standalone therapy or in combination with 

other treatments. However, there is currently a lack of preclinical data that can provide insights 

into how TRT affects immune cell populations within tumors and how it can be optimally 

integrated with other immunomodulatory treatments. This report is the first combining TRT using 

90Y-NM600 with ADT in immune competent murine prostate tumor models, with an emphasis on 

investigating the effects of immune modulation and the critical aspects of timing and sequence in 

this combination therapy approach. Our primary findings can be summarized as follows: 1) 

Administering ADTàTRT yielded significant advantages compared to the reverse sequence, as 

demonstrated by both a delayed time to tumor growth and improved overall survival; 2) 

ADTàTRT was associated with the sustained presence of activated and memory CD8+ T cells 

within the tumor microenvironment; 3) TRTàADT group exhibited increased infiltration of 

MDSCs that were functionally active in suppressing CD8+ T cell function; and 4) inhibiting 

CXCR2, the receptor for CXCL1 and CXCL2, effectively inhibited the migration of MDSCs and 

improved the anti-tumor response with TRTàADT. The observed outcomes highlight the crucial 

role of the administration sequence of ADT and TRT on modulating the tumor immune 

microenvironment, thereby influencing therapeutic responses. Moreover, the identification of 

molecular targets, exemplified by CXCR2 blockade, offers mechanistic insights to guide novel 

approaches aimed at enhancing treatment outcomes.  

 

The combination of ADT and RT is a standard treatment regimen for localized prostate cancer, 

supported by evidence from trials such as reported by Bolla, which demonstrated improved 



58 

 

survival for patients with high risk prostate cancer treated with radiation therapy and androgen 

deprivation compared to radiation therapy alone [37]. Despite the established efficacy of this 

combined approach, a lingering controversy surrounds the optimal timing and sequence for 

administering ADT and RT. Individual trials have suggested a similar advantage in progression-

free survival using ADT prior to and concurrent (neoadjuvant ADT) with external beam radiation 

therapy (EBRT), rather than concurrent and following EBRT (adjuvant ADT), such as the 

Radiation Therapy Oncology Group (RTOG) 94134 trial [38]. A more recent similar trial, 

however, showed no difference in outcome between these similar approaches [39]. A pooled meta-

analysis of 12 randomized trials, however, found that concurrent/adjuvant ADT was associated 

with improved metastasis-free survival and overall survival compared to patients receiving 

neoadjuvant/concurrent ADT, at least for patients receiving prostate-only EBRT, compared to 

patients who received larger field radiation therapy [40]. The time frames of treatment over days 

in our study to treatment over the course of months in these clinical trials is certainly different and 

may account for differences in sequence preference. Notwithstanding, the potential impacts of 

ADT and EBRT on the tumor immune microenvironment has been underappreciated as a potential 

mechanism for differences observed in clinical trials, particularly since differences were observed 

if regional lymph nodes were included in the radiation fields.  

 

The investigation into the combined effects of ADT and RT  has primarily focused on potential 

synergies arising from direct cytotoxic effects and the induction of increased DNA damage [41]. 

However, what remains significantly underexplored is the interplay of these therapies with 

immune cells within the tumor microenvironment. There is a general consensus that tumor-

infiltrating lymphocytes (TILs) have a role in detecting and eradicating tumor cells, and their 
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presence is linked to improved patient outcomes [42]. More specifically, CD8+T cells correlated 

with enhanced 5 year-overall survival in patients undergoing radical prostatectomy (98% vs. 91%, 

p = 0.01) and prostate cancer-specific survival (99% vs. 95%, p = 0.04) compared to individuals 

exhibiting low CD8+ TIL density [43]. Our studies substantiate this observation, demonstrating 

that enhanced overall survival is associated with increased CD8+ T cells in the ADTàTRT 

sequence. Interestingly, while the use of TRT clearly led to a decrease in tumor-infiltrating T cells 

in either treatment sequence, as expected since T cells are relatively sensitive to radiation, there 

were still more tumor-infiltrating T cells when ADT was used prior to TRT. Others have 

demonstrated that ADT alone can lead to an increase in tumor-infiltrating CD4+ and CD8+ T cells 

[16,44]. We expect this is due to release of chemokines recruiting T cells following ADT. 

Conceivably, the use of TRT, in addition to depleting tissue-resident T cells, may have also 

disrupted the release of these chemokines, leading to this observed difference due to treatment 

sequence. This will be an area for future studies.  

 

Clinical data indicate that the accumulation of MDSCs in the bloodstream of patients with 

advanced prostate cancer, and an intra-tumoral myeloid signature, are linked to unfavorable 

outcomes [45]. Various strategies have been investigated to target MDSCs, encompassing efforts 

to deplete MDSCs, hinder their function by inhibiting immunosuppressive mediators, and induce 

their maturation to stimulate differentiation [46]. Efforts to therapeutically target myeloid cells 

broadly have thus far failed clinically, potentially due to myeloid cell heterogeneity and 

complexity. Targeting the recruitment of MDSCs has been explored through the inhibition of 

various chemokines and chemokine receptors, such as the use of CSF-1R antibody, but these 

approaches have demonstrated limited success in clinical trials [47,48]. Currently, IL-8, which 
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interacts with the CXCR2 receptor typically secreted by prostate cancer cells, is undergoing testing 

in a phase Ib/II clinical trial (NCT03689699). It is important to note that IL-8 is naturally absent 

in mice, suggesting that mice rely on alternative chemokines, notably CXCL1 and CXCL2, to 

facilitate MDSC recruitment [21,49].  Recent studies have shown that CXCL1 can influence the 

differentiation and function of MDSCs by promoting the expansion of MDSCs in the tumor 

microenvironment, contributing to immune suppression and facilitating tumor progression [50]. In 

addition, CXCL1 can also enhance the suppressive activity of MDSCs, further exacerbating their 

immunosuppressive effects. Therefore, targeting CXCR2 and its effects on MDSCs may represent 

a promising therapeutic approach for cancer and other inflammatory diseases [51]. Clinical trials 

evaluating the efficacy of reparixin, either alone or in combination with other treatments, have 

been initiated in patients with metastatic breast cancer [52]. In addition to its effects on MDSCs, 

reparixin also has anti-inflammatory properties and can modulate the function of other immune 

cells, such as neutrophils and macrophages [53,54]. Thus, selectively blocking chemokine activity 

emerges as an attractive therapeutic strategy to increase tumor cell sensitivity to immune-

modulating treatments. The CXCR2 inhibitor navarixin, which has been utilized in clinical trials 

for chronic obstructive pulmonary diseases with established safety and toxicity profiles [55], is 

now also under evaluation in a clinical trial (NCT03473925) for its efficacy in treating advanced 

prostate cancer. 

 

In conclusion, our study advances the understanding of the interplay between ADT, TRT, and the 

immune microenvironment in prostate cancer. The sequence-dependent effects on immune 

populations and treatment resistance emphasize the need for meticulous optimization of treatment 

timing and sequencing. Tailoring treatment strategies to harness these immunological dynamics 
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represents a promising avenue for further improving therapeutic outcomes in advanced prostate 

cancer. We anticipate that the exploration of TRT combined with ADT, as well as other immune 

modulating agents, will remain an active focus in both preclinical and clinical investigations for 

prostate cancer, notably given the relatively recent approval of 177Lu-PSMA-617 and the 

evaluation of other TRT agents for advanced prostate cancer. In future studies we plan to 

specifically evaluate 177Lu-PSMA-617 in murine models of prostate cancer that express PSMA, to 

determine if there is a similar sequence-dependent effect on immune populations when that agent 

is used in combination with ADT. In addition, the use of immune checkpoint inhibitors is actively 

being pursued in combination with TRT (e.g. NCT03805594, NCT03658447). Based on our 

results presented here, future studies should also evaluate the additional use of ADT in 

combination with immune checkpoint inhibition and TRT.  
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2.5 Figures  
 

Figure 1: Combination of ADT and TRT with ADT prior to TRT (ADTàTRT) significantly 

improved anti-tumor responses in murine prostate tumor models. FVB mice were implanted 

with Myc-CaP tumor cells and treated with degarelix (ADT), with TRT delivered before or after 

ADT, and followed for tumor growth (n=10 per group). Shown is a schema (panel A), tumor 

growth curves (panel B), and Kaplan-Meier curves depicting survival (time to a tumor size of 2cm3 

or death, panel C). A similar study fixed the day of TRT with ADT delivered before or after (n=10 

per group). Shown is the schema (panel D), tumor growth curves (panel E), and Kaplan-Meier 

survival curves (time to tumor size of 2cm3 or death, panel F). Similarly, male C57BL/6 were 

implanted with TRAMP-C1 tumor cells (n=5 per group) and treated with ADT delivered before 

or after TRT. Shown is the schema (panel G), tumor growth curves (panel H), and Kaplan-Meier 

survival curves (time to tumor size of 2cm3 or death, panel I).  In addition, Myc-CaP tumor cells 

were implanted in male NRG T-cell deficient mice, treated with ADT and/or TRT as before (n=10 

per group), and followed for tumor growth (schema in panel J). Shown are the tumor growth curves 

(panel K) and Kaplan-Meier survival curves (panel L). For tumor growth curves, asterisks 

demonstrate significant (*p < 0.05, **p<0.01 **p<0.001) differences as assessed by linear mixed 

effects model with Geisser-Greenhouse correction and Tukey’s multiple comparisons test with 

individual variances; Kaplan-Meier curves were compared using the log-rank test with asterisks 

indicating *p<0.05, **p<0.01, and ***p<0.001. Results are from one experiment and are 

representative of two independent experiments for each study (Supplemental Figure 2). 

. 
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Figure 1: Combination of ADT and TRT with ADT prior to TRT (ADTàTRT) significantly 

improved anti-tumor responses in murine prostate tumor models. 
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Figure 2: Combination of vaccination and ADT and TRT, with ADT prior to TRT 

(ADTàTRT), significantly improved anti-tumor responses.  (A) Individual tumor growth 

curves from experiment shown in Figure 1B (n=5 in the untreated and TRT groups, n=10 in the 

ADT, TRTà ADT, ADTà TRT groups). (B) Individual tumor growth curves from experiment 

shown in Figure 1E (n=3 in the untreated and ADT early group, n=6 in the TRT, ADT late groups) 

and n=10 in the ADTà TRT and TRT à ADT groups). (C) Individual tumor growth curves from 

experiment shown in Figure 1H (n=5 per group). (D) Individual tumor growth curves from 

experiment shown in Figure 1K (n=3 in the untreated, TRT and ADT groups and n=10 in the 

combination groups).  
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Figure 2: Combination of vaccination and ADT and TRT, with ADT prior to TRT (ADTà 

TRT), significantly improved anti-tumor responses. 
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Figure 3: CD4+ T and CD8+ T cells persist in the tumor microenvironment in the 

ADTàTRT sequence combination whereas significant increases in MDSCs were observed 

in the TRTàADT sequence. Myc-CaP tumor cells were implanted in male FVB mice and treated 

with ADT and/or TRT, with tumors sampled at different days for flow cytometry analysis (n=6 

per group per time point). Shown are a schema (panel A) and representative dot plots (panel B) of 

CD4+CD3+ and CD8+CD3+ T cells and CD11b+Gr1+ MDSCs in ADTàTRT (left panels) and 

TRTàADT groups (right panels) collected on day 32. CD4+ T cells (panels C and E), CD8+ T 

cells (panels D and F), and CD11b+Gr-1+ MDSC (panels G and I) are shown as a percentage of 

CD45+ cells. CD4+FoxP3+ Treg (panels H and J) are shown as a percentage of CD4+ cells. Panels 

C-J were compared using one-way ANOVA with Tukey’s multiple comparisons test asterisks 

indicating *p<0.05, **p<0.01, and ***p<0.001. Results are from one experiment and are 

representative of two independent experiments (Supplemental Figure 4). 
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Figure 3: CD4+ T and CD8+ T cells persist in the tumor microenvironment in the 

ADTàTRT sequence combination whereas significant increases in MDSCs were observed 

in the TRTà ADT sequence. 
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Figure 4: ADTàTRT led to persistence of activated and memory CD8+ T cells while these 

were significantly reduced in the TRTàADT group. Myc-CaP tumor cells were implanted in 

male FVB mice, treated with ADT and/or TRT as before, and tumors were sampled at different 

days (n=5 per group per time point) for flow cytometry analysis of CD8+CD3+ cells (schema in 

panel A). Untreated CD8+ T cells were collected from animals on day 18. Left panels indicate data 

from ADTàTRT treated animals, and right panels indicate data from TRTàADT treated animals. 

Data indicate number of each population per gram of tumor for Ki67+CD8+CD3+ T cells (panels 

B and D), CD69 MFI on CD8+T cells (panels C and E), CD44+ memory CD8+ T cells (panels F 

and H),  CD44+CD27+CD62L+ central memory CD8+ T cells (panels G and I), CD44+CD27-

CD62L- effector memory CD8+ T cells (panels J and L), and CD69+CD103+ resident memory 

CD8+ T cells (panels K and M). Comparisons were made using one-way ANOVA with Tukey’s 

multiple comparisons test asterisks indicating *p<0.05, **p<0.01, and ***p<0.001. Results are 

from one experiment and are representative of two independent experiments.   
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Figure 4: ADTàTRT led to persistence of activated and memory CD8+ T cells while these 

were significantly reduced in the TRTàADT group. 
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Figure 5: The anti-tumor efficacy of the combination of ADT and TRT worsened in the 

absence of T cells. Myc-CaP tumor cells were implanted in male FVB mice, treated with ADT 

and/or TRT as before, and mice received IgG, anti-CD4 or anti-CD8 depleting antibodies between 

these treatments (schema in panel A). Shown are the tumor growth curves (panel B) and Kaplan-

Meier survival curves (panel C). For tumor growth curves, comparisons were made by linear 

mixed effects model with Geisser-Greenhouse correction and Tukey’s multiple comparisons test 

with individual variance; Kaplan-Meier curves were compared using the log-rank test. Asterisks 

demonstrate significant differences (*p<0.05, **p<0.01, and ***p<0.001). Results shown are each 

from one experiment (n=7 per group).  
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Figure 5: The anti-tumor efficacy of the combination of ADT and TRT worsened in the 

absence of T cells. 
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Figure 6: Anti-tumor efficacy of the combination of ADT and TRT worsens in the absence 

of T cells. Individual tumor growth curves from experiment shown in Figure 4B. Results are from 

one experiment and are representative of two independent experiments (n=7 per group).  
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Figure 6: Anti-tumor efficacy of the combination of ADT and TRT worsens in the absence 

of T cells. 
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Figure 7: Depletion of MDSCs significantly improved anti-tumor responses and increased 

infiltration of CD4+ and CD8+ T cells into prostate tumors. CD11b+Gr-1+ MDSC were 

collected from Myc-CaP tumor-bearing mice that had been treated with TRT alone or TRTàADT. 

MDSC were co-cultured with naïve, CFSE-labeled CD8+T cells and stimulated with anti-

CD3/anti-CD28 beads (schema in panel A). After 72 hours, flow cytometry was conducted to 

evaluate CD8+ T cell proliferation by loss of CFSE (panel B), and culture supernatants were 

evaluated for IFNγ concentration (panel C). Myc-CaP tumor cells were implanted in male FVB 

mice, treated with TRTàADT as before, and mice received control liposomes, clodronate 

liposomes, (n=7 per group) or anti-Gr-1 antibody (n=3) as indicated (schema in panel D). Shown 

are the tumor growth curves (panel E). Tumors were collected on day 54 (n=3 per group) and 

evaluated by flow cytometry for CD11b+Gr-1+ MDSC (panel F), CD4+ T cells (panel G), and 

CD8+ T cells (panel H).  For tumor growth curves, asterisks demonstrate significant (p < 0.05) 

differences as assessed by linear mixed effects model with Geisser-Greenhouse correction. For 

panels F-H, comparisons were made using one-way ANOVA with Tukey’s multiple comparisons 

test; asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Results are from one experiment, and 

representative of results from an independent experiment (Supplemental Figure 7B). 
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Figure 8: Depletion of MDSCs significantly improves anti-tumor responses.  

