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Abstract: Androgen deprivation therapy (ADT) is the standard therapy for men with advanced
prostate cancer (PCa). PCa often responds to ADT and enters a dormancy period, which can be
recognized clinically as a minimal residual disease. However, the majority of these patients will
eventually experience a relapse in the form of castration-resistant PCa with poor survival. Therefore,
ADT-induced dormancy is a unique time window for treatment that can provide a cure. The study
of this well-recognized phase of prostate cancer progression is largely hindered by the scarcity of
appropriate clinical tissue and clinically relevant preclinical models. Here, we report the utility of
unique and clinically relevant patient-derived xenograft models in the study of the intrinsic immune
landscape of dormant PCa. Using data from RNA sequencing, we have reconstructed the immune
evasion mechanisms that can be utilized by dormant PCa cells. Since dormant PCa cells need to
evade the host immune surveillance for survival, our results provide a framework for further study
and for devising immunomodulatory mechanisms that can eliminate dormant PCa cells.

Keywords: prostate cancer; dormancy; androgen-deprivation therapy; immune surveillance; immune
evasion; immunomodulation

1. Introduction

Cancer recurrence is a major clinical problem. After effective intervention, the cancer
patients may carry minimal residue diseases, either detectable or even undetectable, for
a long period of time. However, cancer recurrence can occur in some of these patients as
loco-regional lesions or distant metastases. This latency period between effective clinical
intervention and cancer recurrence can be explained by cancer dormancy, which is catego-
rized as tumor mass dormancy or cellular dormancy [1]. When a tumor enters tumor mass
dormancy, the generation and death of cancer cells are at approximately the same rates [2],
resulting in a relatively static tumor size. On the other hand, cellular dormancy is resultant
of the cancer cells entering a quiescent state of the cell cycle, they neither proliferate nor
die [2]. These cells retain the ability to proliferate and later cause tumor recurrence. Cancer
cells in cellular dormancy are difficult to treat, for they are resistant to chemotherapy
or targeted therapy [3,4]. It is, therefore, essential to understand the biology of cellular
dormancy to devise different treatment schemes to cure cancer.

Advanced prostate cancer (PCa) patients are often treated with androgen-deprivation
therapy (ADT), which is often very effective since PCas are largely dependent on androgen
signaling [5]. However, 10–20% of these patients do experience cancer relapse with the
development of castration-resistant prostate cancer (CRPC) [6] within 5 years of follow-up.
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The long latency period between ADT and CRPC development is characteristic of cancer
dormancy. The study of this well-documented clinical phenomenon has been significantly
hampered due to the lack of suitable clinical samples and appropriate model systems. To
counter this problem, our group was the first to develop and report clinically relevant
patient-derived xenograft (PDX) models that developed CRPC after host castration with
subsequent latency periods [7]. Recently, we have reported the development of a panel of
PDXs from clinical PCa tissues that respond to castration and enter either tumor mass or
cellular dormancy by 12 weeks post-castration [8].

Due to the peculiar characteristics of cellular dormancy [2], it is difficult to eliminate
these cells with current effective treatments. We hypothesize that these dormant cells should
have the ability to overcome immune surveillance for survival. Therefore, learning how they
may manipulate immune responses will allow us to devise immunomodulation methods to
eliminate these dormant PCa cancer cells, leading to a cure. We analyzed five unique pairs
of active and castration-induced dormant PDX samples in this study. RNA sequencing was
performed with these samples, and the expression levels of immunomodulatory genes were
examined. Using the expression levels of the immune-related genes and the changes of
these genes in the dormant state, we reconstructed the intrinsic immunomodulatory ability
of the dormant PCa tissues. Our results suggest that these immune evasive mechanisms
can be active or passive. Moreover, there are immunomodulatory mechanisms that can be
enhanced in the dormant state of PCa. Furthermore, we have identified immune evasion
mechanisms that can be utilized by both active and dormant PCa.

2. Materials and Methods
2.1. Animal Studies

Male severe combined immunodeficient (SCID) mice that were beyond 6 weeks of
age were used in these studies. All work performed with the animals was approved by
the Animal Care Committee at the University of British Columbia (A12-0024). The patients
provided consent for the PCa tumor samples to be developed as PDX. Some of these
transplantable PDX lines were reported before [7].

