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Abstract

Neuroendocrine prostate cancer, generally arising late in the disease trajectory, is a heterogenous 

subtype that infers a worse prognosis and limited treatment options for patients. Characterization 

of the complex landscape of this disease subtype and scrutiny of the relationship between tumor 

cells and cells of the surrounding tumor microenvironment have aided in elucidating some of 

the mechanisms of neuroendocrine disease biology and have uncovered a multitude of signaling 

pathways involved in disease transdifferentiation under therapeutic selection. In this review, 

we discuss current efforts to better understand the heterogenous landscape of neuroendocrine 

prostate cancer and summarize research efforts to define the interplay between tumor cells and the 

microenvironment, with an emphasis on the immune component. Research efforts have uncovered 

several potential therapeutic approaches that may improve disease outcomes for patients diagnosed 

with neuroendocrine prostate cancer, including the potential for combination immunotherapies. 

However, additional research is required to fully address and exploit the contribution of tumor cell 

and microenvironment heterogeneity in developing effective treatment strategies.
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Introduction

In 2022, it is estimated that there will be more than 260,000 new diagnoses of prostate 

cancer (PC) and 34,000 deaths from this disease in the United States alone (Siegel et al., 

2022). PC is the second most common cause of cancer related mortality in men after lung 

cancer, with cases of regional and distant metastases noted to be rising over the past decade 

(Siegel et al., 2022). While survival rates for localized disease are promising, the onset of 
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disease spread contributes significant risk to the patient and increases the mortality burden. 

The majority of de novo PCs are driven by the androgen receptor (AR), a transcription factor 

activated by androgenic hormones such as testosterone and dihydrotestosterone (DHT). 

Testosterone, the most common androgen, is metabolized into DHT, which is a more 

active hormone capable of increased AR binding (Feldman and Feldman, 2001). Androgen 

deprivation therapy (ADT), an anti-hormone therapy suppressing androgen synthesis, has 

become the mainstay of treatment for progressive PC, leading to decreased levels of 

serum testosterone (Yang et al., 2016). The emergence of second-generation AR signaling 

inhibitors (ARSI) such as enzalutamide and abiraterone acetate have further contributed to 

the treatment spectrum of hormone driven PC. However, eventually, patients will become 

resistant to current AR targeting therapies, leading to a disease state termed castration 

resistant prostate cancer (CRPC) during which PC cells can adapt to low androgen status 

and continue to proliferate (Montgomery et al., 2008). Metastatic CRPC responds briefly to 

chemotherapy, and specific subtypes such as those with BRCA2 mutations can be treated 

with targeted therapies, but overall metastatic CRPC is incurable.

Recent research efforts have focused on understanding the complex landscape of CRPC. In 

2017, Bluemn et al., undertook in-depth genomic and phenotypic analyses of Rapid Autopsy 

CRPC tumors derived from the University of Washington and determined that while the 

majority of treatment resistant CRPCs retain AR signaling (ARPC), there was an increase 

in both small cell or neuroendocrine prostate cancer (NEPC) and double negative prostate 

cancer (DNPC) over a 20 year time span (Bluemn et al., 2017). These findings noted that 

cells were adapting under therapeutic pressure to no longer rely on AR for growth and were 

undergoing a process of transdifferentiation to divergent phenotypes with distinct molecular 

profiles (Bluemn et al., 2017).

The occurrence of de novo NEPC is extremely rare, and more frequently develops 

later in the disease trajectory, often as a mechanism of treatment resistance. A subset 

of NEPCs exhibit differentiated small cell carcinoma histology, with other NEPCs 

distinguished primarily by the expression of neuroendocrine-associated transcription factors 

and neuroendocrine factors such as chromogranin, as well as subsets with combinations 

of prostate adenocarcinoma mixed with small cell or neuroendocrine subtypes (Conteduca 

et al., 2019). Notably, the NEPC phenotype often exhibits the hallmark gene expression 

patterns and genomic features of small cell carcinoma, such as TP53 and RB1 loss (Beltran 

et al., 2016), which are associated with poor outcomes for patients. Cell line experiments 

observed that restriction of REST activity (a potent suppressor of neuroendocrine gene 

expression) is not sufficient alone in driving the onset of small cell PC disease (Labrecque 

et al., 2019). In recent years, consensus guidelines have been published to aid in the 

identification of neuroendocrine tumors, noting that morphology and underlying genomic 

characteristics can vary based on distinct anatomical sites and how organ specific neoplasms 

arise (Rindi et al., 2018). General pathology classification guidelines from the North 