Individual tumor growth curves from experiment shown in Figure 5E. Results are from one 

experiment and are representative of two independent experiments with the repeat experiment 

shown in panel B (n=3-7 per group).  
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Figure 8:Depletion of MDSCs significantly improves anti-tumor responses. 
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Figure 9: Cytokines and chemokines secreted by tumor cells promote MDSC infiltration into 

tumors. Myc-CaP tumor cells were implanted in male FVB mice, treated with ADT and/or TRT 

as before, and sera were collected at different days (n=2 per group per time point) for cytokine and 

chemokine quantification (schema in panel A). Shown are concentrations of cytokines in pg/mL 

for CXCL1 (panel B), CXCL2 (panel C), CCL2 (panel D), CCL3 (panel E), and CCL5 (panel F). 

Culture supernatant from cultured Myc-CaP cells, naïve CD4+ and CD8+ T cells, the combination, 

or media alone (containing testosterone-replete or -deficient serum) were placed in the bottom of 

transwell chambers, with MDSC collected from treated mice placed in the upper chambers 

(schema in panel G). The % of MDSC that migrated to the bottom chamber was determined by 

flow cytometry (panel H), and the conditioned media were evaluated for CXCL1 (panel I), CXCL2 

(panel J), CCL2 (panel K), CCL3 (panel L), and CCL5 (panel M). Panels B-F and H-M were 

compared using one-way ANOVA with Tukey’s multiple comparisons test with asterisks 

indicating *p<0.05, **p<0.01, and ***p<0.001. Results are from one experiment with n=3 per 

condition and are representative of two independent experiments.   
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Figure 10: Concentrations of cytokines and chemokines from sera collected from mice post 

treatments. Chemokines and cytokines detected using the multiplex luminex assay using sera 

from 2 mice per group collected at different time points post treatment. The results were compared 

using one-way ANOVA with Tukey’s multiple comparisons test.  Asterisks indicate *p<0.05, 

**p<0.01, and ***p<0.001. Results are from one experiment.    
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Figure 10:Concentrations of cytokines and chemokines from sera collected from mice post 

treatments. 
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Figure 11: Chemotaxis assay and chemokine/cytokine concentrations of conditioned media 

with 90Y and 90Y-charcoal stripped (90Y-CS) media. Culture supernatant from cultured Myc-

CaP cells, naïve CD4+ and CD8+ T cells, the combination, or media alone (containing 69.9uCi of 

90Y per 3ml media and testosterone-replete or -deficient serum with n=3 per condition) were placed 

in the bottom of transwell chambers, with MDSC collected from treated mice placed in the upper 

chambers. MDSC migration was determined as in Figure 6 (panel A). Chemokines and cytokines 

were detected in culture supernatants using the multiplex luminex assay (panel B) (n=2 per 

condition). Comparisons were with one-way ANOVA with Tukey’s multiple comparisons test, 

with asterisks indicating *p<0.05, **p<0.01, and ***p<0.001. Results are from one experiment.   
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Figure 11:Chemotaxis assay and chemokine/cytokine concentrations of conditioned media 

with 90Y and 90Y-charcoal stripped (90Y-CS) media. 
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Figure 12: Concentrations of cytokines and chemokines from conditioned media with 

testosterone-replete or -deficient media. Chemokines detected using the multiplex luminex 

assay using conditioned media shown in Figure 6G (n=2 per condition). The results were compared 

using one-way ANOVA with Tukey’s multiple comparisons test asterisks indicating *p<0.05, 

**p<0.01, ***p<0.001. Results are from one experiment with n=2 per condition.    
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Figure 12: Concentrations of cytokines and chemokines from conditioned media with 

testosterone-replete or -deficient media. 
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Figure 13: CXCR2 blockade improves anti-tumor efficacy in the TRTàADT combination. 

Culture supernatant from cultured Myc-CaP cells, with or without naïve CD4+ and CD8+ T cells, 

and with or without CXCL1 or reparixin, were placed in the bottom of transwell chambers, with 

MDSC collected from treated mice placed in the upper chambers with n =3 per condition (schema 

in panel A). MDSC migration was determined after 12 hours (panel B). Myc-CaP tumor cells were 

implanted in male FVB mice (n=7 mice per group), treated with TRTàADT as before, and then 

treated with reparixin or vehicle as indicated (schema in panel C). Shown are the tumor growth 

curves (panel D). Tumors were collected on day 46 (n=3 from each group) and evaluated by flow 

cytometry for CD11b+Gr-1+ MDSC (panel E), CD4+ T cells (panel F), and CD8+ T cells (panel 

G).  For tumor growth curves, differences were assessed by linear mixed effects model with 

Geisser-Greenhouse correction. Conditions in panel B were compared using one-way ANOVA 

with Tukey’s multiple comparisons test and panels E-G were compared using unpaired-t tests. 

Asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Results shown are each from one 

experiment. 
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Figure 13:CXCR2 blockade improves anti-tumor efficacy in the TRTàADT combination. 
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Figure 14: CXCR2 blockade improved anti-tumor responses in the TRTàADT 

combination. Individual tumor growth curves from experiment shown in Figure 7D (panel A), 

and survival curve (panel B). Asterisks indicate **p<0.01 by log-rank test. Results shown are from 

one experiment, with n=7 animals per group. 
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Figure 14: CXCR2 blockade improved anti-tumor responses in the TRTàADT 
combination. 
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Figure 15: CXCR1/2 blockade improved anti-tumor responses in the ADTàTRT 

combination. Myc-CaP tumor cells were implanted in male FVB mice, treated with ADTàTRT 

as before, and then treated with reparixin, vehicle, clodronate liposomes, or anti-GR1 as indicated 

(schema in panel A). Shown are the tumor growth curves (panel B) and Kaplan-Meier survival 

curves (panel C). For tumor growth curves, comparisons were made by linear mixed effects model 

with Geisser-Greenhouse correction and Tukey’s multiple comparisons test with individual 

variance; Kaplan-Meier curves were compared using the log-rank test. Asterisks demonstrate 

significant differences (*p<0.05, **p<0.01, and ***p<0.001). Results shown are from one 

experiment, with n=5 animals per treatment group.  
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Figure 15: CXCR1/2 blockade improved anti-tumor responses in the ADTàTRT 

combination. 
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3.1 Abstract 

Rationale: Androgen deprivation therapy (ADT) is the primary treatment for recurrent and 

metastatic prostate cancer. In addition to direct anti-tumor effects, ADT has immunomodulatory 

effects such as promoting T cell infiltration and enhancing antigen processing/presentation. 

Previous studies in our lab have demonstrated that ADT also leads to increased expression of the 

androgen receptor (AR) and increased recognition of prostate tumor cells by AR-specific CD8+ T 

cells. We have also demonstrated that ADT combined with a DNA vaccine encoding the androgen 

receptor significantly slowed tumor growth and improved survival of prostate tumor-bearing mice. 

The current study aimed to investigate the impact of the timing and sequencing of ADT with 

vaccination on the tumor immune microenvironment in murine prostate cancer models to further 

increase the anti-tumor efficacy of vaccines. 

Methods: Male FVB mice implanted with Myc-CaP tumor cells, or male C57BL/6 mice implanted 

with TRAMP-C1 prostate tumor cells, were treated with a DNA vaccine encoding AR (pTVG-

AR) and ADT. The sequence of administration was evaluated for its effect on tumor growth, and 

tumor-infiltrating immune populations were characterized.  

Results: Vaccination prior to ADT (pTVG-AR à ADT) significantly enhanced anti-tumor 

responses and survival. This was associated with increased tumor infiltration by CD4+ and CD8+ 

T cells, including AR-specific CD8+ T cells. Depletion of CD8+T cells prior to ADT significantly 

worsened overall survival. Following ADT treatment, however, Gr1+ myeloid derived suppressor 

cells (MDSCs) increased, and this was associated with fewer infiltrating T cells and reduced tumor 

growth. Inhibiting Gr1+ MDSCs recruitment, either by using a CXCR2 antagonist or by cycling 
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androgen deprivation with testosterone replacement, improved anti-tumor responses and overall 

survival.   

Conclusion: Vaccination prior to ADT significantly improved anti-tumor responses, mediated in 

part by increased infiltration of CD8+ T cells following ADT. Targeting MDSC recruitment 

following ADT further enhanced anti-tumor responses. These findings suggest logical directions 

for future clinical trials to improve the efficacy of prostate cancer vaccines.  
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3.2 Introduction 

Prostate cancer is the second leading cause of cancer-related death among men in the United States 

[1]. Androgen deprivation therapy (ADT) plays a central role in the treatment of prostate cancer, 

particularly in cases of advanced or metastatic disease. The growth and progression of prostate 

cancer hinge on the androgen receptor (AR) pathway. ADT functions by suppressing androgens, 

such as testosterone, or inhibiting their binding to the AR, aiming to impede the growth of prostate 

cancer cells [2]. However, despite its initial efficacy, a significant challenge emerges in the form 

of castration resistance, with a median life expectancy of less than three years for patients with 

metastatic castration-resistant prostate cancer [3].  

 

Early investigations demonstrated that ADT, achieved through surgical or chemical means, led to 

a reduction in prostate size and triggered tumor apoptosis [4].  In addition to its direct anti-tumor 

effects, there is growing evidence demonstrating that ADT exhibits immunostimulatory properties, 

including thymic regrowth, increased production of naïve T cells, enhanced immune cell 

infiltration into the prostate (both lymphoid and myeloid cells), enhanced antigen presentation and 

elevated antibody responses to prostate antigens [5–8]. Preclinical studies have illustrated that 

ADT can enhance the efficacy of various immunotherapeutic approaches such as anti-cancer 

vaccines, presenting a promising avenue for the strategic harnessing of both anti-tumor and 

immunostimulatory effects to improve immunotherapy outcomes in prostate cancer [9–13]. For 

example, Ardiani et al. showed that male mice, upon vaccination with a yeast-based Twist-encoded 

vaccine, displayed initial Twist-specific CD4+T cell proliferation. Notably, the combination of 

Twist vaccination and enzalutamide further enhanced CD4+ T cell proliferation compared to 
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control or enzalutamide-treated mice. This effect was also observed in the TRAMP model, where 

mice receiving the combination of the Twist vaccine and enzalutamide exhibited increased overall 

survival compared to control mice or those treated with monotherapy [12]. Kwilas et al. also 

demonstrated that a Twist poxvirus vaccine, when administered with enzalutamide, led to a 

significant improvement in overall survival [9]. Combining a poxviral vaccine targeting PSA, 

PROSTVAC, with ADT in a prostate-specific PSA transgenic mouse model demonstrated a 

significant increase in PSA-specific T cells and an increase in T-cell IFNγ production[14]. In a 

phase 2 clinical study involving patients with PSA progression, the combination of PROSTVAC 

and nilutamide, with nilutamide preceding the vaccine, resulted in a median time to treatment 

failure of 5.2 months from the initiation of combination therapy. In contrast, for patients receiving 

the vaccine followed by nilutamide, the median time to treatment failure was 13.9 months from 

the start of combination therapy, suggesting a possible benefit related to the sequence of 

administration of these agents [15,16]. 

 

Paradoxically, the use of ADT leads to increased expression of the AR as a compensatory 

mechanism [17]. In fact, castration resistance is often accompanied by mutations or gene 

amplifications leading to increased AR expression [18–21]. For this reason, we have previously 

evaluated the AR as a vaccine target, one that might be strategically targeted in combination with 

ADT. We previously demonstrated that ADT treatment of prostate cancer cells increased their 

recognition by AR-specific CD8+ T cells [22]. We also showed that a DNA vaccine encoding the 

ligand-binding domain (LBD) of the AR (pTVG-AR), given with or without ADT, could elicit 

antigen-specific CD8+ T cells, slow prostate tumor development, delay tumor growth, and prolong 

overall survival in murine models of prostate cancer [22,23]. In a multi-center phase I study 
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conducted in patients who had recently initiated ADT, we demonstrated that vaccination with 

pTVG-AR led to increased AR-specific Th1-biased immunity and a delayed time to castration 

resistance in immunized patients [24].  

 

Given that others have demonstrated that ADT can be immunomodulatory[25,26], and there may 

be a sequence preference to its use with vaccination, in the current report we investigated the 

sequence of ADT given with the pTVG-AR DNA vaccine in preclinical murine models of prostate 

cancer. Our goal was to determine whether, any by what mechanism, there was a sequence 

preference to administration, and whether changes to the tumor immune microenvironment might 

inform optimal approaches that could be applied to future human clinical trials using this or other 

prostate cancer vaccines.  
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3.3 Results: 
 

3.3.1 Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-AR 

à ADT) significantly improved anti-tumor responses in murine prostate tumor models. 

We have previously reported that combining ADT with AR-targeted vaccination led to greater 

anti-tumor effects in murine models of prostate cancer [22]. This led to a phase I trial, 

demonstrating the vaccine's safety, its ability to elicit or augment T cells specific for the AR LBD, 

and its potential to delay castration resistance [24]. Consequently, we wished to determine whether 

there was an optimal use or sequence of these treatments to efficiently delay or prevent the 

emergence of castration-resistant disease in murine prostate tumor models. Hence, as a first study, 

we examined AR-targeted vaccination delivered either before or after ADT. As depicted in Figure 

1A, Myc-CaP tumor cells were implanted subcutaneously in male FVB mice, and when tumors 

reached a volume of 0.2-0.3cm3 they were treated with degarelix (25 mg/kg subcutaneously every 

28 days). Mice were also immunized weekly with a DNA vaccine encoding the ligand binding 

domain of the androgen receptor (pTVG-AR), or control vector (pTVG4), beginning either one 

day after tumor implantation (before androgen deprivation), or one day after degarelix treatment.  

As shown in Figure 1B (and Figure 2), immunization prior to ADT elicited a greater anti-tumor 

response and significantly improved survival (Figure 1C). Similar results were found in a separate 

murine model of prostate cancer in which C57BL/6 mice implanted with TRAMP-C1 tumor cells 

(Figure 1D); AR-targeted vaccination prior to ADT resulted in a significantly greater anti-tumor 

response and improved overall survival (Figures 1E, 1F, and Figure 3). In this model, mice 

received an additional weekly vaccination prior to ADT, given the slower growth rate of these 



104 

 

tumors requiring 4 weeks to become palpable. Similarly, transgenic HLA-A2-expressing TRAMP 

mice, mice that develop autochthonous prostate tumors with age driven by the SV40 large T 

antigen under a prostate-specific promoter, were immunized in sequences before or after ADT, as 

depicted in Figure 4A.  Mice that received vaccination prior to ADT showed a non-significant 

trend toward improvement in overall survival (Figure 4B). Overall, these findings demonstrated 

that vaccination in combination with ADT had a stronger anti-tumor effect in combination and 

was dependent on the order of administration, with pTVG-AR à ADT leading to superior anti-

tumor responses. 

 

3.3.2 ADT led to an increase in prostate tumor-infiltrating T cells and myeloid cells, and 

this was affected by vaccination.  

It has been previously demonstrated by us and others that ADT can lead to increases in tumor 

infiltrating CD4+ and CD8+T cells [5,6]. We next asked whether the sequence of immunization, 

with immunization given prior to ADT, affected the infiltration of tumors by T cells. A similar 

study was performed as in Figure 5A, but tumors were collected at several time points following 

treatment for evaluation of immune cell compositions via flow cytometry, as shown in Figure 5A.  

Representative flow plots for T cells on days 21 and 36 and MDSCs on days 36 and 60 are shown 

in Figure 5B (and gating strategy shown in Appendix). We found that CD4+T and CD8+T cells 

increased in the tumor microenvironment in all mice at day 36, 14 days after ADT administration, 

but with the pTVG-AR à ADT combination group, CD4+T and CD8+T cells were further 

increased (Figures 5C and 5D) and significantly reduced by day 60. Gr-1+ MDSCs were 

significantly reduced at day 36 while significantly increased in all groups following ADT 
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regardless of vaccination (Figure 5E); there were little to no changes in regulatory CD4+ T cells 

(Tregs, Figure 5F). Taken together, these data suggested that ADT initially resulted in increased 

numbers of infiltrating T cells, which were further augmented by immunization prior to ADT. 

However, the effects of vaccination were transient, and at a later time point after ADT the tumor 

microenvironment had many Gr1+ MDSCs and few T cells. 