After the PDX samples were grafted under the renal capsules of male SCID mice
supplemented with testosterone pellets, as described before [7,8], the xenografts were
allowed to grow, and the growth of the PDXs were determined by palpation. When the
tumors reached about 500–800 mm3 in size, the mice were randomized into 2 groups. One
group of mice was euthanized with the tumors harvested as actively growing PCa PDX
samples (pre-castration samples). The other group of mice was castrated in addition to the
removal of testosterone pellets, the growth (or lack of) of these tumors was monitored with
palpation and serum PSA. These mice were then euthanized 12 weeks after the castration
and androgen pellet removal, and the remaining tumors were harvested. The selection of
this time period was informed by prior characterization of these models [8]. The tumor
samples were dissected into sections for snap freezing, processing with RNAlater, or
fixation with paraformaldehyde.

2.2. Histological and Immunohistochemical Staining

Processing and staining of PDX sections were performed as described before [8].
Briefly, PDX samples were harvested and fixed with 10% formalin for 24 h, after which the
samples were processed for paraffin embedding. Sections of 5 µm were cut with a micro-
tome and mounted on glass slides. After de-waxing and rehydration, some slides were
stained with hematoxylin and eosin for light microscopy examination. For immunohisto-
chemical staining, the rehydrated sections were submerged in citrate-based unmasking
solution (Vector Laboratories, Burlingame, CA, USA) and incubated in boiling water for
antigen retrieval. Endogenous peroxidase was blocked with incubation of 3% H2O2. Af-
ter washing with PBS, the sections were incubated with Super BlockTM blocking buffer
before the application of primary antibodies (Ki-67, 1:200, Dako, Santa Clara, CA, USA;
anti-cleaved caspase 3, 1:50, Cell Signaling, Danvers, MA, USA) and incubation at 4 oC
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overnight. After washing with PBS-Tween (PBST), corresponding secondary antibodies
conjugated with biotin were applied with subsequent PBST wash. ABC reagent was then
applied (Vector Laboratories, Burlingame, CA, USA). Immunoreactivity was visualized
with incubation of 3,3′-diaminobenzidine tetra-hydrochloride (DAB) in PBS and 0.01%
H2O2, followed by washing with running water. Hematoxylin was applied as counterstain.
The sections were dehydrated after washing and mounted.

2.3. Bioinformatic Analyses

Since PDX tissues contain both human cancer cells and mouse stromal cells, we
separated human-specific and mouse-specific reads and used the former to estimate gene
expressions in cancer cells.

We used genome sequences and gene annotations from both human and mouse
(Ensembl GRCh38.90 and GRCm38.90) to build the reference database, and map RNA-
Seq reads to this combined reference by STAR 2.6.0a. We used reads only mapped to
human genome or transcriptome in the downstream analysis. For all human genes, their
read counts were calculated by htseq-count 0.11.2, and their abundances measured by
Transcripts Per Millions (TPM) were estimated using kallisto 0.44.0. We also ran DESeq2
1.16.1 to normalize the read counts and obtained fold changes in gene expressions between
active and dormant samples in each model. All heatmaps in this article were generated
based on normalized read counts using ward.D2 (Ward’s minimum variance method) as
the hierarchical clustering method and the Canberra metric.

Immune-related genes in 20 gene groups were selected for the known immunomodula-
tory functions. The genes were extracted from the HUGO gene nomenclature committee [9]
and from the literature [10–14].

2.4. Transcriptome Profiling of PCa PDX Samples

To better remove sequencing noises and artifacts from our experiments, we apply
the following conditions to remove low-expression genes. For each PDX model, a gene
is considered expressed when TPM ≥ 1 and read counts ≥ 10 in either pre-castration or
post-castration stage. In this study, we only focused on the genes expressed in at least
3 models. After the removal of low-expression genes, 12,348 protein-coding genes remained
in our analysis. Similarly, we considered a gene differentially expressed when it showed
a 2-fold change or more toward the same direction (upregulated or downregulated in
dormancy) in at least 3 models. We also defined dormant-persistent immune-related genes
as those genes with average read counts of 1024 ($log_2ˆ10$) or more in both pre-castration
and post-castration stages.