American Neuroendocrine Tumor Society for poorly differentiated neuroendocrine tumors 

suggest a range of pathology criteria which include immunohistochemical staining for 

cytokeratin and neuroendocrine markers synaptophysin and chromogranin A, and in-depth 

clinical guidelines from diagnosis to continuance of care are also provided (Kunz et al., 

2013). Multiple studies and review articles have further described the mechanisms of 
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cellular plasticity involved in the proposed NEPC differentiation, with both genomic and 

epigenomic features at play, highlighting the often heterogenous landscape of this disease 

subtype.

As noted above, epigenetic reprogramming may have a key role to play in cellular plasticity. 

Analysis in genetically engineered mouse models described a synergistic relationship 

between Rb1 and MYCN that promoted the overexpression of N-Myc and the emergence 

of a neuroendocrine-like phenotype that incurred alterations to chromatin binding (Brady et 

al., 2021b). Studies have noted that reprogramming of the AR cistrome allows epigenetic 

regulator EZH2 to drive neuronal gene expression and stem cell factors, assisting lineage 

plasticity (Davies et al., 2021). In addition to EZH2, FOXA1, a transcription factor involved 

in AR chromatin binding, can become reprogrammed to enhance neuroendocrine driven 

proliferation and the expression of neuroendocrine regulated genes (Baca et al., 2021). 

Improved insight into the complex characteristics of this disease state is key to the 

development of therapeutic options for patients.

A pan-cancer analysis of neuroendocrine tumors observed transcription factor ONECUT2 

to be a regulator of poorly differentiated neuroendocrine tumors that are associated with 

poor prognosis. Expression of ONECUT2 causes an upregulation of hypoxia related genes 

with the authors noting the potential for use of therapies that target hypoxic conditions 

(Guo et al., 2019). Additionally, the transcription factor E2F1 has also been described as 

a potential driver of neuroendocrine lineage plasticity in partnership with bromodomain 

chromatin reader BRD4, with cell line experiments observing a decrease in neuroendocrine 

cell growth after treatment with a BET inhibitor which paved the way for a future clinical 

trial (Kim et al., 2021). Molecular imaging studies have further emphasized a divergence 

of NEPC from ARPCs with evidence demonstrating the limited accuracy of PSMA-targeted 

imaging methods to detect and monitor patients with NEPC. A study examining over 900 

tumors determined that FOLH1 (the gene encoding for PSMA) expression was low in some 

NEPC tumors profiled thus making PSMA-targeted imaging more difficult in this cohort 

(Bakht et al., 2018). The authors described a potential future candidate, SSTR2, that could 

improve image-based monitoring for patients with NEPC (Bakht et al., 2018).

While ARPC and NEPC tumors may comprise homogeneous populations of neoplastic 

cells with uniform genomic and phenotypic features, others are clearly substantially 

more complex and may be comprised of mixtures of ARPC and NEPC cell types or 

include ‘amphicrine’ tumor cells that individually express both ARPC and NEPC programs 

(Labrecque et al., 2019, Brady et al., 2021a). There is also evidence that NEPCs, as 

with small cell lung cancer, may be driven by distinct differentiation drivers such as 

those expressing the lineage-distinguishing transcription factors ASCL1 versus NEUROD1. 