3.3.3 Immunization prior to ADT leads to antigen-specific immune responses.  

We next investigated whether immunization prior to ADT led to infiltration of antigen-specific T 

cells. A similar study was performed in which mice were immunized, treated with ADT, and 

tumors were harvested on day 37, 2 weeks following ADT (Figure 6A). Tumor-infiltrating CD8+ 

T cells were isolated and evaluated by IFNg ELISPOT for AR-specific T cells (Figure 6B). We 

found that CD8+ T cells specific for AR, and notably for AR25, the dominant epitope for AR in 

FVB mice (Figure 7), were infiltrating tumors in greater numbers in mice immunized prior to 

receiving ADT (Figure 6C). CD8 T cells recovered from tumors following immunization also 

expressed more granzyme B and perforin (Figure 8). ADT was required for this infiltration, 

because AR-specific T cells were not detected in greater abundance following vaccination without 

ADT (Figure 9). We next wished to determine whether CD8+T cells elicited with vaccination prior 

to ADT were specifically responsible for the improved anti-tumor efficacy. Mice were treated with 

IgG or αCD8 for three days in the week prior to receiving ADT (Figure 6D). As shown in Figure 

6E (and Figure 10), CD8+ T cell depletion after immunization and prior to ADT abrogated the 

delay in time to castration resistant tumor growth and significantly worsened animal survival 

(Figure 6F).  Overall, these results indicate that CD8+ T cells elicited and/or activated by 

vaccination prior to ADT are crucial in mediating enhanced anti-tumor responses. 
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3.3.4 MDSCs increased following ADT led to impaired anti-tumor response to vaccination.  

The accumulation of MDSC following ADT has been previously demonstrated in Myc-CaP 

tumors [30], similar to what we demonstrated in Figure 5E. MDSC are also known to accumulate 

in tumors and the peripheral blood of patients with advanced, castration-resistant prostate cancer, 

and have been implicated in the observation that advanced prostate tumors are relatively devoid of 

infiltrating T cells [31]. We hypothesized that ADT-induced MDSC accumulation might impair 

the function or presence of tumor-infiltrating T cells, even following vaccination, ultimately 

contributing to the development of castration-resistant tumors. To evaluate the timing and effect 

of ADT on MDSC infiltration, Myc-CaP tumor-bearing mice were treated with or without ADT 

(Figure 11A) and followed for tumor growth (Figure 11B) and overall survival (Figure 11C). 

Tumors were sampled from cohorts of mice with similar tumor volumes, as indicated in Figure 

4B, to evaluate for the presence of tumor-infiltrating immune populations. In animals not treated 

with ADT, there was an increase in tumor-infiltrating CD4+ (Figure 11D) and CD8+ (Figure 11E) 

T cells over time, but no significant increase in MDSCs (Figure 11F). In contrast, in ADT-treated 

tumors, there was a marked increase in CD4+ and CD8+ T cells 12 days after ADT, but a marked 

decline thereafter (Figures 11D and 11E). This was associated with a concurrent significant 

increase in CD11b+Gr-1+ MDSCs (Figure 11F). We next sought to determine whether depletion 

of tumor-infiltrating MDSCs could enhance anti-tumor immune responses. As shown in Figure 

11G, tumor bearing mice were treated vaccine, ADT, and control- or clodronate-encapsulated 

liposomes, a treatment effective at depleting precursors of MDSCs, twice a week following ADT. 

As shown in Figure 11H (and Figure 12), treatment with clodronate liposomes significantly 

improved anti-tumor responses in mice receiving AR-targeted vaccination and ADT, in either 

treatment sequence, as well as overall survival (Figure 11I). Tumors collected from mice treated 
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with clodronate liposomes at day 62 demonstrated an increase in CD4+ (Figure 11J) and CD8+ 

(Figure 11K) T cells. These findings suggested that treatments aimed at interrupting the infiltration 

of MDSC following ADT might significantly improve the treatment effects from vaccination and 

ADT.  

 

3.3.5 CXCR2 blockade improves anti-tumor efficacy in the pTVG-ARà ADT combination 

by infiltrating antigen-specific CD8+T cells and inhibiting recruitment of Gr1+MDSCs. 

As clodronate liposomes can also deplete macrophages and do not selectively deplete MDSCs, we 

next wished to evaluate agents that more specifically impair MDSC recruitment or function. 

Blocking CXCR2 has been demonstrated to inhibit the recruitment of MDSC [32], and hence we 

specifically sought to determine whether inclusion of a CXCR2 inhibitor could improve the anti-

tumor responses of the combination treatment (Figure 13A). As demonstrated in Figure 13B (and 

Figure 14), mice treated with reparixin showed improved anti-tumor responses and overall survival 

(Figure 13C). Tumors from mice treated in the pTVG-AR à ADT sequence exhibited a significant 

reduction in MDSCs (Figure 13D) and a significant increase in CD8+T cells (Figure 13F). Among 

tumor-infiltrating CD8+ T cells present several weeks after ADT, AR-specific CD8+ T cells were 

slightly but significantly increased in frequency (Figures 13G, 13H and 13I).  

 

3.3.6 ADT followed by testosterone supplementation led to reduced accumulation of MDSCs 

although significantly worsened anti-tumor responses in the Myc-CaP tumor model.  
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Our findings indicated that prolonged treatment with ADT caused early infiltration of T cells, but 

this was of limited duration and eventually tumors accumulated MDSCs. This suggested that it 

might be preferable to use a shorter course of ADT, or use it intermittently, in combination with 

vaccination. Because degarelix has a long half-life, we used supplemental testosterone to quickly 

reverse the effects of androgen deprivation. Hence, we sought to determine whether cycling ADT 

and testosterone might reduce the intra-tumoral accumulation of MDSCs. Male FVB mice were 

implanted with Myc-CaP tumor cells and administered ADT. Testosterone (or control) was 

administered twice a week, two weeks post ADT (Figure 15A). As seen in the tumor growth 

curves, testosterone caused the tumors to grow significantly faster compared to mice treated with 

ADT alone (Figure 15B and Figure 16) and shortened their overall survival (Figure 15C). In a 

parallel experiment, tumors were harvested at post-treatment points to detect tumor infiltrating 

immune populations. Interestingly, we found that MDSCs were significantly reduced at day 66 

following testosterone treatment (Figure 15D), but there was not an associated increase in CD4+ 

or CD8+T cells (Figures 15E and 15F).  

 

3.3.7 ADT followed by testosterone supplementation reduced accumulation of MDSCs and 

significantly improved anti-tumor responses when combined with vaccination in TRAMP-

C1 tumor-bearing mice, but not Myc-CaP tumor-bearing mice.  

Given that an intermittent schedule of ADT could reduce MDSC accumulation, we next sought to 

determine if addition of vaccination prior to ADT could improve the anti-tumor efficacy. Myc-

CaP tumors were immunized intradermally weekly with pTVG-AR or vector control one day post 

tumor implantation and weekly thereafter. Groups received ADT at day 22, and then received 
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testosterone or control 14 days later, as shown in Figure 17A. From the tumor growth curves, 

shown in Figure 17B (and Figure 18), treatment with vaccination improved the anti-tumor 

response compared to vector control, however treatment with testosterone led to faster tumor 

growth and shorter survival (Figure 17C). As before, treatment with testosterone led to a 

significant reduction of MDSCs within tumors (Figure 17D), but vaccination with ADT and 

testosterone did not lead to a greater infiltration of CD4+ and CD8+ T cells (Figures 17E and 17F). 

Because the myc oncogene is driven by the AR promoter in Myc-CaP tumor cells, and this may 

have led to more rapid tumor growth following testosterone treatment, we also evaluated this 

approach in C57Bl/6 mice bearing TRAMP-C1 prostate tumor cells, tumors not driven by an AR-

driven oncogene (Figure 17G). In this model, treatment with vaccine prior to ADT, compared to 

control vaccination prior to ADT, led to a greater anti-tumor response (Figure 17H, and Figure 19) 

and longer overall survival (Figure17I), and, unlike in the Myc-CaP model, these were further 

significantly improved with the addition of testosterone after ADT. This treatment was similarly 

associated with a significant decrease in tumor-infiltrating MDSCs in the group receiving vaccine 

(Figure 17J). There were no significant increases in CD4+ and CD8+ T cells detected following 

this treatment (Figures 17K and 17L).   
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3.4 Discussion and Conclusion 
 

Following the FDA approval of Sipuleucel-T, there has been a growing interest in utilizing 

immunotherapy for prostate cancer treatment, either as monotherapy or in combination with other 

therapies. However, a current dearth of preclinical data hinders insights into how the sequencing 

of these therapies impacts immune cell populations within tumors and their optimal integration 

with ADT, the cornerstone of treatment for recurrent prostate cancer. This report aimed to 

investigate the timing and scheduling of ADT in combination with AR-targeted vaccination in 

immune-competent murine prostate tumor models. Key findings include: 1) Administering pTVG-

AR à ADT enhanced anti-tumor responses more than the reverse sequence, delaying time to 

tumor growth and improving overall survival in several murine models; 2) pTVG-AR à ADT led 

to increased infiltration of CD4+ and CD8+T cells, particularly antigen-specific CD8+T cells, into 

the tumor microenvironment which were crucial for the observed anti-tumor effects; 3) depletion 

of MDSCs, or inhibiting MDSC migration using a CXCR2 antagonist, enhanced anti-tumor 

responses; and 4) ADT followed by testosterone supplementation modulated the tumor 

microenvironment by reducing MDSCs, and this could further improve the anti-tumor effect of 

AR-targeted vaccination in one murine prostate cancer model. These outcomes underscore the 

pivotal role of vaccination and ADT administration sequence in shaping the tumor immune 

microenvironment and influencing therapeutic responses.  

 

ADT has been recognized for its ability to augment T-cells within human prostate tumors. Notably, 

the infiltration of CD8+ T cells into tumors is considered beneficial for anti-tumor immune 

responses [33,34]. Consequently, there has been an effort to explore strategies leveraging this 
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effect to enhance CD8+T cell numbers with vaccine-based approaches. However, controversy 

persists regarding the optimal timing and sequence of ADT administration in conjunction with 

immunotherapy. In a study led by Drake et al., prostate-specific CD4+ T cells that were adoptively 

transferred initially exhibited proliferation in mice with tumors. However, their proliferation 

diminished over time. Castration mitigated this tolerance, allowing for expanded effector function 

post-vaccination. This suggested that prostate cancer immunotherapies might be more effective 

after ADT [11].  In contrast, Koh et al. observed that when mice were vaccinated with DNA 

encoding prostate stem cell antigen (PSCA) followed by castration, this led to more PSCA-specific 

interferon-gamma-secreting T cells compared to castration followed by vaccination [35]. 

Similarly, a study by Madan et al., suggested that patients with nonmetastatic castration-resistant 

prostate cancer who received a PSA-targeted vaccine before second-line hormone therapy 

experienced improved survival compared to those who underwent hormone therapy before 

vaccination [16]. Sipuleucel-T, the only vaccine that has been FDA approved as a treatment for 

human prostate cancer, was approved for patients with castration resistance who were already 

being treated with ADT [36]. It has also been evaluated in sequence with ADT.  For example, one 

study compared the administration sequence of leuprolide before sip-T (ADT à sip-T) or after 

sip-T (sip àADT) in patients with non-castrate, PSA-recurrent prostate cancer. These 

investigators found significantly elevated PA2024-specific humoral responses when ADT was 

administered after sip-T treatment. T-cell responses similarly exhibited higher IFNγ production in 

the group receiving sip-T à ADT compared to ADT à sip-T, suggesting a similar impact of 

timing on immunotherapy effectiveness [37]. Our study is the first to demonstrate that vaccination 

prior to ADT can activate antigen-specific T cells that are then specifically recruited in greater 

numbers to the tumor following ADT. This could provide a mechanism for the sequence preference 
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that has been observed clinically. Our studies suggest a critical role for CD8 T cells, as depletion 

of these cells after immunization and prior to ADT abrogated the anti-tumor efficacy, however our 

data do not exclude a role for CD4 T cells that were also augmented after vaccination and ADT. 

In any case, our findings suggest that a preferred prostate cancer population for treatment with 

vaccines may be those who have not yet initiated androgen deprivation. This approach is already 

being evaluated in a neoadjuvant trial (NCT04989946) in which patients are being treated with 

AR-specific vaccination prior to receiving a short course of degarelix [38].  

 

It is clear that ADT has profound effects on the prostate tumor immune microenvironment. 

Initially, ADT triggers a surge in T-cell infiltration, but this is later replaced by a significant 

increase in MDSCs [34,39]. In the Myc-CaP murine model, this change occurred within the span 

of days to weeks. Based on results from clinical trials evaluating ADT prior to prostatectomy, T 

cells appear to persist in humans several weeks to at least one month post ADT [5,40]. However, 

myeloid cells are known to be predominant in castration-resistant tumors and have been associated 

with decreased survival [5,41]. Hence, the recruitment of MDSCs following ADT needs to be 

considered in general for the treatment of prostate cancer, and in particular when combined with 

T-cell activation strategies such as vaccines. Our data, in fact, demonstrated that vaccination 

initiated after ADT had little treatment effect (Figure 1), however this was also slightly improved 

if MDSC were depleted (Supplemental Figure 9). Strategies aimed at inhibiting their 

immunosuppressive functions, or depleting or hindering MDSC recruitment, have been explored, 

including the use of CSF-1R-targeting antibodies [42]. However, these approaches have 

demonstrated limited success in prostate cancer clinical trials [43,44]. An approach that holds 

promise based on our data is CXCR2 inhibition, potentially hindering MDSC recruitment post 
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ADT [45,46]. Use of a CXCR2 inhibitor in combination with vaccine and ADT would be a logical 

direction for future clinical trials.  

 

Our findings highlight the critical role of timing of T cell and MDSC recruitment within prostate 

tumors following ADT. While testosterone "reversal" of ADT modestly reduced MDSC levels, it 

did not lead to increased T cell infiltration as observed following clodronate liposomes or reparixin 

treatment. Hence, directly targeting MDSCs may be more effective than cycling androgen 

deprivation. However, cycling ADT is a more practical option, not requiring additional therapies, 

and translational approaches could involve optimizing ADT schedules using agents with shorter 

half-lives. Intermittent ADT, using cycles of treatment and breaks rather than continuous 

suppression of testosterone, has been used clinically to balance cancer control while minimizing 

side effects. Studies have not demonstrated this to be superior to continuous androgen deprivation, 

at least for metastatic prostate cancer, however, and hence this has fallen out of favor [47,48]. On 

the other hand, BAT therapy employs cyclical, high-dose testosterone administration aimed at 

restoring sensitivity to androgen signaling inhibition in patients with previously treated castration-

resistant prostate cancer (CRPC) [49,50]. This has been evaluated in phase 2 trials in combination 

with enzalutamide (TRANSFORMER trial), as well as in combination with nivolumab (COMBAT 

trial), both of which have suggested clinical activity and superior quality-of-life measures [51,52].  

Moreover, the use of supraphysiological levels of testosterone has been demonstrated to activate 

the STING pathway and downstream NFkB signaling, as well as lead to increases in tumor cell 

secretion of CXCL10, a chemokine associated with T cell recruitment [53], suggesting this 

treatment could be ideally combined with anti-tumor vaccination. Moreover, since BAT has been 

previously evaluated in combination with nivolumab, and we have previously demonstrated that 
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the anti-tumor efficacy of vaccination can be improved with concurrent PD-1 blockade in patients 

with prostate cancer [54,55], the combination of vaccine, BAT, and PD-1 blockade is a logical 

direction for clinical evaluation.  

In summary, our study contributes to the understanding of how ADT might be optimally used with 

prostate cancer-directed immunotherapies, and AR-targeted vaccination in particular, based on its 

effects on the prostate cancer immune microenvironment. The administration of pTVG-AR prior 

to ADT exhibited superior anti-tumor responses, leading to increased infiltration of CD4+ and 

CD8+ T cells, and notably antigen-specific CD8+ T cells which were critical for the observed anti-

tumor effects. Additionally, ADT followed by testosterone supplementation modulated the tumor 

microenvironment by reducing MDSCs and, when combined with vaccination, led to improved 

anti-tumor efficacy in at least one murine prostate cancer model. These findings suggest logical 

directions for future clinical trials to optimally use anti-tumor vaccines either before ADT in 

patients with early-stage disease or in combination with intermittent or BAT schedules of ADT for 

patients with later stage disease.   
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3.5 Figures  

Figure 1: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à ADT) significantly improved anti-tumor responses in murine prostate tumor models. 