3. Results
3.1. PDX Models

Five established PDX models were selected for this study due to their ability to enter
cellular dormancy upon host castration as a form of ADT [8]. When grafted under the
renal capsule of male mouse hosts supplemented with subcutaneous testosterone pellet
implants, all established PDXs were able to grow. Upon host castration and removal of
testosterone pellets, all PDXs responded with cessation of growth and decrease in tumor
volume, as reported before [8]. The PDXs entered a prolonged phase of dormancy, and the
viability of the dormant PDX was evident with histological evaluation (below). Molecular
characteristics of these PDX models are shown in Table 1. LTL313B and LTL313H were
developed from needle biopsies samples collected at different PCa foci [7]. The other
models were derived from different individual patients. All PDXs are typical prostatic
adenocarcinoma expressing androgen receptor (AR) and PSA. None of the PDX samples ex-
pressed neuroendocrine markers, e.g., synaptophysin (SYP) or chromogranin A, indicative
of the absence of de novo neuroendocrine cells. Fusion of TMPRSS2 and ERG is commonly
detected in PCa [15], and this fusion was present in three out of the five PDX models in this
study. PTEN deficiency, another common occurrence in PCa [16], was observed in four out
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of the five PDX models in this study. The PTEN deficiency in these PDX models was due to
heterozygous or homozygous deletion of this gene (Table 1).

Table 1. Molecular characteristics of the PDX models.

LTL ID AR PSA SYP ERG TMPRSS2-ERG Fusion PTEN PTEN Status

LTL313B + + − + + − −/−
LTL313H + + − + + − −/−
LTL412 + + − − − − +/−
LTL471 + + − − − + +/+
LTL556 + + − + + − −/−

3.2. Dormancy of Post-Castration PCa PDX Samples

To ensure that the 12-week post-castration PDX samples entered the state of cellu-
lar dormancy, we performed histological and immunohistochemical evaluations of the
corresponding samples with light microscopy.

Comparing to the corresponding pre-castration samples, the 12-week post-castration
samples displayed significant morphological changes, such as pyknosis (small, condensed
nuclei), cytoplasmic vacuolation, and decrease in glandular structure density. Both the
mitotic rate and number of Ki-67+ decreased significantly (Figure 1A). These observations
indicate that most of the human PCa cells were not in the proliferative phase of the cell
cycle. At the same time, the 12-week post-castration samples also showed no or a very
low-level staining with cleaved caspase 3 (Figure 1A), suggesting that the cells in the post-
castration samples were not in apoptosis. Serum PSA was undetectable in the mouse hosts
carrying the dormant PDXs. The histological and IHC evaluations were consistent with
our expectations that the samples were in the cellular dormant state, as reported before [8].

In addition, we performed RNA sequencing analysis with the 131-proliferation gene
set [17] to compare the levels of proliferation between the active and dormant samples.
After the removal of low-expression genes, 107 genes remained for the analysis (Sup-
plementary Table S1). The heatmap of the proliferation genes indicated that the 12-week
post-castration samples had significantly reduced gene expression levels when compared to
the active samples (Figure 1B). Pairwise comparison of the samples with violin plots clearly
demonstrated the significant reduction in the expression of the proliferation genes in the
dormant samples (Figure 1C). With castration of the PDX-bearing mice, androgen receptor
(AR) signaling was expected to be significantly downregulated. We also compared the
expression of the androgen-responsive genes (Supplementary Table S2) [18] in the actively
growing/pre-castration PDX samples with the PDX samples harvested 12 weeks post-
castration. Similar to the expression of the proliferation genes, the androgen-responsive
genes were mostly downregulated in the 12-week post-castration samples. This is evident
in the unsupervised clustering pattern of the pre-castration and the 12-week post-castration
samples (Figure 1B). The pairwise comparison of the androgen-responsive genes with the
violin plots also supported the downregulation of these genes in the post-castration sam-
ples (Figure 1C), consistent with the downregulation of AR signaling. The results of these
analyses served as internal controls of the samples that were used in the RNA sequencing
analyses, and the results of these 12-week post-castration samples were consistent with the
features of castration-induced cellular dormancy.
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Figure 1. Cellular dormancy of 12-week post-castration samples was confirmed with histology and
gene expression analyses. (A) Examples of H&E and immunohistochemical staining of pre-castration
(Pre-Cx) and 12-week post-castration (Post-Cx) PCa samples (H&E: hematoxylin and eosin; AR:
androgen receptor; PSA: prostate-specific antigen; Casp-3: cleaved caspase 3); (B) heatmap and
unsupervised clustering of proliferation genes and androgen-responsive genes of Pre-Cx and Post-Cx
PCa samples; (C) violin plots of proliferation genes and androgen-responsive genes of each paired
sample. Cx labels indicate the post-castration/dormant samples.
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3.3. A Unique Gene Set That Differentiated Active from Dormant PCa Samples