Improved understanding of this complicated heterogenous landscape of NEPC and the 

contribution of the surrounding microenvironment is essential for improving outcomes for 

this patient population and deriving targetable treatment strategies that consider intra-tumor 

diversity manifest by tumor cell heterogeneity and variation in the composition of the tumor 

microenvironment.
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Heterogeneity of neuroendocrine prostate cancer

Efforts to develop targeted therapies for patients with NEPC, for whom other treatment 

options have been exhausted, are hampered by the aforementioned substantial heterogeneity 

that has emerged across this subtype (Figure 1). Of relevance for understanding the interplay 

between and within tumor subtypes, the genomic and phenotypic integrity of NEPC 

and other CRPC subtypes is maintained in patient derived xenograft models (PDX) and 

organoids allowing for continuous investigation into disease morphology and furthering 

advancements into treatment strategies (Beshiri et al., 2018). Digital spatial profiling of 

distinct sites of metastasis in patients with CRPC demonstrated considerable inter-patient 

heterogeneity with respect to the expression of gene signatures associated with different 

phenotypes of CRPC (Brady et al., 2021a). Notably, although intra-patient tumor lesions 

were primarily homogenous – there were exceptions. Intra-patient/inter-tumor heterogeneity 

was observed more commonly (Brady et al., 2021a), further complicating the treatment 

spectrum for this population.

Whole genome sequencing analysis of NEPC tumors identified a distinct NEPC expression 

profile, with differential expression of genes such as E2F1 and CDKN2a, and NEPC 

tumors were less likely to exhibit AR gene amplification (Aggarwal et al., 2019). The 

same study also observed intra-patient heterogeneity among NEPC tumors, proposing that 

neuroendocrine differentiation emerges late into disease progression with the onset of 

distant metastases causing divergent CRPC phenotypes to co-exist (Aggarwal et al., 2019). 

Conversely, a recent study utilizing single-cell sequencing technology assessed tumor cells 

isolated from primary prostate adenocarcinoma, and local and distant CRPC cases, and 

noted that those patients with NEPC histology upon progression had a primary diagnosis 

of adenocarcinoma (Cheng et al., 2022). The authors observed a rare population of highly 

plastic NEPC cells present in hormone-naive early PC that strongly correlated with disease 

progression outcomes and demonstrated how lineage plasticity of these pre-existing cells 

can contribute to castration resistance in a process distinct from cell divergence under 

therapeutic pressure (Cheng et al., 2022). These findings suggest that multiple mechanisms 

for the onset of resistance exist, adding further complexity and requiring additional 

investigation into the causality of divergence involved in this disease state.

As outlined previously, NEPC demonstrates the hallmarks of small cell lung cancer, often 

exhibiting similar genomic and transcriptomic expression signatures. Advances in small 

cell lung cancer have focused on understanding the drivers of malignant disease and their 

associated gene signatures, advances that may be reproducible in NEPC. Small cell lung 

cancer, once understood to be almost homogenous in nature due to TP53 and RB1 loss, 

has been demonstrated to be an aggressive, heterogenous disease, subtypes of which can 

be delineated by differential expression of transcription factors such as YAP1, POU2F3, 

ASCL1 or NEUROD1 (Borromeo et al., 2016, Gay et al., 2021, Baine et al., 2020). 

Intra-patient heterogeneity defined by single cell sequencing of expression profiles of both 

ASCL1 and NEUROD1 in spatially distinct regions has also been observed (Gay et al., 

2021). By interrogating chromatin binding sites in models of small cell lung cancer, it has 

been determined that ASCL1 and NEUROD1 subtypes can be further defined by differential 

gene expression patterns; MYCL1, RET, SOX2 and NFIB are driven by ASCL1 and MYC 

Brady and Nelson Page 4

J Endocrinol. Author manuscript; available in PMC 2023 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression is driven by NEUROD1 (Borromeo et al., 2016). Immunohistochemical analysis 

of small cell lung cancer patient samples noted that ASCL1 and NEUROD1 subtypes were 

associated with high expression of a neuroendocrine associated marker (e.g., synaptophysin, 

INSM1) and high expression of DLL3, a member of the NOTCH signaling pathway with 

targeted therapeutic potential (Baine et al., 2020).

Similar improvements in the understanding of subtype heterogeneity in NEPC have been 

undertaken. When assessing NEPC tumors that evolved under therapeutic pressure, the 

chromatin landscape detailed two distinct NEPC subtypes, driven by either ASCL1 or 

NEUROD1 as observed in small cell lung cancer (Cejas et al., 2021). These subtypes appear 

homogenous in NEPC cell lines or PDX models, but intra-tumor heterogeneity has been 

established in patient samples with distinct genomic profiles associated with each subtype 

(Cejas et al., 2021); events that may further complicate treatment options. Redirection 

efforts to develop tangible therapeutic strategies have identified potential candidates linked 

to these NEPC subtypes. ASCL1 strongly correlates with CEACAM5 expression, a cell 

adhesion molecule present on the surface of NEPC cells, promoting CEACAM5 expression 

during reprogramming to neuroendocrine disease (DeLucia et al., 2021, Lee et al., 2018). 