FVB mice were implanted with Myc-CaP tumor cells and treated with degarelix (ADT), with 

pTVG4 (vector control) or pTVG-AR delivered before or after ADT and followed for tumor 

growth. Shown is a schema (panel A), tumor growth curves (panel B), and Kaplan-Meier curves 

depicting survival (time to a tumor size of 2cm3 or death, panel C). Similarly, male C57BL/6 were 

implanted with TRAMP-C1 tumor cells, treated with ADT, and with DNA immunization with 

pTVG4 or pTVG-AR initiated either before or after ADT.  For tumor growth curves, asterisks 

demonstrate significant (*p < 0.05, **p<0.01 **p<0.001) differences as assessed by linear mixed 

effects model with Geisser-Greenhouse correction and Tukey’s multiple comparisons test with 

individual variances. Kaplan-Meier curves were compared using the log-rank test with asterisks 

indicating *p<0.05, **p<0.01, and ***p<0.001. Results are each from one experiment, with n=7-

8 animals per group, and are representative of two independent experiments.   
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Figure  1: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à ADT) significantly improved anti-tumor responses in murine prostate tumor models. 
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Figure 2: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à  ADT) significantly improved anti-tumor responses in Myc-CaP/FVB tumor model.  

(A)Tumor growth study in the Myc-CaP/FVB model and (B) survival in a repeat experiment 

from that shown in Figure 1B and 1C. (C) Individual tumor growth curves from experiment 

shown in Figure 1B.  
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Figure  2: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à ADT) significantly improved anti-tumor responses in Myc-CaP/FVB tumor model. 
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Figure 3: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à ADT) significantly improved anti-tumor responses in TRAMP-C1/C57BL/6 tumor 

model.  Individual tumor growth curves from experiment shown in Figure 1E. Results are from 

one experiment and are representative of two independent experiments. 
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Figure  3: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à ADT) significantly improved anti-tumor responses in TRAMP-C1/C57BL/6 tumor 

model. 
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Figure 4: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à ADT) seemed to improve anti-tumor responses in A2-TRAMP tumor model.  Groups 

of 10 male A2-TRAMP mice were treated beginning at 16 or 20 weeks of age with DNA 

immunization and ADT and followed for survival (schema in panel A). Shown are the Kaplan-

Meier survival curves (panel B). 
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Figure  4: Sequence of vaccination and ADT, with vaccination given prior to ADT, (pTVG-

AR à ADT) seemed to improve anti-tumor responses in A2-TRAMP tumor model. 
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Figure 5: ADT led to an increase in prostate tumor-infiltrating T cells and myeloid cells, and 

T cell infiltration was increased with vaccination prior to ADT. Myc-CaP tumor cells were 

implanted in male FVB mice and treated with ADT, and DNA immunization was delivered before 

or after ADT. Additional groups received either vector (pTVG4) or vaccine (pTVG-AR) alone, 

without ADT. Tumors were sampled at different days for flow cytometry analysis. Shown are a 

schema (panel A) and representative dot plots (panel B) of CD4+CD3+ and CD8+CD3+ T cells 

(collected on days 21 and 36), or CD11b+Gr1+ MDSCs (panel H, collected on days 36 and 60). 

CD4+ T cells (panel C), CD8+ T cells (panel D), and CD11b+Gr-1+ MDSC (panel E) are shown 

as a percentage of CD45+ cells. CD4+FoxP3+ Tregs (panel F) are shown as a percentage of CD4+ 

cells. Panels C-F were compared using one-way ANOVA with Tukey’s multiple comparisons test; 

asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Results are from one experiment and are 

representative of two independent experiments. 
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Figure  5: ADT led to an increase in prostate tumor-infiltrating T cells and myeloid cells, and 

T cell infiltration was increased with vaccination prior to ADT. 
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Figure 6: Immunization prior to ADT led to infiltration of tumors by antigen-specific CD8+ 

T cells.  

Myc-CaP tumor cells were implanted in male FVB mice, treated with ADT and DNA 

immunization as described before, and tumors were harvested two weeks after ADT (schema in 

panel A).  CD8+CD3+T cells were isolated and IFNg ELISPOT was performed with media alone, 

AR pool peptides, AR-25, or anti-CD3/anti-CD28 beads. Raw data are shown in panel B and 

quantified in panel C. Myc-CaP tumor cells were implanted in male FVB mice, treated with ADT 

and DNA immunization before or after ADT, and mice received IgG (control) or anti-CD8 

depleting antibody on days 16, 18 and 20, before ADT treatment (schema in panel D). Shown are 

the tumor growth curves (panel E) and Kaplan-Meier survival curves (panel F). Panel C was 

compared using unpaired-t tests. Tumor growth curve comparisons were made using one-way 

ANOVA with Tukey’s multiple comparisons test. Kaplan-Meier curves were compared using the 

log-rank test. Asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Results are from one 

experiment and are representative of two independent experiments.   
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Figure  6: Immunization prior to ADT led to infiltration of tumors by antigen-specific CD8+ 

T cells. 
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Figure 7: Identification of AR-25 as the dominant epitope in the FVB background by IFNg 

ELISA. Naïve FVB male mice were immunized with pTVG4 or pTVG-AR weekly for 4 weeks. 

Splenocytes were isolated and stimulated with 15-mer peptides (1-62 epitopes of AR) for 72 

hours and IFNg  ELISA was performed.  Shown is the quantification of IFNg ELISA. 
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Figure  7: Identification of AR-25 as the dominant epitope in the FVB background by IFNγ 

ELISA. 
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Figure 8: Immunization prior to ADT had higher infiltration of CD8+T cells with increased 

Granzyme B, Perforin and TNFa expression.  Myc-CaP tumor cells were implanted in male 

FVB mice and treated with ADT, and DNA immunization before or after ADT, with tumors 

sampled at day 36 for flow cytometry analysis. Shown are the  MFI of Granzyme B, Perforin and 

TNFa (panels A-C) on CD8+CD3T cells  Panels A-C were compared using student’s t test with 

asterisks indicating *p<0.05, **p<0.01, and ***p<0.001. 
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Figure  8:Immunization prior to ADT had higher infiltration of CD8+T cells with increased 

Granzyme B, Perforin and TNFa expression. 
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Figure 9: Immunization prior to ADT led to antigen-specific immune responses. Myc-CaP 

tumor cells were implanted in male FVB mice, treated with DNA immunization or ADT and 

DNA immunization, and tumors were harvested on day 36 as shown in panel A. CD8+CD3+T 

cells were isolated and IFNg ELISPOT was performed with media alone or AR-25. Raw data are 

shown in panel B and quantified in panel C. 
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Figure  9: Immunization prior to ADT led to antigen-specific immune responses. 
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Figure 10: Depletion of CD8+T cells in the pTVG-AR à ADT sequence worsened anti-

tumor responses. Individual tumor growth curves from experiment shown in Figure 3E. Results 

are from one experiment and are representative of two independent experiments.  
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Figure  10: Depletion of CD8+T cells in the pTVG-AR à ADT sequence worsened anti-

tumor responses. 
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Figure 11: ADT leads to infiltration of MDSCs, and depletion of these populations improved 

anti-tumor responses in combination with DNA vaccines. Myc-CaP tumor cells were implanted 

in male FVB mice and treated with ADT or control as indicated in panel A. Shown are the tumor 

growth curves and time points at which groups of animals were euthanized for tumor assessments 

(panel B) and Kaplan-Meier survival curves (panel C). Tumors collected were evaluated by flow 

cytometry for CD4+ T cells (panel D), and CD8+ T cells (panel E) and CD11b+Gr-1+ MDSC 

(panel F). Myc-CaP tumor cells were implanted in male FVB mice, treated as before, and then 

received control- or clodronate-encapsulated liposomes as indicated (schema in panel G). Shown 

are the tumor growth curves (panel H) and Kaplan-Meier survival curves (panel me). In a parallel 

study, tumors were collected at day 62 and evaluated by flow cytometry for CD4+ T cells (panel 

J), and CD8+ T cells (panel K) and CD11b+Gr-1+ MDSC (panel L). For tumor growth curves, 

asterisks demonstrate significant (p < 0.05) differences as assessed by linear mixed effects model 

with Geisser-Greenhouse correction and Kaplan-Meier curves were compared using the log-rank 

test with asterisks indicating *p<0.05, **p<0.01, and ***p<0.001. For panels D-F and J-L, 

comparisons were made using one-way ANOVA with Tukey’s multiple comparisons test; asterisks 

indicate *p<0.05, **p<0.01, and ***p<0.001. Results are from single experiments with n=5 

(panels D-F) or 3 (panels J-L) mice per group. 
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Figure  11: ADT leads to infiltration of MDSCs, and depletion of these populations improved 

anti-tumor responses in combination with DNA vaccines 
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Figure 12: Clodronate liposome treatment significantly improved anti-tumor responses in 

the combination groups.  Myc-CaP tumor cells were implanted in male FVB mice, treated with 

ADT followed by DNA immunization then treated with clodronate liposomes or mice were treated 

with control or clodronate liposomes as control(schema in panel A). Shown are the tumor growth 

curves (panel B) and Kaplan-Meier survival curves (panel C). Individual tumor growth curves 

from experiment shown in 5B (panel D).   Individual tumor growth curves from experiment shown 

in Figure 4H. Results are from one experiment and are representative of two independent 

experiments panel E). Results are from one experiment and are representative of two independent 

experiments. For tumor growth curves, comparisons were made by linear mixed effects model 

with Geisser-Greenhouse correction and Tukey’s multiple comparisons test with individual 

variance; Kaplan-Meier curves were compared using the log-rank test. Asterisks demonstrate 

significant differences (*p<0.05, **p<0.01, and ***p<0.001). Results shown are from one 

experiment, with n=5 animals per treatment group 
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Figure  12: Clodronate liposome treatment significantly improved anti-tumor responses in 

the combination groups. 
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Figure 13: CXCR2 blockade improved anti-tumor efficacy in the pTVG-ARàADT 

combination. Myc-CaP tumor cells were implanted in male FVB mice, treated with vaccine, ADT 

and reparixin as indicated in panel A. Shown are the tumor growth curves (panel B) and Kaplan-

Meier survival curves (panel C). A similar study was performed, and tumors were collected on day 

56 and evaluated by flow cytometry for CD4+ T cells (panel D), and CD8+ T cells (panel E) and 

CD11b+Gr-1+ MDSC (panel F). In a parallel experiment, tumors were harvested on day 37 and 

CD8+CD3+T cells were isolated (schema in panel G). IFNg ELISPOT was performed with media 

alone, AR pool peptides, AR-25, or anti-CD3/anti-CD28 beads, with results as shown in panel H 

and quantified in panel I. For tumor growth curves, asterisks demonstrate significant (p < 0.05) 

differences as assessed by linear mixed effects model with Geisser-Greenhouse correction and 

Kaplan-Meier curves were compared using the log-rank test with asterisks indicating *p<0.05, 

**p<0.01, and ***p<0.001. For panels D-F, comparisons were made using one-way ANOVA with 

Tukey’s multiple comparisons test; asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Panel 

I was compared using unpaired-t tests. Results are from single experiments with n=5 mice per 

group.  
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Figure  13: CXCR2 blockade improved anti-tumor efficacy in the pTVG-AR -> ADT 

combination. 
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Figure 14: CXCR2 blockade improved antitumor efficacy in the pTVG-ARàADT 

combination. Individual tumor growth curves from experiment shown in Figure 7B. Results are 

from one experiment.  
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Figure  14: CXCR2 blockade improved antitumor efficacy in the pTVG-ARàADT 

combination. 
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Figure 15:  ADT and testosterone reversal led to reduced accumulation of MDSCs although 

significantly worsened anti-tumor responses in the Myc-CaP tumor model. 

Myc-CaP tumor cells were implanted in male FVB mice, treated with ADT and testosterone as 

indicated in panel A. Shown are the tumor growth curves (panel B) and Kaplan-Meier survival 

curves (panel C). In a parallel study, tumors were collected on days 34, 46 and 66 and evaluated 

by flow cytometry for CD11b+Gr-1+ MDSC (panel D), CD4+ T cells (panel E), and CD8+ T cells 

(panel F). For tumor growth curves, asterisks demonstrate significant (p < 0.05) differences as 

assessed by linear mixed effects model with Geisser-Greenhouse correction and Kaplan-Meier 

curves were compared using the log-rank test with asterisks indicating *p<0.05, **p<0.01, and 

***p<0.001. For panels D-F, comparisons were made using one-way ANOVA with Tukey’s 

multiple comparisons test; asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Results are from 

one experiment with n=5 mice per group. 
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Figure  15: ADT and testosterone reversal led to reduced accumulation of MDSCs although 

significantly worsened anti-tumor responses in the Myc-CaP tumor model. 
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Figure 16:  ADT and testosterone reversal worsened anti-tumor responses in the Myc-CaP 

tumor model. Individual tumor growth curves from experiment shown in Figure 5B. Results are 

from one experiment and are representative of two independent experiments.  
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Figure  16: ADT and testosterone reversal worsened anti-tumor responses in the Myc-CaP 

tumor model. 
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Figure 17: ADT and testosterone reversal led to reduced accumulation of MDSC and 

significantly improved anti-tumor responses when combined with vaccination in the 

TRAMP-C1 tumor model but not in the Myc-CaP model.  Myc-CaP tumor cells were 

implanted in male FVB mice and treated with ADT and DNA immunization with or without 

testosterone, as indicated in panel A. Shown are the tumor growth curves (panel B) and Kaplan-

Meier survival curves (panel C). A similar study was performed, and tumors were collected on 

days 56 and evaluated by flow cytometry for CD11b+Gr-1+ MDSC (panel D), CD4+ T cells (panel 

E), and CD8+ T cells (panel F). TRAMP-C1 tumor cells were implanted in male C56BL/6 mice, 

treated with ADT and DNA vaccination with or without testosterone as indicated in panel G. 

Shown are the tumor growth curves (panel H) and Kaplan-Meier survival curves (panel I). A 

similar study was performed, and tumors were collected on days 56 and evaluated by flow 

cytometry for CD11b+Gr-1+ MDSCs (panel J), CD4+ T cells (panel K), and CD8+ T cells (panel 

L). For tumor growth curves, asterisks demonstrate significant (p < 0.05) differences as assessed 

by linear mixed effects model with Geisser-Greenhouse correction and Kaplan-Meier curves were 

compared using the log-rank test with asterisks indicating *p<0.05, **p<0.01, and ***p<0.001. 

For panels D-F and J-L comparisons were made using one-way ANOVA with Tukey’s multiple 

comparisons test; asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Results are from one 

experiment with n=5 mice per group. 
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Figure  17: ADT and testosterone reversal led to reduced accumulation of MDSC and 

significantly improved anti-tumor responses when combined with vaccination in the 

TRAMP-C1 tumor model but not in the Myc-CaP model. 
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Figure 18: ADT and testosterone reversal in combination with vaccination worsened anti-

tumor responses in the Myc-CaP tumor model. Individual tumor growth curves from 

experiment shown in Figure 6B. Results are from one experiment and are representative of two 

independent experiments.  
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Figure  18: ADT and testosterone reversal in combination with vaccination worsened anti-

tumor responses in the Myc-CaP tumor model. 
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Figure 19: ADT and testosterone reversal in combination with vaccination improved anti-

tumor responses in the TRAMP-C1 tumor model. Individual tumor growth curves from 

experiment shown in Figure 6H. Results are from one experiment and are representative of two 

independent experiments.  
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Figure  19: ADT and testosterone reversal in combination with vaccination improved anti-

tumor responses in the TRAMP-C1 tumor model. 
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Chapter 4 

 

Anti-tumor efficacy of ADT in combination with AR targeted 

therapies and anti-PD-1 is limited by regulatory T cells in murine 

prostate models. 
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4.1 Abstract 
 

Background: While Androgen deprivation therapy (ADT) is pivotal in prostate cancer treatment, 

its effectiveness with different ADT agents on T-cell responses is complex and not yet fully 

understood. Our study expands upon previous research indicating that combining AR vaccination 

with ADT enhances AR specific CD8+T cell infiltration. We directly compare various ADT 

approaches, including AR degraders and AR antagonists, to determine their synergy with AR-

specific immunization. Subsequently, we identify the optimal combination for enhancing anti-

tumor responses using checkpoint blockade. 