A set of 363 immune-related genes were selected for the analysis or description of the
intrinsic immune landscape of the PDX models. These genes were selected as families of
genes with known immunomodulatory functions. There were 20 gene groups selected,
including chemokines and their receptors, interferons and their receptors, interleukin and
their receptors, tumor necrosis factor superfamily and their receptors, B7 family members,
bone morphogenetic factors and their receptors, major histocompatibility complexes and
related proteins, regulators of the complement system, mucins, colony-stimulating factors,
toll-like receptors, and the genes that are involved in prostaglandin E synthesis. The
complete list of selected immune-related genes is presented in Supplementary Table S3.
With our workflow, 97 of the immune-related genes passed the thresholding and were
subjected to subsequent analyses.

We hypothesized that the tumor microenvironment of the active PCa tumors was
significantly different from that of the dormant PCa. Therefore, there might be a differ-
ence in the intrinsic immune landscape between the active and dormant samples. To
describe such a difference, we constructed a gene set by selecting the most discriminative
features between pre-castration and post-castration PDX models using feature importance
of random forests classifiers from scikit-learn 0.23.2 [19]. The result was a gene set of
54 genes (Figure 2, Supplementary Table S4). In this gene set were the genes from the major
histocompatibility gene group, B7 family members, chemokines, chemokine receptors,
interleukins, interleukin receptors, complement system regulators, BMP receptors, TNF
receptor superfamily, and PGE2 metabolism.
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Cx labels indicate post-castration/dormant samples.

3.4. Differentially Expressed Immune-Related Genes

To further highlight the differences in the immune landscape of the dormant PCa
tissue from the active ones, we analyzed the differentially expressed immune-related genes.
In our analysis, differential expression was defined as >2-fold difference in at least three
pairs of the PDX tissues toward the same direction (upregulation or downregulation).
With >12,000 human protein-coding genes in our analysis, 776 genes were differentially
expressed between the active and dormant states of the PCa PDX tissues. Among the
differentially expressed genes, 512 genes were downregulated while 264 genes were up-
regulated. There were 34 immune-related genes that were differentially expressed, among
which 30 genes were upregulated while 4 genes were downregulated. These differentially
expressed immune-related genes are listed in Table 2. The differentially expressed genes
are from 13gene groups, while the MHC-related genes were highly represented among the
differentially expressed genes. Examples of the differentially expressed genes are presented
in Figure 3. VTCN1, also known as B7-H4, displays the highest magnitude of differential
expression, and the differential expression was present in all five pairs of the PDX tissues.
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Table 2. Differentially expressed genes in dormant PDX samples.

Family Name Gene Full Name Differential Expression

BMP Receptors BMPR1B Bone Morphogenetic Protein
Receptor Type 1B Down

Chemokine CCL20 Chemokine (C-C motif) ligand 20 Up
CXCL11 C-X-C motif chemokine 11 Up

Complement CLU Clusterin Up
Colony Stimulating
Factor CSF1 Colony Stimulating Factor 1 Up

MHC-related HLA-A MHC I, A UP
HLA-B MHC I, B Up

HLA-E non-classical MHC I, alpha chain
E Up

HLA-F non-classical MHC I, alpha chain
F Up

CD74 Invariant chain Up
B2M β2 microglobulin Up
HLA-DPA1 MHC II, DP alpha chain Up
HLA-DPB1 MHC II, DP Beta 1 Up
HLA-DRA MHC II, DR alpha chain Up
HLA-DMA MHC II, DM alpha chain Up
HLA-DMB Down

Interleukin IL32 Interleukin 32 Up
IL33 Interleukin 33 Up

Interleukin receptors IL6R Interleukin 6 Receptor Up

IL5RA Interleukin 5 Receptor Subunit
Alpha Up

IL2RG Interleukin 2 Receptor Subunit
Gamma Up

B7 family VTCN1 V-Set Domain Containing T Cell
Activation Inhibitor 1 Up

ICOSLG Inducible T Cell Costimulator
Ligand Up

NCR3LG1 Natural Killer Cell Cytotoxicity
Receptor 3 Ligand 1 Up

Mucin MUC12 Mucin 12, Cell Surface
Associated Up

TGFBR TGFBR3 Transforming Growth Factor
Beta Receptor 3 Up

TLR TLR5 Toll-like receptor 5 Up

TNFRSF TNFRSF25 TNF Receptor Superfamily
Member 25 Up

TNFRSF12A TNF Receptor Superfamily
Member 12A Up

TNFRSF11B TNF receptor superfamily
member 11B Up

PGE2 metabolism PTGS2 Prostaglandin-Endoperoxide
Synthase 2 Down

PTGS1 Prostaglandin-Endoperoxide
Synthase 1 Up

PTGES Prostaglandin E Synthase Up

HPGD 15-Hydroxyprostaglandin
Dehydrogenase Down
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3.5. Dormancy-Persistent Immune-Related Genes