Labetuzumab govitecan, an anti-CEACAM5 antibody drug conjugate, demonstrated efficacy 

in in vivo models of NEPC with robust responses observed in tumors treated with the drug 

compared to the controls, leading to the planning for a phase I/II clinical trial to further 

test the efficacy and safety of this treatment (DeLucia et al., 2021). Moreover, research 

detailing the promising effects of an additional antibody drug conjugate, SC16LD6.5, in 

treating NEPC by targeting DLL3 has been reported (Puca et al., 2019). DLL3 expression 

is strongly associated with neuroendocrine features and RB1 loss in NEPC, and in in vivo 
models, treatment with SC16LD6.5 elicited a complete response in DLL3 positive tumors 

compared to DLL3 negative tumors (Puca et al., 2019), demonstrating promise as a potential 

NEPC therapeutic candidate.

The influence of the microenvironment

While many research studies have focused on the transdifferentiation mechanisms involved 

in NEPC emergence and progression, and the complex genomic and epigenomic intricacies 

of this disease, research efforts are simultaneously focused on the interplay between the 

tumor microenvironment and tumor cells. The tumor microenvironment, a diverse network 

of blood vessels, immune cells, fibroblasts, and the extracellular matrix, is thought to have a 

role to play in PC progression and metastatic spread (Mo et al., 2018, Andersen et al., 2016). 

Notably in NEPC, treatment with hormonal based therapies, such as ADT, may modulate 

interactions with the tumor microenvironment One cell type in particular, cancer associated 

fibroblasts, an activated fibroblast subtype known to be involved in cellular plasticity and 

the secretion of factors involved with tumor development and metastasis (Ping et al., 2021), 

has been demonstrated to trigger the growth of primary PC tumors and aid in the metastatic 

spread in xenograft mouse models (Linxweiler et al., 2020). Epigenetic changes within 

these cancer associated fibroblasts are thought to be linked to NEPC reprogramming. 

Whole genome methylation analysis of fibroblasts isolated from PC tissue determined 

epigenetic silencing of RASAL3, a Ras inhibitor (Mishra et al., 2018). This silencing, 

induced by treatment with ADT, leads to a cascade of events which involves Ras activation, 
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the induction of macropinocytosis, and glutamine synthesis. These effects allow stromal 

glutamine to mediate neuroendocrine differentiation by providing energy required by 

prostate epithelial cells, and glutamine was observed at increased levels in patients treated 

with ADT (Mishra et al., 2018), suggesting a role in the neuroendocrine differentiation 

process. Further examination of the ability of stromal cells to influence NEPC observed 

an additional potential mechanism, also thought to be triggered by castration resistance to 

ADT and ARSI treatment (Enriquez et al., 2021). The onset of castration conditions caused 

the upregulation of GRP78 causing microRNA (miR29-b) downregulation of SPARC, an 

extracellular matrix protein, in the surrounding stroma. The downregulation of SPARC 

prompted the production of IL-6, known to be involved in promoting a neuroendocrine 

environment. Promisingly, the authors demonstrated the ability of GRP78 to act as a NEPC 

therapeutic target by treating castrated mouse tumors with a potent inhibitor of GRP78, 

isoliquiritigenin, observing a decrease in neuroendocrine differentiation (Enriquez et al., 

2021).

Heterogeneity also exists within the fibroblast populations present in CRPC, with a subset 

of fibroblasts expressing CD105, a membrane glycoprotein linked to epithelial mesenchymal 

transition (Kato et al., 2019). This subset of CD105 expressing cells effected the expression 

of SFRP1 which can regulate NEPC differentiation, as demonstrated in cell line models that 

when treated with SFRP1 exhibited increased expression of neuroendocrine related genes 

(Kato et al., 2019). Moreover, treatment with enzalutamide greatly increased CD105 cell 

surface expression on fibroblasts and epithelial cells (Kato et al., 2019), again suggesting 

that ADT incites the tumor microenvironment to encourage a neuroendocrine phenotype.