Methods: Prostate cancer cell lines were cultured under testosterone-replete and -deficient 

conditions to assess changes in AR expression post-androgen deprivation. Subsequent AR-specific 

T-cell recognition assays were performed after treating tumor cells with various AR-targeted 

agents. In vivo experiments involved combining ADT with AR-targeted vaccination and either 

Enzalutamide or ARV110 with anti-PD-1 in murine prostate tumor models. Tumor growth, 

survival rates, and immune cell infiltration were monitored and evaluated. 

Results: Androgen deprivation led to a significant increase in AR expression in androgen-

dependent prostate tumor cells. Additionally, enhanced AR expression post-androgen deprivation 

augmented AR-specific T-cell recognition, particularly with AR antagonists such as Bicalutamide 

and Enzalutamide. In vivo studies demonstrated that combining ADT with AR vaccination and 

Enzalutamide resulted in superior anti-tumor responses and prolonged survival compared to 

ARV110. Furthermore, Enzalutamide treatment in combination with ADT and AR vaccination 

increased CD4+ and CD8+ T-cell infiltration within the tumor microenvironment, with a notable 
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presence of effector memory CD8+ T cells. However, when combined with anti-PD-1, there was 

an increase in the infiltration of regulatory T cells (Tregs). 

Conclusion: Our findings highlight the potential of combining ADT with AR-targeted vaccination 

and Enzalutamide to enhance anti-tumor responses in prostate cancer. Enzalutamide, as opposed 

to ARV110, demonstrated superior efficacy in improving T-cell infiltration and generating 

memory CD8+ T-cell populations within the tumor microenvironment. While the addition of PD-

1 blockade to this combination showed only modest benefits, it led to an increase in intratumoral 

regulatory CD4+T cells, suggesting a complex interplay between immune activation and 

regulation with combination therapies. Overall, our study provides valuable insights into 

optimizing therapeutic strategies for prostate cancer treatment. 
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4.2 Introduction 
 
Androgen deprivation therapy (ADT) is widely recognized as the primary treatment approach for 

prostate cancer. Its mechanism involves the suppression of androgens, notably testosterone, with 

the aim of inhibiting the proliferation of prostate cancer cells. While initially effective, a substantial 

portion of patients progress to advanced stages or develop castration resistance. In such cases, 

where median life expectancy is often less than three years, additional therapeutic strategies are 

necessitated to target the androgen receptor (AR) axis [1,2] . Consequently, therapies focusing on 

the AR signaling axis remain actively pursued. Some of these interventions operate by inhibiting 

androgen production as a first-line treatment (e.g., GnRH agonists or antagonists such as 

leuprolide, goserelin, or degarelix; abiraterone; TAK-700) [3]. Others involve blocking the binding 

of androgen to the AR (e.g., bicalutamide, flutamide, enzalutamide, apalutamide, darolutamide), 

and/or by degrading the androgen receptor (e.g., galeterone, TRC253, ASC-J9, or proteolysis 

targeting chimeras (PROTACs) targeting the AR, such as ARV-110 and ARCC-4) [4,5]. Although 

these agents have exhibited promising results in both pre-clinical and clinical trials, there exists a 

significant need to understand how these treatments can be optimally combined. 

Beyond the primary effect of killing tumor cells, emerging evidence suggests that ADT exhibits 

immunostimulatory properties. These include thymic regrowth, increased production of naïve T 

cells, enhanced infiltration of immune cells into the prostate, elevated antigen presentation, and 

heightened antibody responses to prostate antigens. These findings have sparked considerable 

interest in leveraging the immunomodulatory effects of ADT to enhance the efficacy of immune 

therapy in prostate cancer [6,7].  

Despite advancements in immune therapy for other cancers, effectively treating advanced stage 

prostate cancer remains challenging. Ardiani et al. treated murine prostate tumors with a 
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combination of enzalutamide and a vaccine targeting the Twist antigen and demonstrated increase 

of functional Twist-specific CD8+ T cells and resulted in significantly increased overall survival 

of the mice compared to treatments with Twist vaccine alone (27.5 weeks vs 10.3 weeks) [8]. We 

have previously shown that ADT treatment of prostate cancer cells can enhance their recognition 

by AR-specific CD8+ T cells [9].  Additionally, in pre-clinical models, the sequence of treatments 

with DNA vaccination preceding ADT has been demonstrated to be superior [10]. Moreover, in a 

multi-center phase I study involving patients recently initiated on ADT, vaccination with pTVG-

AR was shown to elicit increased AR-specific Th1-biased immunity and a delayed time to 

castration resistance in immunized patients [11]. 

Furthermore, a phase 2 trial assessing the combination of a DNA vaccine encoding PAP (MVI-

816) and pembrolizumab demonstrated a promising 6-month disease control rate. However, further 

randomized clinical trials are required to confirm these results [12].   

In the phase III IMbassador250 study, combining atezolizumab, an anti-PD-L1 antibody, with 

enzalutamide failed to extend survival in metastatic prostate cancer, despite preclinical research 

strongly suggesting elevated PD-L1 expression in enzalutamide-resistant castration-resistant 

prostate cancer cells [13]. This highlights the urgent need for further investigation into the 

mechanisms of resistance within the prostate tumor microenvironment, which hinder the 

effectiveness of immunotherapies. Additionally, enzalutamide treatment has been associated with 

CD8+ T cell exhaustion and decreased levels of interferon-gamma (IFN-γ), indicating additional 

mechanisms underlying treatment failure that may require enhancing CD8+ T cell responses 

[14,15].  
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In our previous research, we discovered that DNA or peptide vaccines, designed to activate tumor-

specific CD8+ T cells, inadvertently triggered the expression of multiple checkpoint receptors. 

These receptors act to dampen the anti-tumor response, thereby reducing the efficacy of the 

vaccination. Specifically, we observed that antigens with high affinity for MHC-I resulted in 

prolonged contact between CD8+ T cells and antigen-presenting cells (APCs). This prolonged 

interaction led to an increase in various immune checkpoints, including PD-1, CTLA-4, LAG-3, 

and TIM-3 on activated cells, compared to those activated with lower affinity epitopes. 

Remarkably, we found that combining vaccines encoding high-affinity epitopes with PD-1 or PD-

L1 blocking antibodies restored their anti-tumor efficacy [16]. 

In a separate investigation, we noted that immunization strategies leading to increased antigen 

expression also increased LAG-3 expression on tumor antigen-specific CD8+ T cells. This 

upregulation of LAG-3 similarly impeded the anti-tumor response and vaccination with LAG-3 

blocking antibodies improved anti-tumor efficacy [17]. 

These findings underscore the significance of blocking the regulatory pathways induced by 

vaccination to enhance anti-tumor responses. Moreover, they highlight checkpoint receptor 

upregulation as a prominent mechanism of tumor resistance to vaccination. Additionally, our data 

indicate that T-cell activating therapies can induce the expression of various checkpoint receptors. 

 

Given that previous studies have illustrated the immunomodulatory effects of ADT, and our prior 

research has demonstrated the augmentation of anti-tumor responses by AR-DNA vaccination 

preceding ADT, and that checkpoint blockade further augments anti-tumor efficacy of AR-

targeted vaccination, in the current report we investigated effective combination of ADT alongside 
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the AR targeted therapies, specifically AR degrader (ARV110) or AR antagonist (enzalutamide) 

and checkpoint blockade in murine models of prostate cancer. Our primary aim was to examine 

changes in the tumor immune microenvironment to identify the optimal combination for 

integrating checkpoint blockade and to elucidate the underlying mechanisms. Additionally, we 

aim to analyze alterations in the tumor immune microenvironment to provide insights that can 

guide optimal strategies for future clinical trials involving this or similar prostate cancer vaccines. 
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4.3 Results: 

4.3.1 Enzalutamide increases expression of the androgen receptor in prostate cancer cell 

lines. 

Previously, we demonstrated that reducing testosterone levels (androgen deprivation therapy, 

ADT) resulted in increased expression of the androgen receptor (AR) in tumor cells, leading to 

enhanced recognition by AR-specific CD8+ T cells. In clinical practice, ADT is often combined 

with AR antagonists, while AR degraders are also under investigation. While one approach 

increases AR expression and the other decreases it, our hypothesis was that AR degradation might 

enhance MHC class I presentation of AR by tumor cells. Expanding on our previous findings, we 

cultured a panel of three prostate cell lines—human prostate cancer line 22Rv1 and androgen-

dependent murine lines Myc-CaP and TRAMP-C1—in both testosterone-replete and -deficient 

conditions for 72 hours. (Figure 1A). Analysis revealed a significant rise in AR expression in 

androgen-dependent prostate tumor cells following androgen deprivation, as demonstrated by 

intracellular staining using an AR antibody. (Figure. 1B). Quantitative assessments of AR 

expression amplitude further supported these findings.  

4.3.2 AR-specific T cells have increased recognition of androgen-deprived tumor cells 

To evaluate the impact of increased AR expression post-androgen deprivation on AR-specific T-

cell effector function against prostate tumor cells, we treated 22Rv1 cells with various AR-targeted 

agents (ARV110, Bicalutamide, Dip-G, Enzalutamide, Flutamide, and Galeterone) for 72 hours. 

Subsequently, these cells were co-cultured with splenocytes from HLA-A2 transgenic mice 

previously immunized with the HLA-A2 restricted epitope AR811 (Fig. 2A) and were then 
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assessed for AR-specific function using IFN-gamma ELISPOT (Fig. 2B). Notably, CD8+ T cell 

recognition of tumor cells was significantly elevated with AR antagonists such as Bicalutamide 

and Enzalutamide rather than AR degraders such as ARV110, DipG, and Galeterone. 

Consequently, we concluded that the enhanced recognition of prostate tumor cells treated with AR 

antagonists rather than AR degraders by AR-specific CD8+ T cells was primarily attributable to 

increased AR expression. 

4.3.3 Androgen deprivation Therapy in combination AR targeted vaccination and 

Enzalutamide rather than ARV110 improved anti-tumor responses in-vivo. 

We and others have previously shown that that ADT can increase the infiltration of tumor-

infiltrating CD4+ and CD8+ T cells in murine prostate cancer models. Additionally, AR 

vaccination prior to ADT further augmented T cell infiltration into tumors. We aimed to determine 

whether combining ARV110 or enzalutamide with ADT (degarelix) and AR-vaccination could 

enhance anti-tumor responses. Using Myc-CaP tumor cells implanted in male FVB mice (Figure 

3A), we initiated treatments when tumors reached a volume of 0.2-0.3cm3 and administering 

degarelix (25 mg/kg subcutaneously every 28 days) alongside daily enzalutamide or ARV110 five 

times a week until the end of the study. Mice were also immunized weekly with a DNA vaccine 

encoding the androgen receptor's ligand-binding domain (pTVG-AR) or a control vector (pTVG4), 

starting one day after tumor implantation. Notably, immunization prior to ADT combined with 

enzalutamide compared to ARV110 led to a greater anti-tumor response and significantly 

improved survival rates (Figure 3B and 3C). Similar outcomes were observed in a separate model 

using TRAMP-C1 tumor cells in C57BL/6 mice (Figure 3D), where pre-ADT vaccination 

followed by enzalutamide significantly enhanced anti-tumor responses and overall survival 
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(Figures 3E and 3F). In the TRAMP-C1 model, due to the slower tumor growth necessitating 4 

weeks for palpability, mice received an additional weekly vaccination before ADT. Overall, our 

results suggest superior anti-tumor efficacy of enzalutamide in combination with vaccination and 

ADT compared to ARV110. 

4.3.4 Vaccination prior to ADT followed by enzalutamide led  to decreased prostate tumor-

infiltrating T cells and increased regulatory T cell populations in the Myc-CaP FVB model.  

We then explored whether immunization prior to ADT, followed by either enzalutamide or 

ARV110, influenced T cell infiltration. A similar experiment as depicted in Figure 1A was 

performed, with tumors harvested two weeks post-ADT and subsequent administration of 

enzalutamide or ARV110 for immune cell composition assessment via flow cytometry, as 

illustrated in Figure 4A. Our analysis revealed an overall decrease in CD4+ and CD8+ T cells 

within the tumor microenvironment in mice treated with vaccination followed by ADT and 

enzalutamide by day 36 (panels B and C). Furthermore, Gr-1+ MDSCs remained low in all groups 

(panel D) while regulatory CD4+T cells (Tregs) were notably lower in the ARV110-treated group 

compared to enzalutamide (panel E). These findings collectively indicate that ADT initially 

induces an influx of infiltrating T cells, a response further enhanced by AR-vaccination, however 

with enzalutamide treatment, the infiltration of T cells is abrogated.  

 

4.3.5 Vaccination prior to ADT followed by enzalutamide did not affect activation, 

proliferation or memory T cell populations however increased PD-1 and LAG-3 expression 

on CD8+T cells. 
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A similar study was conducted to further analyze the immunophenotype of CD8+ T cells within 

the tumor microenvironment (Figure 4A). Tumor-infiltrating CD8+ T cells in the group treated 

with enzalutamide, with or without vaccination, in combination with ADT, exhibited no alterations 

in proliferation (Ki67+ CD8+ T cells), activation (CD69 MFI), memory populations (CD44+ 

CD8+ T cells), or CD44+ CD27- CD62L- effector memory CD8+ T cells compared to ARV110. 

However, treatment with enzalutamide followed by vaccination and ADT led to a significant 

increase in PD-1 MFI (panel F) and LAG-3 MFI (panel G) on CD8+ T cells, while no changes 

were observed in TIGIT MFI (panel H). Additionally, there was a notable increase in CTLA-4 

MFI (panel I) on CD8+ T cells. Taken together, these data suggest that enzalutamide treatment 

caused lower infiltration CD8+T cells and  express high levels of immune checkpoint molecules.  

 

4.3.6 Addition of PD-1 blockade to ADT, AR targeted vaccination and Enzalutamide slightly 

improved anti-tumor responses in-vivo. 

Due to the increased PD-1 expression on CD8 +T cells following ADT and AR vaccination and 

enzalutamide treatment, we hypothesized that blockade of the PD-1/PD-L1 axis in combination 

with enzalutamide would further improve antitumor efficacy. To test this hypothesis, we implanted 

prostate tumors and initiated immunization the day after, followed by PD-1 blockade the 

subsequent day and weekly thereafter (Figure 3A, B). Tumor growth was monitored over time. In 

the Myc-CaP model, combining anti-PD-1 with enzalutamide showed a slight additional benefit 

to the combination (Figure 3D) but did not significantly improve overall survival.  



169 

 

4.4 Discussion  
 
Since the FDA approval of pembrolizumab for prostate cancer with microsatellite instability 

(MSI), there has been a surge of interest in utilizing immunotherapy for prostate cancer, especially 

when combined with other treatment modalities. However, considering the limited clinical impact 

observed in several trials, there is an urgent need to understand how the combination of these 

therapies affects immune cell populations within tumors. Additionally, further investigation is 

needed to determine the optimal form of ADT to combine with immunotherapy. This report aimed 

to investigate ADT in combination with optimal AR targeted agents (AR antagonists or degraders 

with AR DNA vaccination) and immune checkpoint blockade in immune-competent murine 

prostate tumor models. Key findings include: 1) Administering pTVG-AR à ADTà 

Enzalutamide enhanced anti-tumor responses compared to  ARV110 delaying time to tumor 

growth and significantly improving overall survival; 2) pTVG-AR à ADTà Enzalutamide led to 

decreased infiltration of CD4+ and CD8+T cells into the tumor microenvironment while increasing 

regulatory T cells; 3) pTVG-AR à ADTà Enzalutamide increased PD-1 and LAG-3 expression 

on CD8+T cells; 4) pTVG-AR à ADTà 𝛼PD-1à Enzalutamide modestly improved anti-tumor 

responses although not significantly. These outcomes underscore the pivotal role of infiltrating 

immune populations in shaping the tumor immune microenvironment and influencing therapeutic 

responses. Additionally, this is the first study combining AR-targeted vaccination with ARV110 

in in-vivo immune competent models. 