Although it is expected that the dormant PCa tissues would employ different immune
evasion mechanisms due to the change in the tumor microenvironment, it is conceivable
that some of the effective immunomodulatory mechanisms can be utilized by both the
active and dormant PCa tissues. To decipher these dormancy-persistent immune evasion
mechanisms, we examined immune-related genes that are highly expressed in both active
and dormant states of the PCa. Twenty-four immune-related genes were found to be
persistently expressed at high levels in the dormant state (Table 3). Within the set of
dormancy-persistent immune-related genes, the majority of the genes are surface receptors,
including the receptors for interleukins, interferons, tumor necrosis factors, and bone
morphogenetic proteins. There are also members of the B7 family, complement regulators,
and MHC-related genes. Examples of the dormancy-persistent immune-related genes are
presented in Figure 4.
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Table 3. Abundantly expressed immune-related genes in both active and dormant PDX samples.

Family Name Gene Full Name

BMP Receptors BMPR1A Bone morphogenetic protein receptor type 1A
BMPR2 Bone morphogenetic protein receptor type 2
ACVR1B Activin A receptor type 1B

Complement regulator CD46 CD46 molecule
CD59 CD59 molecule

MHC-related HLA-C Major histocompatibility complex, class I, C
IL Receptors IL13RA1 Interleukin 13 receptor subunit alpha 1

IL17RA Interleukin 17 receptor A
IL17RD Interleukin 17 receptor D
IL20RA Interleukin 20 receptor subunit alpha
IL4R interleukin 4 receptor
IL6ST interleukin 6 signal transducer
IL17RC interleukin 17 receptor C
IL1R1 interleukin 1 receptor type 1

B7 family CD276 B7-H3
IFN Receptor IFNGR2 interferon gamma receptor 2

IFNAR1 interferon alpha and beta receptor subunit 1
IFNGR1 interferon gamma receptor 1

TGFBR TGFBR1 transforming growth factor beta receptor 1
TNFSF TNFSF10 TNF superfamily member 10
TNFRSF TNFRSF19 TNF receptor superfamily member 19

LTBR lymphotoxin beta receptor
TNFRSF14 TNF receptor superfamily member 14
TNFRSF21 TNF receptor superfamily member 21

4. Discussion
4.1. Uniqueness of the Castration-Induced PCa Dormancy PDX Models

Androgen deprivation therapy (ADT) is an effective treatment for advanced PCa.
The majority of patients initially respond well to the therapy. The significant reduction in
AR signaling often leads to massive PCa cell death. However, most of these patients do
experience relapses, and the disease progresses to castration-resistant PCa. Sub-populations
of PCa cells must have survived through the drastic reduction in AR signaling and evasion
of immune surveillance. However, the phenomenon is particularly difficult to study due
to the logistics problem of obtaining the pre- and post-ADT samples from PCa patients.
At the same time, available PCa cell lines can only offer a very limited view of the event.
Therefore, the study of ADT-induced PCa dormancy has been significantly hampered by
the lack of appropriate study models.

The established PDX models utilized in this study have been passaged for generations
between the mouse hosts; therefore, it is expected that the non-cancerous human stromal
cells were absent in the samples. This included the immune cells. Although the human
immune cells are absent, we hypothesized that the PDX PCa cells might express hardwired
immunomodulatory molecules that could exert effects on the immune system, whether
the immune cells were present or not. Such intrinsic properties of cancer cells have been
demonstrated with specific genetic alterations [20]. For instance, it has been demonstrated
that PTEN deficiency leads to a significant increase in leukocyte infiltrates due to an
upregulation of cytokine profile [21]. We contend that our PDX models provide reductionist
models to study the PCa-specific response to ADT and provide a simplified picture of how
the PCa cells may modulate the host immunity for their survival.