An essential intermediary of cancer associated fibroblasts is fibroblast activation protein 
(FAP) a protein that has potential utility as a prognostic marker and is associated with poor 

clinical outcomes. Knockdown of FAP in ovarian cancer models correlated with a decrease 

in cancer associated fibroblasts, suggesting its role as a key regulator of this cell type (Lai 

et al., 2012). By assessing PC tumors available through public database cBioportal, it was 

established that FAP was strongly correlated with worse overall survival in CRPC, and high 

expression of FAP was associated with strong neuroendocrine pathway scores and lower AR 

pathway scores (Vlachostergios et al., 2022) further demonstrating the interactions with the 

microenvironment. Additional examination of FAP by immunohistochemistry highlighted an 

increased expression pattern with the advancement of disease from primary to metastatic 

CRPC (Kesch et al., 2021). Importantly, imaging modalities targeting FAP ([68Ga] Ga-

FAPI-04 PET/CT) has demonstrated strong positivity in CRPC and could potentially be used 

as theranostic strategy in future for patients with NEPC (Kesch et al., 2021).

The diverse interactions observed between stroma and fibroblasts of the tumor 

microenvironment and PC cells further delineates the multiplicity of cell signaling pathways 

involved in the evolution of NEPC. Moreover, it is clear that existing anti-androgen therapies 

aid in promoting a neuroendocrine rich environment suggesting that amending standard 

therapeutic approaches may be of benefit.
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Tumor immune microenvironment of neuroendocrine tumors

An additional component of the tumor microenvironment is the diverse range of immune 

cells that are present and targeting immunogenicity of a tumor has gained considerable 

traction in recent years, a movement that could enable improved outcomes for NEPC. Of 

note, immunotherapies targeting immune checkpoint molecules, such as PD-1, PDL-1 and 

CTLA4, have been developed and investigated with effective tumor cell killing observed in 

certain cancer types (e.g. metastatic melanoma) leading to promising outcomes for eligible 

patients (Robert, 2020). However, the tumor immune microenvironment is diverse and 

distinct cancer types exhibit both ‘immune hot’ and ‘immune cold’ environments, with many 

‘immune cold’ tumors having no durable response to treatment.

A recent review article succinctly described the immune landscape of CRPC, noting how it 

is generally ‘immune cold’ and how this immune suppressive environment may be attributed 

to the interplay between cells of the microenvironment and the function of different immune 

cell populations such as regulatory T cells and myeloid derived suppressor cells (Stultz 

and Fong, 2021). PC tumors have not exhibited robust responses to immune checkpoint 

inhibition: for example, for almost a decade research has established that CRPC tumor cells 

express extremely limited levels of PDL-1 on their surface (Taube et al., 2014). Extensive 

investigation into the tumor immune microenvironment of various neuroendocrine cancer 

types is ongoing to better understand these immune related complexities and has established 

heterogeneous expression profiles of immune cells and a generally ‘immune cold’ tumor 

microenvironment although some examples of immune rich environments have been 

documented. For example, in neuroendocrine pancreatic cancer, an aggressive, rare disease 

of which four distinct molecular subtypes have been described, only one subtype was 

demonstrated to have elevated immune expression after differential gene expression analysis 

and spatial profiling (Young et al., 2021). Moreover, analysis of pituitary neuroendocrine 

tumors found that chemokine signaling from the surrounding microenvironment recruits 

macrophages, and neutrophils to the tumor which can contribute to aggressive tumor 

behavior and increased invasive potential (Marques et al., 2019).

Subsets of immune cells thought to closely interact with tumor cells are linked to better 

disease outcomes and response to immunotherapies, however the interaction between 

neuroendocrine tumors and the tumor immune microenvironment is not well elucidated. 