The pivotal role of androgen receptor (AR) signaling in prostate development, normal prostate 

function, and the progression of prostate cancer, particularly in castration-resistant states, is well-

established [18]. Additionally, the transient and gradual response observed with enzalutamide 

treatment, coupled with the persistence of AR expression in prostate cancer cells that develop 
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resistance to AR-targeted therapy, underscores the potential benefits of developing novel therapies 

that target residual AR activity for patients with castration-resistant prostate cancer (CRPC) who 

have become resistant to current treatments [19,20]. Salami et al. demonstrated the ability of AR 

PROTACs to degrade AR at low nanomolar concentrations, addressing some of the limitations 

associated with current AR antagonists used in CRPC therapy. [21]. However, our study sheds 

light on the importance of understanding the immune-mediated mechanisms of action of AR 

degraders compared to AR antagonists.  

Recent studies have revealed that androgen receptor (AR) activity suppresses interferon-gamma 

(IFN-γ) transcription in T cells, and blocking AR can restore CD8+ T cells' ability to produce IFN-

γ. These findings emphasize the importance of thorough inhibition of androgen signaling within 

the tumor microenvironment (TME) to maximize therapeutic efficacy[22]. However, despite the 

potency of enzalutamide as an AR antagonist, research by Xu et al. indicates that resistance to AR 

blockade induced by enzalutamide in prostate cancer can lead to immunosuppressive alterations 

within the tumor immune microenvironment [12]. This includes the infiltration of tumor-

associated macrophages and regulatory T cell populations, which aligns with our own findings 

suggesting potential detrimental effects of prolonged enzalutamide use on tumor suppression. 

Furthermore Pu et al., demonstrated that that AR antagonists may have off target effects on T cells 

affecting their function. 

Combining enzalutamide with ADT not only enhanced T-cell responsiveness to PD-1 antibodies 

but also extended survival in a mouse model of prostate cancer [22]. Additionally, in other mouse 

experiments, Shen et al. found that combining ADT with anti-PD-1 and/or anti-CTLA-4 

significantly delays the development of castration resistance, reduces tumor volume, and prolongs 

survival in some cases [22,23].  However, in a randomized phase III trial of enzalutamide with or 
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without atezolizumab (anti-PD-L1) in 759 men with metastatic CRPC who progressed on 

abiraterone (androgen synthesis inhibitor) failed to meet the primary endpoint of overall survival 

(OS), suggesting other resistant mechanisms at play. However, our experiments did not 

demonstrate additional improvement with the addition of PD-1 antibody, suggesting that 

combining multiple checkpoint inhibitors may yield enhanced outcomes. Several clinical trials 

have investigated the efficacy of checkpoint inhibitors in combination with ADT for treating 

metastatic castration-resistant prostate cancer (mCRPC), but with limited success [22]. 

In summary, our findings suggest that the combination of AR-targeted vaccination and ADT with 

enzalutamide yields better outcomes compared to ARV110. However, this combination leads to 

the infiltration of Tregs and upregulates the expression of immune checkpoints. The addition of 

anti-PD-1 did not substantially enhance anti-tumor responses; nevertheless, there were limitations 

to our approach. Firstly, we employed only one specific combination of anti-PD-1, based on the 

hypothesis that reducing PD-1 expression on CD8+ T cells would enhance antitumor efficacy. 

However, since this resulted in further increased Tregs, it would have been logical to combine it 

with a Treg-depleting antibody to augment the antitumor efficacy of the combination. 

Additionally, our in-vivo studies of the tumor microenvironment utilized only one murine tumor 

model, MyC-CaP, recognized as an immunologically "cold" prostate tumor model, making it 

difficult to further characterize CD8+T cells for effector and memory phenotypes. Furthermore, 

ARV110 is predominantly utilized in enzalutamide-resistant models. Nevertheless, our results do 

not rule out the possibility that optimizing the combination of enzalutamide and ARV110 with 

AR-targeted vaccination could lead to significant improvements. Therefore, future investigations 

will seek to explore these therapies in diverse tumor models and integrate multiple checkpoint 

inhibitors in combination.  
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4.5 Figures  

Figure 1: Enzalutamide increases expression of the androgen receptor in prostate cancer cell 

lines. 

Prostate cell lines (androgen-dependent prostate cancer cell lines: 22Rv1, Myc-CaP and TRAMP-

C1) cultured in either androgen-replete (FCS) or androgen-deprived (CSS) medium for 72 hours 

(panel A) and analyzed for androgen receptor protein expression intracellular staining by flow 

cytometry and quantified for (B) geometric mean and representative flow cytometry plots of AR 

expression.  
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Figure 1: Enzalutamide increases expression of the androgen receptor in prostate cancer 

cell lines. 
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Figure 2: AR-specific T cells have increased recognition of androgen-deprived tumor cells 

treated with AR antagonists compared to AR degraders. Prostate cell line 22Rv1cultured in 

either media alone, ARV110 or Enzalutamide medium for 72 hours (panel A) and co-cultured 

with splenocytes from HHD mice that were AR811or control immunized. IFNg ELISPOT was 

performed. Raw data are shown in panel B and quantified in panel C. 
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Figure 2: AR-specific T cells have increased recognition of androgen-deprived tumor cells 

treated with AR antagonists compared to AR degraders. 
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Figure 3: Vaccination prior to ADT followed by enzalutamide rather than ARV110 

significantly improved anti-tumor responses in murine prostate tumor models. 

FVB mice were implanted with Myc-CaP tumor cells and treated with degarelix (ADT), with 

pTVG4 (vector control) or pTVG-AR delivered before ADT followed by Enzalutamide or 

ARV110 given 5X a week and followed for tumor growth. Shown is a schema (panel A), tumor 

growth curves (panel B), and Kaplan-Meier curves depicting survival (time to a tumor size of 2cm3 

or death, panel C). Similarly, male C57BL/6 were implanted with TRAMP-C1 tumor cells, treated 

with ADT, and with DNA immunization with pTVG4 or pTVG-AR initiated before ADT and 

followed by Enzalutamide or ARV110 given 5X a week. Shown is a schema (panel D), tumor 

growth curves (panel E), and Kaplan-Meier curves depicting survival (time to a tumor size of 2cm3 

or death, panel F). For tumor growth curves, asterisks demonstrate significant (*p < 0.05, **p<0.01 

***p<0.001) differences as assessed by linear mixed effects model with Geisser-Greenhouse 

correction and Tukey’s multiple comparisons test with individual variances. Kaplan-Meier curves 

were compared using the log-rank test with asterisks indicating *p<0.05, **p<0.01, and 

***p<0.001. Results are each from one experiment, with n=7 animals per group, and are 

representative of two independent experiments.   
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Figure 3: Vaccination prior to ADT followed by enzalutamide rather than ARV110 

significantly improved anti-tumor responses in murine prostate tumor models. 
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Figure 4: Vaccination prior to ADT followed by enzalutamide led to decreased prostate 

tumor-infiltrating T cells and increased regulatory T cell populations in the Myc-CaP FVB 

model.  

 Myc-CaP tumor cells were implanted in male FVB mice and treated with ADT, and DNA 

immunization was delivered before ADT followed by enzalutamide or ARV110. Tumors were 

sampled at day 36 for flow cytometry analysis. Shown are a schema (panel A), CD4+ T cells (panel 

B), CD8+ T cells (panel C), and CD11b+Gr-1+ MDSC (panel D) are shown as a percentage of 

CD45+ cells. CD4+FoxP3+ Tregs (panel E) are shown as a percentage of CD4+ cells.  

Panels B-E were compared using one-way ANOVA with Tukey’s multiple comparisons test; 

asterisks indicate *p<0.05, **p<0.01, and ***p<0.001. Results are from one experiment and are 

representative of two independent experiments. 
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Figure 4: Vaccination prior to ADT followed by enzalutamide led to decreased prostate 

tumor-infiltrating T cells and increased regulatory T cell populations in the Myc-CaP FVB 

model. 
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Figure 5: Vaccination prior to ADT followed by enzalutamide did not affect activation, 

proliferation or memory T cell populations however increased PD-1 and LAG-3 expression 

on CD8+T cells. 

Myc-CaP tumor cells were implanted in male FVB mice and treated with ADT, and DNA 

immunization was delivered before ADT followed by enzalutamide or ARV110. Tumors were 

sampled at day 36 for characterizing CD8+T cells. Shown are a schema (panel A), 

Ki67+CD8+CD3+ T cells (panel B), CD69 MFI on CD8+T cells (panel C), CD44+ memory CD8+ 

T cells (panel D), CD44+CD27-CD62L- effector memory CD8+ T cells (panel E). Shown are PD-

1 MFI (panel F), LAG-3 MFI (panel G), TIGIT MFI (panel H) and CTLA-4 MFI (panel I) on 

CD8+T cells. Comparisons were made using one-way ANOVA with Tukey’s multiple 

comparisons test asterisks indicating *p<0.05, **p<0.01, and ***p<0.001. Results are from one 

experiment. 
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Figure 5: Vaccination prior to ADT followed by enzalutamide did not affect activation, 

proliferation or memory T cell populations however increased PD-1 and LAG-3 expression 

on CD8+T cells. 
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Figure 6: Vaccination prior to ADT followed by enzalutamide and anti-PD-1 did not improve 

anti-tumor responses in murine prostate tumor models. 

FVB mice were implanted with Myc-CaP tumor cells and treated with pTVG4 (vector control) or 

pTVG-AR, followed by anti-PD-1 weekly until the end of the study. ADT was initiated on day 24, 

followed by enzalutamide administration, and the mice were monitored for tumor progression 

thereafter. Shown is a schema (panel A), tumor growth curves (panel B), and Kaplan-Meier curves 

depicting survival (time to a tumor size of 2cm3 or death, panel C). For tumor growth curves, 

asterisks demonstrate significant (*p < 0.05, **p<0.01 ***p<0.001) differences as assessed by 

linear mixed effects model with Geisser-Greenhouse correction and Tukey’s multiple comparisons 

test with individual variances. Kaplan-Meier curves were compared using the log-rank test with 

asterisks indicating *p<0.05, **p<0.01, and ***p<0.001. Results are each from one experiment, 

with n=7 animals per group, and are representative of two independent experiments.   
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Figure 6: Vaccination prior to ADT followed by enzalutamide and anti-PD-1 did not 

improve anti-tumor responses in murine prostate tumor models. 
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5.1 Summary 

The overall goal of this thesis was to investigate the effects of ADT on the prostate tumor 

microenvironment and to use this information to inform rational treatment combination of TRT 

and immunotherapy. I hypothesized that ADT, when combined with the optimal choice of 

immune-stimulating therapies and/or radioisotope, would result in improved anti-tumor efficacy. 

I explored the impact of ADT treatment with TRT, AR-targeted vaccination alone or in 

combination with checkpoint blockade on the composition of the tumor immune 

microenvironment and on tumor growth. 

Chapter 2 delved into the utilization of combined approaches involving ADT and TRT in murine 

prostate cancer models. Specifically, 90Y-NM600 TRT with ADT, with a focus on exploring 

immune modulation effects and the critical considerations of timing and order in this combined 

therapy strategy. Our findings revealed that administering ADT followed by TRT (ADT→TRT) 

conferred notable benefits compared to the reverse sequence. This was evidenced by a prolonged 

delay in tumor growth and enhanced overall survival. Moreover, ADT→TRT correlated with a 

sustained presence of activated and memory CD8+ T cells within the tumor microenvironment, 

while the TRT→ADT regimen led to increased infiltration of functionally active Myeloid-Derived 

Suppressor Cells (MDSCs), which suppressed CD8+ T cell function. Additionally, blocking 

CXCR2, the receptor for CXCL1 and CXCL2, effectively impeded MDSC migration and bolstered 

the anti-tumor response in the TRT→ADT group. These observed outcomes underscore the pivotal 

role of the sequence in which ADT and TRT are administered in shaping the tumor immune 

microenvironment, thereby influencing therapeutic efficacy. Furthermore, the identification of 
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molecular targets, such as CXCR2 blockade, provides mechanistic insights to the development of 

novel approaches aimed at augmenting treatment outcomes as shown in the schematic below. 

 

Chapter 3 delved into the combination of ADT and tumor-specific vaccination. Specifically, it 

assessed the combination of degarelix and pTVG-AR, a DNA vaccine encoding the androgen 

receptor's ligand-binding domain. Our findings indicated that administering pTVG-AR before 

ADT (pTVG-AR → ADT) elicited stronger anti-tumor responses compared to the reverse 

sequence. This regimen led to a delay in tumor growth and improved overall survival across several 

murine models. Notably, pTVG-AR → ADT resulted in increased infiltration of CD4+ and CD8+ 

T cells, particularly antigen-specific CD8+ T cells, into the tumor microenvironment, which 

proved pivotal for the observed anti-tumor effects. Furthermore, depleting MDSCs or inhibiting 
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their migration using a CXCR2 antagonist augmented anti-tumor responses. Additionally, 

intermittent ADT strategies, wherein ADT preceded testosterone supplementation, modulated the 

tumor microenvironment by reducing MDSCs. This modulation further enhanced the anti-tumor 

effect of AR-targeted vaccination in a murine prostate cancer model. These outcomes underscore 

the critical role of vaccination and the sequence of ADT administration in shaping the tumor 

immune microenvironment and influencing therapeutic responses as shown in the schematic 

below. 

 

Chapter 4 was focused on determining the most effective form of ADT to combine with AR 

targeted vaccination. This study aimed to explore ADT in combination with optimal AR targeted 

agents, such as AR antagonists or degraders, along with AR targeted vaccination and immune 

checkpoint blockade in immune-competent murine prostate tumor models. Our findings revealed 

that administering pTVG-AR before ADT followed by Enzalutamide (pTVG-AR → ADT → 

Enzalutamide) yielded enhanced anti-tumor responses compared to ARV110, resulting in a delay 

in tumor growth and a significant improvement in overall survival across several murine models, 
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however led to reduced infiltration of CD4+ and CD8+ T cells into the tumor microenvironment 

while elevating regulatory T cells. Additionally, this regimen increased PD-1 and LAG-3 

expression on CD8+ T cells. Although not statistically significant, pTVG-AR → ADT → αPD-1 

→ Enzalutamide modestly improved anti-tumor responses. These findings underscore the crucial 

role of infiltrating immune populations in shaping the tumor immune microenvironment and 

influencing therapeutic outcomes as shown in the schematic below. 
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5.2 Discussion and Future Directions 

Although we've demonstrated that ADT induces various immunomodulatory effects within the 

prostate tumor microenvironment, our findings overall indicate that combinations of ADT and 

immunotherapy are effective in prostate cancer treatment in immune competent murine prostate 

models. However, their effectiveness heavily relies on the sequence and timing of therapies, as 

well as the selection of therapies in combination. We've observed that ADT combined with TRT 

or AR targeted vaccination yields enhanced anti-tumor efficacy when ADT preceded TRT or when 

AR targeted vaccination preceded ADT while AR antagonists rather than AR degraders in 

combination with AR targeted vaccination yielded better anti-tumor responses.  

Our data reveal that the primary mechanisms of resistance to regimens combining immunotherapy 

with ADT appear to vary depending on the specific type of targeted immunotherapy utilized. 

Resistance mediated by Tregs was observed with AR antagonists and ADT initially, but not with 

ADT combined with TRT or vaccination which was heavily infiltrated by MDSCs. This 

underscores the critical need to thoroughly investigate the effectiveness of combination therapies 

and potential sources of resistance before advancing to clinical trials.  Despite the approval of 

various AR targeted therapies and 177Lu-PSMA-617 for metastatic castration-resistant prostate 

cancer (mCRPC), several clinical trials have initiated exploration of these agents in combination 

with ADT, without first establishing a mechanistic rationale for these combinations in preclinical 

models. 

Chapter 2 highlights that while NM600 can effectively deliver doses safely, other TRT agents may 

offer higher selectivity for prostate tumors. Specifically, PSMA 617 presents a promising TRT 

approach with high specificity for human prostate cancers, making it highly translatable. However, 
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utilizing PSMA-617 in preclinical studies poses challenges due to the absence of an adequate 

tumor model. Mouse prostate tissue, including Myc-CaP and TRAMP-C1 tumors, expresses 

minimal levels of PSMA, limiting its applicability in such models. However, efforts are underway 

to develop mouse PSMA-transduced cell lines suitable for implantation in immune-competent 

mouse models, thereby facilitating further TRT-related investigations. Conversely, alpha emitters 

such as Ac-225 could offer enhanced efficacy in targeting radio-resistant and immune-suppressive 

populations like MDSCs, potentially circumventing the necessity for supplementary MDSC-

depleting or recruitment-inhibition therapies. 