In our laboratory, we were able to develop a panel of unique PDX models from clinical
PCa tissues that are responsive to host castration [7,8]. In particular, we were the first to
report PDX cases that went through ADT-induced dormancy and subsequent development
into CRPC [7]. Significantly, the patient, from which the sample was obtained, treated
with ADT also developed CRPC subsequently. This observation highlights how our PDX
models closely resemble the clinical scenarios. Therefore, we believe that we can gain
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invaluable insights into dormancy biology through studying these unparalleled models. In
this study, we utilized five of these PDX models, and they all responded to ADT through
surgical castration of the mouse hosts, although they had diverse molecular features, such
as different PTEN or TMPRSS2-ERG fusion statuses.

4.2. Reconstruction of Intrinsic Immunosuppressive Landscape of Dormant PCa

It is well-documented that secreted and cell-surface molecules expressed by cancer
cells can and do exert immunomodulatory functions [20]. Although these PDX models
do not have human immune cells, studying these secreted and cell-surface molecules
expressed by the cells of the PDX models can help reconstruct the potential immune
evasion mechanisms utilized by the active and dormant PCa cells. To discuss our discovery
in such context, we utilized the cancer-immunity cycle proposed by Chen and Mellman [22],
as follows (Figure 5):
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APCs, CTLs, and NK denote antigen-presenting cells, cytotoxic T lymphocytes, and natural killer
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4.2.1. Prevention of Effective T Cell Activation

During cellular dormancy, death of PCa cells is a rare event when compared to the
active or proliferative state of PCa. Therefore, the rate of release of cancer neoantigen
will be much lower. In addition, the low rate of PCa cell death will also limit the amount
of alarmins released [23]. Therefore, the dormancy state of PCa is presumably a less
immunogenic state of PCa.

One unexpected result with the dormant PCa expression data was the increased
expressions of major histocompatibility complexes (classes I and II) and related molecules.
During tumor progression, cancer cells expressing MHC molecules are usually selected out
through immunoediting [24]. However, it has also been proposed that MHC molecules can
modulate tolerance. It was first proposed that tolerated pig liver graft released a tolerogenic
form of the MHC molecules [25]. Subsequent work revealed that MHC molecules can
be secreted in soluble form, and these molecules are detected in normal and diseased
serum or plasma samples [26–28]. It is well-documented that proper activation of naïve
T cells requires the engagement of the T cell receptor and the antigenic peptide:MHC
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molecule complex together with costimulatory signals, lest the T cells will be brought into
an unresponsive state, known as anergy [29–31]. It has been demonstrated that soluble
peptide:MHC II molecules can induce T cell anergy in vitro and in vivo [32–34]. The
presence of the soluble MHC molecules can, therefore, skew the TCR signaling without
sufficient co-activation signals, resulting in the induction of anergic T cells during the
dormancy state, leading to tolerance toward cancer antigens.

The upregulation of MHC genes is certainly counter-intuitive. It has been demon-
strated in PCa cells that the expression levels of IL33 is associated with the expression
levels of MHC-I molecules. In addition, there is in vitro evidence that knockdown of IL33
decreases MHC-I expression [35]. Furthermore, IL33 can induce MHC II expression in
bone marrow-derived mast cells [36]. These observations are consistent with our findings
that IL33 and MHC molecule expressions were increased together in the dormant PCa
samples. In addition, IL32, which was upregulated in the dormant PDX samples, can
induce monocyte differentiation to DC, leading to upregulation of MHC-I and MHC-II
molecules [37]. Whether the effect of IL32 on cancer cells can lead to upregulation of these
MHC molecules are yet to be demonstrated. It is known that the expressions of NLRC5 and
CIITA are highly associated with the expressions of MHC-I and MHC-II, respectively [38].
Interestingly, these molecules are generally downregulated in tumors, yet they were up-
regulated in the dormant PDX samples (Supplementary Figure S1). The upregulation of
these genes was consistent with our observations that both MHC-I and MHC-II molecules
were upregulated. When we examined the protein expression level of HLA-A, an MHC-I
molecule, with IHC in the actively growing PCa PDX and dormant PCa PDX, HLA-A was
found to be upregulated in the dormant PDX samples (Supplementary Figure S2).