Expression of PD-L1 and PD-1 was determined to be extremely rare in small intestine 

and pancreatic neuroendocrine tumors, although strong PD-L2 cytoplasmic expression was 

observed, the therapeutic significant of which is still under investigation (da Silva et 

al., 2018). T cell infiltrates (CD3+, CD8+, FOXP3+) were present in higher numbers in 

pancreatic neuroendocrine tumors, compared to small intestinal neuroendocrine tumors (da 

Silva et al., 2018). An additional study noted that higher numbers of T cells (CD3+ and 

CD8+) were primarily present outside the tumor interface, however, tumors with higher 

infiltration of T cells, specifically CD3+ T cells, were demonstrated to be significantly 

associated with progression free survival in gastroenteropancreatic neuroendocrine tumors 

(Baretti et al., 2021).
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Small cell lung cancer is a prominent example of the ‘immune hot’ versus ‘immune 

cold’ tumor immune microenvironments observed across neuroendocrine cancer and 

can be subdivided into neuroendocrine high and neuroendocrine low subtypes. 

Immunohistochemical analysis performed to examine expression of prominent immune 

infiltrates, such as CD45, CD3, CD8 and TIM3, determined that the majority of immune 

cells present were confined to surrounding stromal compartments and not within the tumor 

mass (Dora et al., 2020). However, by comparing intra-tumoral immune expression between 

neuroendocrine low and neuroendocrine high subtypes, significantly higher expression was 

observed in the neuroendocrine low subtype (Dora et al., 2020).

Understanding the mechanisms involved in this interplay between tumor cells and immune 

cells of the microenvironment is important to improve treatment responses. Assessment of 

neuroendocrine tumors derived from distinct primary sites (e.g., lung, pancreas, stomach) 

described negative PDL-1 expression and very low expression of T cells (de Hosson et 

al., 2020), consistent with previous reports, and stromal cells present adjacent to tumor 

cells were determined by immunohistochemical staining to be cancer associated fibroblasts 

with the authors suggesting these cells could have a role to play in the maintenance of an 

‘immune cold’ environment (de Hosson et al., 2020).

Additional immune cell subtypes are also thought to have a role to play in neuroendocrine 

disease, including macrophages. In a heterogenous neuroendocrine patient population 

(patients with mixed neuroendocrine and non-neuroendocrine neoplasms) it was established 

that macrophages were more commonly present in neuroendocrine lesions when compared 

to adenocarcinoma or mucinous carcinoma lesions, with CD68+ and CD163+ macrophages 

found to be present in higher numbers in intra-tumoral regions (Tsunokake et al., 2022). 

A recent study in small cell lung cancer observed tumor associated macrophages to be 

the most abundant cell type of the tumor immune microenvironment, exceeding T-cells 

in number (Dora et al., 2021). Although immune pathways are thought to be upregulated 

in neuroendocrine low tumors when compared to neuroendocrine high tumors, the same 

study observed two rare immune phenotypes - immune rich in a subset of neuroendocrine 

high tumors and immune low in a subset of neuroendocrine low tumors – that had distinct 

genomic profiles with potential as therapeutic targets (Dora et al., 2021).

Tumor immune microenvironments of neuroendocrine prostate cancer

As NEPC often reflects the complexities and diversity of other neuroendocrine tumors, 

understanding the tumor immune microenvironment is likely of great importance, however, 

the immune composition of NEPC remains poorly elucidated. NEPC is generally associated 

with visceral metastases, however the role the immune microenvironment of these organs 

may play in aiding the development of NEPC remains understudied and future research 

may aid in providing additional insight. In line with other neuroendocrine tumors, PC 

is thought to give rise to an immune suppressive microenvironment, a finding that has 

been frequently documented in non-neuroendocrine subtypes. Previous review articles 

have noted the ability of androgens to modulate the immune response, for example by 

suppressing anti-inflammatory cells such as dendritic cells and modifying regulatory T 

cell production (Gamat and McNeel, 2017, Trigunaite et al., 2015). Altering androgen 
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levels with hormonal therapy and anti-androgens can promote an immune suppressive 

microenvironment. Treatment with ARSI enzalutamide blocked AR expression on myeloid 

derived suppressor cells, resulting in an increase in the immunosuppressive ability of 

the myeloid cells which limited adaptive immune response and increased tumor growth 