Moreover, the combination of ADT and TRT, alongside AR vaccination, holds promise in further 

enhancing antigen-specific CD8+ T cell responses. Alternatively, the use of alpha emitters such as 

Ac-225 may be more suitable for ablating radio-resistant and immune-suppressive populations like 

MDSCs which may further avoid the use of additional MDSC depleting or inhibition therapies. 

Additionally, the combination of ADT and TRT in combination with AR vaccination can be used 

to further enhance CD8+T cells.  

Chapter 3 focused on the challenge faced in enhancing the effectiveness of ADT when combined 

with AR targeted vaccination, mainly due to the infiltration of MDSCs. Multiple strategies have 

been explored to target MDSCs in prostate cancer patients, encompassing approaches such as 

depletion, inhibition of expansion, differentiation, or combinations thereof. For instance, a clinical 

trial (NCT03177187) is underway to assess the efficacy of the CXCR2 antagonist AZD5069, 

combined with enzalutamide, in patients with mCRPC. Additionally, investigations are ongoing 

into targeting VEGF, a factor associated with MDSC expansion, through a clinical trial 

(NCT03964337) utilizing cabozantinib, a tyrosine kinase inhibitor that impedes the VEGF 

pathway. Another approach revolves around depleting MDSCs from the circulation. For example, 
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a clinical trial (NCT03709550) is evaluating decitabine, a hypomethylating agent, for its potential 

to selectively deplete monocytic MDSCs (Mo-MDSCs) in patients with mCRPC. Moreover, 

efforts are being made to inhibit the differentiation of MDSCs into immunosuppressive 

phenotypes. Clinical trials are investigating agents like curcumin and white button mushroom 

extract, hypothesized to facilitate the differentiation of MDSCs into anti-tumor macrophages or 

antigen-presenting cells, respectively. Additionally, targeting MDSC-induced suppressive 

mechanisms emerges as a promising therapeutic strategy. Clinical trials are examining 

combinations of drugs such as abiraterone, tildrakizumab (anti-IL-23 antibody), ipatasertib (AKT 

inhibitor), atezolizumab (anti-PD-L1 antibody), and docetaxel to inhibit MDSC function or bolster 

anti-tumor immune responses. Moreover, there is an urgent need to deepen our understanding of 

the mechanism underlying the T cell-MDSC switch post ADT treatment. Advancing this 

understanding will be crucial for devising more effective strategies to overcome MDSC-mediated 

immunosuppression and enhance the therapeutic outcomes of ADT combined with AR targeted 

vaccination. 

In Chapter 4, our observations revealed that the effectiveness of ADT with vaccination depended 

on the specific type of ADT utilized. Contrary to our hypothesis, degradation of the AR did not 

result in increased MHC class I presentation of the AR or enhance infiltration of AR-specific T 

cells. However, treatment with AR antagonists led to upregulation of AR expression. When 

combined with AR vaccination, this regimen improved anti-tumor responses but also increased the 

infiltration of regulatory T cells (Tregs) in vivo. Tregs are known to confer resistance in this 

combination therapy, particularly as they exhibit high resistance to radiation. Thus, depletion of 

Tregs may still be necessary for optimal efficacy alongside ADT and enzalutamide treatment. 
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Alternatively, blocking other immune checkpoint molecules such as CTLA-4, PD-1, and/or LAG-

3 could potentially overcome Treg-mediated resistance and enhance infiltration of CD8+ T cells. 

Given the recruitment of MDSCs at later stages with ADT, future studies will focus on intermittent 

approaches of ADT in combination with checkpoint blockade. This strategy will aim to address 

the immunosuppressive effects of MDSCs and optimize the therapeutic response by strategically 

timing ADT administration alongside checkpoint blockade.  

Overall, while ADT has shown various immune modulatory effects, understanding its implications in 

different tumor volumes is crucial. The immune response triggered by ADT-mediated antigen delivery 

likely varies based on the tumor's size and stage. Combining ADT with conventional treatments such as or 

radiation therapy could be especially effective in shrinking larger tumors and priming them for immune-

mediated elimination. Furthermore, investigating how tumor volume affects ADT-mediated immune 

modulation could help design rational combination therapies. 

In conclusion, exploring the relationship between tumor volume and ADT-mediated immune 

modulation is essential in cancer immunotherapy. By uncovering the complex interplay among 

ADT, tumor size, and the immune environment, we can refine treatment strategies and advance 

personalized therapies for cancer patients. 
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Chapter 6 

 

Materials and Methods 

 

Most of this work is published or is currently being prepared as part of research manuscripts to 

be submitted for publication in The Journal of Immunotherapy in Cancer. 
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6.1 Material and Methods – Chapter 2 

6.1.1 Radiosynthesis of 90Y-NM600:  

Briefly, 86YCl3 was provided by the University of Wisconsin-Madison cyclotron group after proton 

bombardment of enriched [86Sr] SrCO3 solid targets in a PETtrace biomedical cyclotron and 

elution of 86Y from a diglycolamide extraction resin column [33]. Clinical grade 90YCl3 and 

NM600 were obtained from PerkinElmer (Shelton, CT) and Archeus Technologies (Madison, WI) 

respectively. NM600 was radiolabeled with 90Y or 86Y and purified as previously described 

[29,30]. Briefly, 185–370 MBq (5 - 10 mCi) of 86/90Y was buffered with 0.1 M NaOAc (pH 5.5) 

and mixed with 55-110 nmol (50-100 µg). The reaction was incubated for 30 min at 95°C under 

constant shaking (500 rpm). 86/90Y-NM600 was purified by a solid-phase extraction cartridge 

(HLB; Waters) and eluted in 2 mL of 200-proof ethanol. The eluate was then evaporated and dried 

under a nitrogen stream, and 86/90Y-NM600 was reconstituted in excipient (saline containing 0.1% 

v/v Tween20). Radiochemical yield was assessed by instant thin-layer chromatography (iTLC) 

using silica-impregnated paper as the stationary phase and run using 50 mM 

ethylenediaminetetraacetic acid, which moves the free radiometals with the solvent front (Rf = 1) 

while 86/90Y-NM600 remains at the origin (Rf = 0). iTLC chromatograms were developed using a 

cyclone phosphor-plate imager and analyzed with Optiquant software (PerkinElmer). 

Radiochemical purity and stability were determined via radiolabeled high-performance liquid 

chromatography (HPLC) using a reverse-phase 250 × 3.00 mm C18 Luna 5 μm 100 Å column 

(Phenomenex) and a water:acetonitrile gradient (5% MeCN: 0–2 min; 5%–65% MeCN: 2–30 min; 

65%–90% MeCN: 30–35 min; 90%–5% MeCN: 35–45 min). The final radiochemical purity 

obtained consistently surpassed 95% with an average molar specific activity of 18 GBq/µmol for 



197 

 

both 90Y-NM600 and 86Y-NM600 (n > 5). Additionally, HPLC chromatograms indicated that both 

90Y-NM600 and 86Y-NM600 were stable in mouse serum over at least 48h [29].   

6.1.2 Cell lines:  

TRAMP-C1 (CRL-2730) and Myc-CaP (CRL-3255) cell lines were obtained from ATCC 

(Manassas, VA), maintained according to ATCC recommendations, and tested for mycoplasma 

contamination. 

6.1.3 Mice: 

FVB/NJ mice (stock #001800) and C57BL/6J mice (stock #000664) were obtained from The 

Jackson Laboratory (Bar Harbor, ME) and housed in micro insulator cages under aseptic 

conditions. NRG mice were graciously provided by Dr. Paul Sondel (University of Wisconsin-

Madison). All animal studies were conducted under an IACUC-approved protocol. 

6.1.4 Tumor implantation and tumor growth studies: 

1 x 106 Myc-CaP cells, resuspended in PBS, were implanted subcutaneously into the right flank of 

4–6-week-old male FVB mice or 6–10-week-old male NRG mice. Similarly, wild type male 

C57BL/6J mice aged 4-6 weeks were injected subcutaneously with 1 x 106 TRAMP-C1 cells in 

1:1 ratio in PBS: Matrigel (Corning, NY. CB354248) into the right flank. Twelve to fifteen days 

post injection, when tumors were palpable and similarly sized (0.2-0.3cm3), mice were randomized 

into treatment groups.  Tumors were measured twice weekly via calipers until the tumors reached 

2cm3. Tumor volumes were calculated as (long axis x short axis2)/2.  

6.1.5 Androgen deprivation therapy: 
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Mice were treated subcutaneously with either degarelix (25mg/kg) or a vehicle sham treatment 

(PBS) every 28 days starting when the tumor volume reached ~ 0.2-0.3cm3 in size.   

6.1.6 Dosimetry estimation:  

Dosimetry estimations were performed as previously reported using a Monte Carlo-based 

dosimetry assessment platform, Radionuclide Assessment Platform for Internal Dosimetry 

(RAPID) [34,35]. The dosimetry and biodistribution of 90Y-NM600 have been previously 

published for murine Myc-CaP and TRAMP-C1 prostate tumors [29,32].  

6.1.7 TRT administration: 

90Y-NM600 250µCi ~ 9.25MBq was injected into the tail vein of tumor-bearing mice one week 

before or after the start of ADT. Based on dosimetry studies, a single dose of 250µCi injected 

activity delivered 5-6Gy absorbed dose to TRAMP-C1 tumors and 16-20Gy to Myc-CaP tumors 

[29,32].  

6.1.8 Antibody treatments:  

All antibody treatments, anti-CD4 (BioXcell BP0003-1), anti-CD8 (BioXcell BP0061) and IgG2a 

isotype (BioXcell BP0085), were administered as 200µg intraperitoneal injections, on days 2, 4, 

and 6 post ADT or TRT. 200µg anti-mouse Gr-1 antibody (clone RB6-8C5) (BD Pharmingen 

552985) was administered intraperitoneally three times a week post TRT administration. 

6.1.9 Flow cytometry: 

Tumors were collected at different time points, then digested for 1-2 hours at 37°C in mouse cell 

culture medium: RPMI 1640 with L-glutamine, 10% fetal calf serum (FCS), 200 U/mL Pen/Strep, 

5% sodium pyruvate, 5% HEPES, and 50 µM β-MeOH supplemented with 2 mg/mL collagenase, 
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0.2 mg/mL DNAse I, and 1 tablet protease inhibitor (Sigma-Aldrich, St. Louis, MO, 11697498001) 

per 50 mL digest solution. Digests were then passed through 100 µm screens. 5 x 106 cells were 

plated and Fc blocked (BD, Franklin Lakes, NJ, 553142) for 20 min at 4°C. Cells were then stained 

for 30 min at 4°C with the viability dye Ghost Dye Red 780 (Tonbo 13-0865 T100) and the 

following antibodies: CD11b-BB515 (BD 564454), CD25-BB700 (BD 566498), GR-1-PE-CF594 

(BD 562710), CD3-PE-Cy7 (eBiosciences Thermo Fisher Scientific, Waltham, MA 25-0031-82), 

MHCII-BV421 (Biolegend San Diego, CA 107632), CD45-BV510 (BD 563891), CD4-BV605 

(Biolegend 100451), CD19-BV711 (BD 563157), CD11c-APC (BD 550261), CD8-AF700 

(100730), CD44-AF488 (Biolegend 103016), CD45- PerCP-Cy5.5 (Biolegend 103132), KLRG-

1-PE (Biolegend 138408), CD69-PE-CF594 (BD 562455), CD62L-BV510 (Biolegend 104441), 

CD103-BV605 (Biolegend 121453), CD27-BV785 (Biolegend 124241), CD4-APC-Cy7 

(Biolegend 561830). Cells were then fixed and permeabilized with the eBiosciences 

Foxp3/Transcription Factor Staining Buffer Set overnight at 4°C (Thermo Fisher 00-5523-00). 

Cells were then stained with intracellular antibodies for 30 min at 4°C: FoxP3-PE (Thermo Fisher 

12-5773-82), Ki67-BV421 (BD 562899). Flow cytometry was performed on a Thermo Fisher 

Attune NxT cytometer and data were analyzed using FlowJo V.10. Gates were set according to a 

fluorescence-minus-one control. Flow cytometry data was reported as either the % of populations 

among all CD45+ events or as a frequency per gm of tumor tissue.  

6.1.10 CXCR2 antagonist:  

CXCR2 antagonist, reparixin (Selleckchem, Houston, Texas), was reconstituted in Tween-80 and 

PBS in a 1:4 ratio and administered subcutaneously at 5mg/kg on the left flank thrice a week for 

three weeks post TRT administration.  
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6.1.11 CD8+T cell suppression assay: 

Spleens were harvested from naïve FVB mice and passed through 100 µm screens. CD8+ T cells 

were isolated from splenocytes via immunomagnetic negative selection (StemCell #19853), then 

labeled with carboxyfluorescein succinimidyl ester (CFSE, Biolegend #423801) according to the 

manufacturer’s instructions. Tumors were collected from treated tumor-bearing mice on day 36, 

processed into single cell suspensions as above, and CD11b+Gr-1+Ly-6G+ MDSCs were isolated 

(Miltenyi Biotec #130-094-538). 1×105 labeled CD8 +T cells were cultured together with MDSCs 

at a 1:1 ratio. CD8+ T cells were stimulated with anti-CD3/anti-CD28 coated beads (Thermo 

Fisher 11 456D) at a ratio of 2 beads per CD8+ T cell. Cells were cultured with 30 units/mL of 

human IL-2 for 72 hours in 96-well plates before analysis via flow cytometry. 

6.1.12 ELISA:  

ELISA was performed as previously described [36]. Briefly, Immulon plates (Thermo Fisher, 

Waltham, MA) were coated with anti-mouse IFNγ antibody (BD #551216) and incubated 

overnight at 4°C. Plate were then blocked with PBS/1% BSA before adding standards (BD 

#554587) or cell culture supernatants and incubated overnight at 4°C. The next day, biotin-

conjugated anti-mouse IFNγ antibody was added (BD #554410), followed by avidin-HRP (BioRad 

Hercules, CA, 170-6528). TMB Substrate (Kirkegaard and Perry, Gaithersburg, MD, 50-76-01) 

was added and OD was measured at 450nm. 

6.1.13 Luminex assay: 

50µL of sera or conditioned media from in vitro assays were evaluated for 26 different cytokines 

and chemokines using the Cytokine & Chemokine 26-Plex Mouse ProcartaPlex™ Panel 1 

(Thermo Fisher EPX260-26088-901) according to the manufacturer’s instructions. The plate was 
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read on a Luminex MagPix instrument. Analytes were divided according to their type, Th1 (IFN 

gamma, IL-12p70, IL-18, IL-27, IL-2, TNF alpha, GMCSF, IL-1 beta), Th2 (IL-4, IL-5, IL-6, IL-

9, IL-10, IL-13, GMCSF), Th17 (IL-17A, IL-22, IL-23), and chemokines (CXCL10, CXCL1, 

CCL2, CCL7, CCL3, CCL4, CXCL2, CCL5, CCL11). 

 

In-vitro chemotaxis assay: 

3 x105 cells (Myc-CaP cells and/or T cells including CD4 and CD8 T cells isolated from naïve FVB mice 

splenocytes) were plated in regular media, charcoal-stripped media (regular media with charcoal-stripped 

FBS (Thermo#12676029), 90Y containing media (23.3µCi ~ 0.86MBq of 90Y per 1mL media) or 90Y-

containing charcoal-stripped media, in 6-well plates (n=3 replicates per media condition). Wells 

containing T cells were stimulated with anti-CD3/anti-CD28 coated beads at a ratio of 2 beads per CD8 

+T cell. Supernatants were collected after incubation for 72 hours. 1 x 105 MDSCs isolated from tumors 

as described above were added to the top chamber of the transwell and cultured for 12 hours with the 

conditioned media in the bottom well. In related experiments, 5 ng/mL recombinant CXCL1 was used as 

a positive control, and MDSCs were pre-treated with 4mM reparixin. In other related experiments, 

conditioned media from T cells were added to the Myc-CaP conditioned media in a 1:1 ratio. After 

incubation, cells were collected from the bottom well, stained, and analyzed via flow cytometry. The 

absolute number of MDSCs was determined and the percent migration was calculated as the fraction of 

MDSCs present in the bottom well of the total number of MDSCs plated in the transwell  

6.1.14 Statistical analysis: 

Tumor growth data, comparing group means among treatment groups, were analyzed by fitting a 

linear mixed-effects model with Geisser-Greenhouse correction. The data were analyzed via 

analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test. Survival analysis 
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was conducted using a Mantel-Cox log-rank test. For all comparisons, p values ≤ 0.05 were 

considered statistically significant with asterisks *p<0.05, **p<0.01, and ***p<0.001. All 

statistical analyses were performed using GraphPad Prism software v10.0.3. 
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Materials and methods – Chapter 3 

6.2.1 Cell lines: 

TRAMP-C1 and Myc-CaP cell lines were obtained from ATCC (Manassas, VA) and maintained 

according to ATCC recommendations and tested for mycoplasma contamination. 