4.2.2. Recruitment of Immunosuppressive Cells to Build an Immune Privileged Niche

Among the over-expressed genes, there are gene products that can recruit and mod-
ulate immune cell functions that create an immunosuppressive microenvironment. For
instance, CCL20, upregulated in the dormant PDX samples, can recruit CCR6+ Treg cells to
the microenvironment [39]. Another cytokine CXCL11 is also upregulated in the dormant
samples. Although its role in tumor biology is unclear at the moment, this cytokine has
been shown to drive IL-10hi Treg polarization [40], which may inhibit anticancer immunity.
In addition, IL-33 has been shown to recruit and induce pro-tumorigenic tumor-associated
macrophages [41,42]. Together, these observations suggest that through cytokine produc-
tion, the dormant PCa cells can recruit immunosuppressive cells to create a niche for the
evasion of immune surveillance.

4.2.3. Inhibition of the Immune Effector Functions

In addition to the potential of inhibiting T cell activation, MHC molecules have also
been shown to modulate the effector functions of immune cells. Soluble MHC I molecules
are able to induce apoptotic death of activated alloreactive CD8+ cytotoxic T cells and NK
cells [43–45]. The dormant PCa may employ this immune evasion mechanism, therefore,
to eliminate CD8+ CTLs that are reactive to PCa antigens. In addition, the increased
expression of non-classical MHC-I molecules HLA-E and HLA-F in the dormant PDX can
enable the engagement of inhibitory receptors on NK and activated T cells [46–49], and
thereby inhibiting their cytotoxic effector functions [47,50–52]. It is interesting to note
that senescent cells, which share similarities with dormant cells [3], can utilize HLA-E
to evade NK and T cell cytotoxicity [53], while HLA-F have been postulated to regulate
fetomaternal immune homeostasis [54]. Perhaps the dormant PCa cells are hijacking these
physiological mechanisms to evade immune surveillance. There is also recent evidence
that the expression of MHC-II molecules can suppress effector functions of NK and T cells
through interactions with LAG3 and/or FCRL6 on these immune cells [55–59].

There has been immense interest in understanding and exploiting immune checkpoint
mechanisms due to recent successes of various immune checkpoint inhibitors [10]. We
have examined the expression levels of the B7 family members, among which many are
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checkpoint molecules [11,60]. Current evidence suggests that B7 family members can
both positively and negatively regulate immunity [61]. PD-L1 has been approved by FDA
as a biomarker for immune checkpoint inhibitors that block the PD-1/PD-L1 axis for a
variety of cancers [62]. However, PCa is not one of the approved indications. PD-L2 has
recently been suggested as a therapeutic target for PCa [63]. Interestingly, however, the
TPM values of CD274 (PD-L1) and PDCD1LG2 (PD-L2) were very low, suggesting no
or low expressions of these B7 family members. On the other hand, we found that the
expression levels of B7-H3 were consistently high in all the active and dormant PCa samples.
B7-H3 can exert its inhibitory influence on Th1 response [64], T cell effector function [65],
and NK cytolytic activity [66], potentially promoting immune evasion. Consistent with
its potential role in immune evasion and, thereby, promoting tumor progression, B7-H3
expression has been shown to correlate with tumor aggressiveness [67,68] and poor clinical
outcomes [69,70] in various cancers. We have also detected increased expression of VTCN1,
which encodes B7-H4, in all paired dormant PCa samples. B7-H4 has been shown to
negatively regulate T cell immunity [71–73]. Blockade of B7-H4 in animal models has
been shown to enhance anticancer immune responses [74,75], demonstrating the in vivo
immunosuppressive function of B7-H4. In PCa, high immunoreactivity against B7-H4 in
clinical FFPE tissues is associated with increased risk of recurrence [70]. Therefore, with
increased expression of B7-H4 in all five PDX models during dormancy, it is plausible that
B7-H4 may play a role in mediating immune evasion during dormancy. It is interesting
to note that, in an animal model, B7-H4 expression on antigen-presenting cells in the
tumors was responsible for inhibiting cytotoxic function of CD8+ cells and promoting T cell
exhaustion [76]. With the unexpected increase in MHC II molecules in the dormant PCa
cells together with the increased expression of B7-H4, one might wonder if the dormant PCa
cells can “pretend” to be APCs in the aforementioned context to promote T cell exhaustion.

Prostaglandin E2 (PGE2) is a lipid that has been demonstrated to possess immunomod-
ulatory activities at many different levels [77]. The net production of PGE2 is generally
regulated by the synthetic activities of cyclooxygenases (encoded by PTGS1 and PTGS2)
and degradation by 15-hydroxyprostaglandin dehydrogenase (encoded by HPGD) [78].
In our analysis, increased expression of cyclooxygenase 1 and prostaglandin E synthase
together with the decreased expression of 15-hydroxyprostaglandin dehydrogenase was
observed, suggesting a net increase in PGE2. It is, therefore, conceivable that dormant PCa
cells may utilize the immunosuppressive effects of PGE2 to evade anticancer immunity,
including suppression of NK and CTL cytolytic activities [79–81] and promotion of Treg
and MDSC activities [82–85].