(Consiglio et al., 2020). However, promisingly, AR blockade inhibited AR expression 

on CD8+ T cells, reducing levels of T cell exhaustion and improving response to PD-1 

directed immunotherapy (Guan et al., 2022). PC frequently metastasizes to the bone, an 

immune suppressive environment that is driven in part by myeloid derived suppressor 

cells that overexpress chemokine CCL20 and is further characterized by the presence of 

exhausted cytotoxic and helper T cells (Kfoury et al., 2021). In the DNPC subtype, an 

immune suppressive microenvironment is thought to involve recruitment of tumor associated 

macrophages and regulatory T cells by chemokine CCL2, itself regulated by polycomb 

repressor complex 1 (PRC1), that promotes immune suppression within the tumor (Su et al., 

2019). In a PTEN-deficient mouse model of PC, knockout of Chd1 cumulated in a reduction 

of myeloid derived suppressor cells suggesting a role of CHD1 in driving an immune 

suppressive environment (Zhao et al., 2020).Anti-androgen treatment may contribute in part 

to the immune suppressive environment often observed in NEPC.

In NEPC, various cytokines and immune mediators have been investigated to address the 

knowledge gap of the role of the immune microenvironment in driving disease progression, 

transdifferentiation, and response to immunotherapies (Figure 2). For over 20 years, the role 

of IL-6 in NEPC differentiation has been investigated, with in vitro models implying a role 

for IL-6 signaling in promoting NEPC differentiation from AR dependent adenocarcinoma 

in LNCaP cells (Deeble et al., 2001). In in vitro PC cell line experiments, IL1-β facilitated 

the onset of skeletal metastasis, and was correlated with the expression of neuroendocrine 

related markers after treatment with ADT (Liu et al., 2013), implying a potential role in 

the transdifferentiation process again facilitated by hormone driven treatment. An additional 

cytokine, IL-10, although generally thought to aid in an anti-tumor response, in PC is linked 

to the induction of neuroendocrine differentiation in PC cell lines, as well as promoting 

upregulation of PD-L1 on tumor cells aiding in prolonged tumor survival by promoting an 

exhausted T cell state (Samiea et al., 2020).

In addition to cytokines, other immune mediators and processes are also thought to drive 

NEPC. Increased expression of CD46, a complement regulator of the innate immune system, 

is present on both primary and metastatic PC tumors, including high expression in NEPCs 

(Su et al., 2018). While the mechanism of action of CD46 in PC is not wholly established, 

as CD46 is only present in low levels in normal prostate tissue, a CD46 antibody-drug 

conjugate has been developed with promising killing effects on in vitro NEPC models and in 

in vivo studies (Su et al., 2018).

The aforementioned lack of response to immune checkpoint blockade therapy for patients 

with NEPC or CRPC, has raised questions about the infiltration of T-cells into prostate 

tumors. The transgenic adenocarcinoma of the mouse prostate (TRAMP) mouse model of 

PC develops a NEPC phenotype following castration and consequently allows for the study 

of both ARPC and NEPC within one model system. Hypoxia is correlated with worse 

prognosis in PC, and in TRAMP models, areas with hypoxic conditions were found to 
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have decreased levels of infiltrating T cells compared to normal conditions thus promoting 

resistance to checkpoint blockade therapy (Jayaprakash et al., 2018). By targeting these 

hypoxic conditions with a hypoxia-activated prodrug, TH-302, and combination immune 

checkpoint blockade therapy, T-cell activity was restored, myeloid derived suppressor cells 

were decreased, and no evidence of neuroendocrine tumors was observed after treatment 

leading the authors to hypothesize that these targeted mechanisms can improve CRPC 

response to immunotherapies (Jayaprakash et al., 2018).

One of the most extensively studied and abundant immune cell types in NEPC are 

macrophages. A pro-inflammatory cytokine, macrophage migration inhibitory factor, is 

increased during neuroendocrine differentiation of LNCaP PC cells and sustained high 

levels of this factor promote tumor cell progression and is actively involved in maintaining 

signaling of pro-tumor pathways AKT and ERK1/2 (Tawadros et al., 2013). Mechanistic 

studies investigating the role of macrophages in neuroendocrine differentiation under 

therapeutic pressure have defined a prominent role of tumor associated macrophages. In 
vitro co-culture assays described a synergistic relationship between PC cells and activated 

macrophages, whereby BMP-6 released from tumor cells triggers the release of IL-6 

from macrophages contributing to the onset of a neuroendocrine phenotype (Lee et al., 

2011). NEPC induced by treatment with enzalutamide was linked to increased levels 

of circulating tumor associated macrophages when compared to treatment naïve patient 

samples, with markedly high protein expression of HMGB1 observed (Wang et al., 2018). 