6.2.2 Mice: 

FVB/NJ mice (stock #001800) and C57BL/6 mice (stock #000664) were obtained from The 

Jackson Laboratory (Bar Harbor, ME) and housed in micro insulator cages under aseptic 

conditions. A2/TRAMP mice were generated by crossing homozygous TRAMP mice and HHDII-

DR1 mice [23]. All animal studies were conducted under an IACUC-approved protocol. 

6.2.3 Tumor implantation: 

FVB mice were implanted with 1 x 106 cells in PBS into the flank of 4–6-week-old FVB mice, or 

6–10-week-old NRG mice, respectively. Similarly, wild type-male C57BL/6J mice aged 4-6 

weeks were injected subcutaneously into the flank with 1 x 106 TRAMP-C1 cells in 1:1 ratio in 

PBS: Matrigel (Corning, NY. CB354248).  

6.2.4 Tumor growth studies:  

Tumors were measured twice weekly via calipers until the tumors reached 2 cm3. Tumor volumes 

were calculated as (long axis x short axis2) / 2. Mice were randomized to treatment groups and 

treatments were started when the tumor volume reached 0.1-0.2 cm3. 

6.2.5 Androgen deprivation therapy: 
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Mice were treated subcutaneously with either degarelix (25mg/kg) (Ferring Pharmaceuticals, 

Parsippany, NJ) or a vehicle sham (PBS) treatment every 28 days starting when the tumor volume 

reached 0.1-0.2 cm3. 

6.2.6 DNA immunization: 

100mg of pTVG4 or pTVG-AR (GeneScript, Piscataway, NJ) per mouse was administered 

intradermally in the ear pinna of TRAMP-C1 or Myc-CaP tumor-bearing mice. The first dose of 

vaccine was given the day after tumor implantation, with additional doses given weekly afterwards 

in the pTVG4 à ADT and pTVG-AR à ADT groups. For ADT à pTVG4 and ADT à pTVG-

AR groups, the immunizations were started one day after ADT administration. In the A2-TRAMP 

studies, immunizations were started when mice reached 16 weeks of age, for 4 weeks, followed 

by ADT administered every 28 days. In the pTVG4 àADT and pTVG-AR àADT groups, a boost 

was administered prior to ADT. Conversely, in the ADT àpTVG4 and ADT à pTVG-AR groups, 

immunizations were initiated after ADT, with subsequent boosts administered post ADT every 28 

days. 

6.2.7 Testosterone administration:  

Mice were administered 0.9 mg testosterone cypionate (Cipla USA, Warren, NJ). This was 

resuspended in 100µl of sesame oil and delivered subcutaneously twice a week for two weeks 

beginning 14 days post ADT treatment [27,28].  

6.2.8 CXCR2 antagonist:  

CXCR2 antagonist, reparixin (Selleckchem, Houston, TX), was reconstituted in Tween-80 and 

PBS in a 1:4 ratio and administered subcutaneously at 5mg/kg on the left flank thrice a week for 

three weeks post ADT administration.  
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6.2.9 Clodronate liposomes:  

Mice were injected with clodronate liposomes intravenously, using 200μL of 5mg/ml suspension 

of clodronate liposomes (Liposoma clodronate liposomes, Amsterdam, The Netherlands), twice 

weekly for three weeks post ADT treatment. Control groups received empty liposomes at the same 

dose and schedule [29].  

6.2.10 Flow cytometry:  

Tumors were collected from mice at different time points following different treatments, then 

digested for 1-2 hours at 37oC in mouse cell culture medium: RPMI 1640 with L-glutamine, 10% 

fetal calf serum (FCS), 200 U/mL Pen/Strep, 5% sodium pyruvate, 5% HEPES, and 50 µM β-

MeOH supplemented with 2 mg/mL collagenase, 0.2 mg/mL DNAse I, and 1 tablet protease 

inhibitor (Sigma-Aldrich, St. Louis, MO, Cat# 11697498001) per 50 mL digest solution. Digests 

were then passed through 100 µm screens. 5 x 106 cells were plated and Fc blocked (BD, Franklin 

Lakes, NJ, 553142) for 20 min at 4°C. Cells were then stained for 30 min. at 4°C with the viability 

dye Ghost Dye Red 780 (Tonbo 13-0865 T100) and the following antibodies: CD11b-BB515 (BD 

564454), CD25-BB700 (BD 566498), GR-1-PE-CF594 (BD 562710), CD3-PE-Cy7 (eBiosciences 

Thermo Fisher Scientific, Waltham, MA 25-0031-82), MHCII-BV421 (Biolegend San Diego, CA 

107632), CD45-BV510 (BD 563891), CD4-BV605 (Biolegend 100451), CD19-BV711 (BD 

563157), CD11c-APC (BD 550261), CD8-AF700 (100730) and cells were then fixed and 

permeabilized with the eBioscience Foxp3/Transcription Factor Staining Buffer Set overnight at 

4°C (Thermo Fisher 00-5523-00). Cells were then stained with intracellular antibodies for 30 min. 

at 4°C: FoxP3-PE (Thermo Fisher 12-5773-82), Ki67-BV421 (BD 562899), TNFa (Biolegend 

506323), Granzyme B (Thermo Fisher 61-8898-82) Perforin-FITC (Biolegend 353309). Flow 
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cytometry was performed on a Thermo Fisher Attune NxT cytometer and data were analyzed using 

FlowJo V.10 software. Gates were set according to fluorescence minus one control.  

6.2.11 Enzyme-linked immunospot assay (ELISPOT):  

Measures of antigen-specific immune response were performed by IFNγ ELISPOT (Bio-Techne, 

R&D Systems, Minneapolis, MN). Briefly, CD8+T cells were harvested from tumors of treated 

mice using EasySep™ Mouse CD8+ T Cell Isolation Kit (Stemcell Technologies, Cat# 19853) 

following ADT treatment and added together with splenocytes from naïve FVB mice as feeder 

cells in a 1:10 ratio. AR25 (SRMLYFAPDLVFNEY), a 15-mer AR-specific dominant CD8+ 

peptide epitope in FVB mice, or a pool of 62 15-mer amino acids spanning the amino acid sequence 

of the AR ligand-binding domain, was used as a measure for antigen-specific response measured 

after 48 hours of antigen stimulation. Positive control included stimulating the CD8+T cells with 

aCD3/aCD28 coated beads (Thermo Fisher, Cat# 11 456D) at a ratio of 2 beads per CD8 +T cell.  

Experimental results are shown as the number of IFNγ spot-forming units (SFU) per 105 CD8+ T 

cells normalized against media-alone control wells.  

6.2.12 Statistical analysis: 

Tumor growth data were analyzed by fitting a linear mixed-effects model with Geisser-

Greenhouse correction and used to compare group means among treatment groups. Flow 

cytometry data were analyzed via analysis of variance (ANOVA) followed by Tukey’s multiple-

comparison test when comparing all conditions to baseline, or planned contrasts when comparing 

only two conditions at each time point. Survival analysis was conducted using a Mantel-Cox log-

rank test. For all comparisons, p values ≤ 0.05 were considered statistically significant with 

asterisks *p<0.05, **p<0.01, and ***p<0.001. For ELISPOT analyses, comparisons between 
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treatment groups and media only controls were made using a Student’s t test, with p <0.05 defining 

a significant antigen-specific T-cell response. One-way ANOVA with Tukey’s multiple 

comparisons test was performed for time course experiments with asterisks indicating *p < 0.05, 

**p<0.01, and ***p<0.001. All analysis was performed on GraphPad Prim version 10.0.0, 

GraphPad Software, Boston, Massachusetts USA. 
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Materials and Methods – Chapter 4 

6.3.1 Cell lines: 

TRAMP-C1 and Myc-CaP cell lines were obtained from ATCC (Manassas, VA) and maintained 

according to ATCC recommendations and tested for mycoplasma contamination. 

6.3.2 Mice: 

FVB/NJ mice (stock #001800) and C57BL/6 mice (stock #000664) were obtained from The 

Jackson Laboratory (Bar Harbor, ME) and housed in micro insulator cages under aseptic 

conditions. A2/TRAMP mice were generated by crossing homozygous TRAMP mice and HHDII-

DR1 mice [23]. All animal studies were conducted under an IACUC-approved protocol. 

6.3.3 Tumor implantation: 

FVB mice were implanted with 1 x 106 cells in PBS into the flank of 4–6-week-old FVB mice. 

Similarly, wild type-male C57BL/6J mice aged 4-6 weeks were injected subcutaneously into the 

flank with 1 x 106 TRAMP-C1 cells in 1:1 ratio in PBS: Matrigel (Corning, NY. CB354248).  

6.3.4 Tumor growth studies:  

Tumors were measured twice weekly via calipers until the tumors reached 2 cm3. Tumor volumes 

were calculated as (long axis x short axis2) / 2. Mice were randomized to treatment groups and 

treatments were started when the tumor volume reached 0.1-0.2 cm3. 

6.3.5 Androgen deprivation therapy: 

Mice were treated subcutaneously with either degarelix (25mg/kg) (Ferring Pharmaceuticals, 

Parsippany, NJ) or a vehicle sham (PBS) treatment every 28 days starting when the tumor volume 

reached 0.1-0.2 cm3. 
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6.3.6 DNA immunization: 

100mg of pTVG4 or pTVG-AR (GeneScript, Piscataway, NJ) per mouse was administered 

intradermally in the ear pinna of TRAMP-C1 or Myc-CaP tumor-bearing mice. The first dose of 

vaccine was given the day after tumor implantation, with additional doses given weekly afterwards 

in the pTVG4 à ADT and pTVG-AR à ADT groups.  

6.3.6 ARV110 and Enzalutamide administration:  

Mice were treated with ARV110 (10 mg/kg) (MedChem Express, NJ, #HY-138641) or 

Enzalutamide (10 mg/kg) (MedChem Express, NJ, #HY-70002) or a vehicle sham (PBS) treatment 

five times a week starting when the mice received degarelix.  

6.3.7 Antibody treatments 

All antibodies were administered at 200 μg intraperitoneally weekly post DNA immunization. 

Anti-PD-1 antibody was produced by Envigo (Madison, WI) and Armenian Hamster IgG 

(BioXCell BE0091) was used as control. 

6.3.8 Flow cytometry:  

Tumors were collected from mice at different time points following different treatments, then 

digested for 1-2 hours at 37oC in mouse cell culture medium: RPMI 1640 with L-glutamine, 10% 

fetal calf serum (FCS), 200 U/mL Pen/Strep, 5% sodium pyruvate, 5% HEPES, and 50 µM β-

MeOH supplemented with 2 mg/mL collagenase, 0.2 mg/mL DNase I, and 1 tablet protease 

inhibitor (Sigma-Aldrich, St. Louis, MO, Cat# 11697498001) per 50 mL digest solution. Digests 

were then passed through 100 µm screens. 5 x 106 cells were plated and Fc blocked (BD, Franklin 

Lakes, NJ, 553142) for 20 min at 4°C. Cells were then stained for 30 min. at 4°C with the viability 

dye Ghost Dye Red 780 (Tonbo 13-0865 T100) and the following antibodies: CD11b-BB515 (BD 
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564454), CD25-BB700 (BD 566498), GR-1-PE-CF594 (BD 562710), CD3-PE-Cy7 (eBiosciences 

Thermo Fisher Scientific, Waltham, MA 25-0031-82), MHCII-BV421 (Biolegend San Diego, CA 

107632), CD45-BV510 (BD 563891), CD4-BV605 (Biolegend 100451), CD19-BV711 (BD 

563157), CD11c-APC (BD 550261), CD8-AF700 (100730) and cells were then fixed and 

permeabilized with the eBioscience Foxp3/Transcription Factor Staining Buffer Set overnight at 

4°C (Thermo Fisher 00-5523-00). Cells were then stained with intracellular antibodies for 30 min. 

at 4°C: FoxP3-PE (Thermo Fisher 12-5773-82), Ki67-BV421 (BD 562899). Flow cytometry was 

performed on a Thermo Fisher Attune NxT cytometer and data were analyzed using FlowJo V.10 

software. Gates were set according to fluorescence minus one control.  

6.3.9 In vitro AR expression by flow cytometry 

For AR intracellular staining, cells were stained with a Live/Dead GhostDye 780 Live/Dead Stain 

(Tonbo Biosciences) for tumor cells cultured in vitro with or without Enzalutamide for 72 hours 

at 37C, and intracellularly stained with PE conjugated antibody directed against the AR (LS bio, 

MA, LS-C184175)  

6.3.10 Ex-vivo Enzyme-linked immunospot assay (ELISPOT) assay:  

Measures of antigen-specific immune response were performed by IFNγ ELISPOT (Bio-Techne, 

R&D Systems, Minneapolis, MN). Briefly, 22RV1 cells were treated with ARV110, bicalutamide, 

media alone as control, Dip G, enzalutamide and flutamide and co-cultured with splenocytes from 

HHD mice immunized with AR811 mice as feeder cells in a 1:10 ratio. Positive control included 

stimulating the splenocytes with AR811, a 15-mer AR-specific dominant CD8+ peptide epitope in 

HHD mice, or anti-CD3/anti-CD28 coated beads (Thermo Fisher, Cat# 11 456D) at a ratio of 2 
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beads per CD8 +T cell.  Experimental results are shown as the number of IFNγ spot-forming units 

(SFU) per 105 CD8+ T cells normalized against media-alone control wells.  

6.3.11 Statistical analysis: 

Tumor growth data were analyzed by fitting a linear mixed-effects model with Geisser-

Greenhouse correction and used to compare group means among treatment groups. Flow 

cytometry data were analyzed via analysis of variance (ANOVA) followed by Tukey’s multiple-

comparison test when comparing all conditions to baseline, or planned contrasts when comparing 

only two conditions at each time point. Survival analysis was conducted using a Mantel-Cox log-

rank test. For all comparisons, p values ≤ 0.05 were considered statistically significant with 

asterisks *p<0.05, **p<0.01, and ***p<0.001. For ELISPOT analyses, comparisons between 

treatment groups and media only controls were made using a student’s t test, with p <0.05 defining 

a significant antigen-specific T-cell response. One-way ANOVA with Tukey’s multiple 

comparisons test was performed for time course experiments with asterisks indicating *p < 0.05, 

**p<0.01, and ***p<0.001. All analysis was performed on GraphPad Prim version 10.0.0, 

GraphPad Software, Boston, Massachusetts USA. 
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Appendix – Chapter 4 

Flow cytometry gating strategies.  

Flow gating strategy for T cells and MDSC populations. CD4+ and CD8+ T cells were selected 

within the CD3+CD45+ cell population after applying gating criteria for single cells and live-dead 

staining. MDSCs (CD11b+Gr1+ cells) were gated within the CD45+ cell population and 

Regulatory T cells (Tregs) were gated on CD4+T cells. 
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Flow gating strategy for T cell and MDSC populations.  
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Flow gating strategy for immunophenotyping CD8+T cell subtypes. Memory CD8+ T cells 

were identified within the CD44+ cell subset, which was subsequently subdivided into central 

and effector memory populations based on the expression of CD62L+CD27+ and CD62L-CD27-

, respectively. Resident memory cells (CD69+CD103+) were gated within the CD44+CD8+ T 

cell population. 
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Flow gating strategy for immunophenotyping CD8+T cell subtypes. 

 