HMGB1 recruits tumor associated macrophages which in turn secrete IL-6 driving the 

neuroendocrine differentiation process. Importantly, this mechanism of action can be 

targeted by combined HMGB1 knockdown and IL-6 repression, successfully reducing 

resistance to enzalutamide (Wang et al., 2018).

Immunohistochemical analysis of metastatic CRPC samples has reported the prominent 

presence of M2 macrophages, which increase across the disease trajectory, a further 

indicator of the contributors to the immune suppressive microenvironment attributed to 

CRPC, although it must be noted that the inclusion of neuroendocrine samples in this 

study was limited (Zarif et al., 2019). As previously discussed, CRPC is generally thought 

to have low expression of PD-L1 (Brady et al., 2021a), limiting response to immune 

checkpoint blockade therapies. However, expression of PD-L1 and presence of tumor 

infiltrating lymphocytes in NEPC is not well documented. Analysis of NEPC tumor samples 

observed expression of PD-L1 at the mRNA level in 50% of samples tested, with the 

presence of tumor infiltrating lymphocytes also observed in a portion of NEPC tumors 

suggesting potential expression in subgroups of NEPC of PD-L1 that requires further 

investigation (von Hardenberg et al., 2019). Stimulating the immune microenvironment of 

CRPC, and NEPC specifically, may hold promise for improving treatment outcomes, with 

several immunotherapies currently under investigation in PC, as reviewed recently, including 

Bi-Specific T-cell engagers and chimeric antigen receptor T-cell (CAR-T) therapy (Zorko 

and Ryan, 2021).
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Conclusion

It is evident that the molecular landscape of NEPC is complex, heterogenous in nature, 

and involves crosstalk from both genomic and epigenomic pathways that complicate the 

disease spectrum. Ongoing research efforts are encouraging with respect to identifying 

the underlying mechanisms that trigger neuroendocrine differentiation and improving 

understanding of the role and interplay of cells of the surrounding tumor microenvironment., 

Therapeutic options for patients with NEPC remain extremely limited, considerably 

effecting quality of life and patient outcomes. However, the emergence of a number of 

potential treatment approaches mentioned throughout this review are promising for this 

patient population, moving away from AR directed therapies and focusing on candidate 

markers specific for NEPC such as DLL3 and CEACAM5, and the development of antibody 

drug conjugates. Systematic characterization of ‘druggable’ characteristics differentiating 

NEPC from ARPC point to several vulnerabilities including the regulation of apoptosis 

(Corella et al., 2020). Further, theranostic imaging that is not reliant on AR expression, can 

aid in the identification of NEPC emergence. To further address this treatment gap, ongoing 

work is focused on better understanding the individual immune landscapes of subtypes of 

CRPCs, with the goal of defining specific targets that are likely to respond to existing 

immunotherapies or targeted therapies. As a recent example, research efforts have identified 

B7H3, a checkpoint molecule, to be highly expressed in CRPC (Brady et al., 2021a), and 

although expression is less in NEPC when compared to adenocarcinoma (Guo et al., 2022), 

it has demonstrated targeted therapeutic potential for this patient population. Given the 

diverse nature of this disease subtype, personalized, combination therapeutic strategies that 

target the multifaceted tumor burden, in addition to harnessing the advancements made in 

other neuroendocrine subtypes such as small cell lung cancer, may drive improved outcomes 

for patients with NEPC.
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Figure 1: 
Schematic of intra-patient heterogenous tumor lesions and the emergence of NEPC.

Created with BioRender.com. ADT – androgen deprivation therapy, ARPC – androgen 

receptor driven prostate cancer, ARSI – androgen receptor signaling inhibitors, NEPC – 

neuroendocrine prostate cancer.
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Figure 2: 
Interactions from multiple immune mediators contribute to the tumor immune interactions 

observed in NEPC.

Created with BioRender.com. NEPC – neuroendocrine prostate cancer.
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