4.2.4. Sequestration of Activating Cytokines from Immune Cells

It is intriguing that the dormant PCa cells are expressing many receptors that are usu-
ally expressed on immune cells for costimulatory function, such as IL-1 receptor and IFNγ

receptor. We hypothesize that these receptors are expressed to sequester the stimulatory
ligands, be they soluble or membrane-bound, from the immune cells. Consequently, the
immune cells will be deprived of essential activation signals for their effector functions. The
sequestration of such stimulatory signal may promote T cell exhaustion [86]. An example
is IFNγ receptor 1 (IFNGR1), a subunit of the IFNγ receptor that was highly expressed in
the dormant PCa samples. IFNγ is an essential regulator of antitumor immunity whose
functions include the promotion of CTL differentiation and function [87,88], inhibition of
pro-tumorigenic M2 macrophage polarization [89], and differentiation and function of Treg
cells [90,91]. Therefore, the sequestration of IFNγ will understandably hamper antitumor
immunity. To our knowledge, sequestration of pro-antitumor immunity as an immune
evasion mechanism has not been explored in any details and further study is warranted.

4.2.5. Inhibition of Complement-Mediated Injury

According to our analysis, CD46 and CD59 were consistently expressed at high levels
whether the PCa were in the active or dormant state. These surface proteins are well-
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documented for their ability to inhibit the activation of the complement system and the
activity of the complement membrane complex, respectively [92]. In addition, the expres-
sion of clusterin, a secreted protein that inhibits the formation of the complement membrane
attack complex [93], was increased in dormant PCa tissues. Together, the dormant PCa
tissues seem to be able to suppress anticancer functions of the complement system [94] at
multiple levels.

These observations suggest that dormant PCa cells possess the potential to evade im-
munosurveillance in both active and passive manners. The dormant PCa cells may actively
fashion the tumor microenvironment through recruitment and induction of suppressive
immune cells, thereby creating an immunosuppressive niche. On the other hand, the
dormant PCa cells may also passively avoid the potential harm exerted from the antitumor
immunity, such as inhibition of cytotoxicity from CTL and NK cells.

4.3. Current Biomarkers for Immunotherapy

Currently, PD-L1 serves as a predictive biomarker for immune checkpoint inhibitors
that block the PD-1/PD-L1 axis, such as pembrolizumab and nivolumab [62]. There have
been many different tumor types, including lung cancer, melanoma, bladder cancers,
and renal cancers, approved by FDA for these immune checkpoint inhibitors. We have
examined the expression levels of all B7 family members, including PD-L1, in our active
and dormant PDX samples. The TPM values of CD274 (PD-L1) and PDCD1LG2 (PD-L2),
both of which are ligands of PD-1, were very low. According to our data, blocking the
PD-1/PD-L1 or PD-L2 axis may not be a plausible attempt to re-activate the immune
cells for the elimination of dormant cells. Intriguingly, VCTN1, which encodes B7-H4,
a known immunosuppressor in the B7 family, was found to be upregulated in all the
dormant PCa PDX when compared to their corresponding active PDX samples, while the
expression levels of B7-H3 were consistently high in the active and dormant PCa PDX
samples. Whether these B7 family members can be targeted for the elimination of dormant
PCa cells remains to be validated.

The mismatch repair (MMR) pathway is essential for DNA repair and maintaining
genome stability. Deficiency in one or more of the four key MMR genes, MLH1, PMS2,
MSH2, and MSH6, results in microsatellite instability (MSI-H) and is associated with high
mutational load [95]. MMR deficiency was found to be a good predictor of response to
the immune checkpoint inhibitor pembrolizumab [96]. Therefore, pembrolizumab was
approved by FDA to treat unresectable or metastatic MMR-deficient solid tumors in 2017.
MMR-deficiency should be associated with higher tumor mutational burden (TMB) [97].
Tumors with high TMB (TBM-H), defined as >10 mutations/Mb, are thought to correlate
with higher probability of generating neoantigens and are therefore more immunogenic.
Recently, TMB-H has been approved by FDA as an indication for anti-PD-1 pembrolizumab
based on the results of KEYNOTE-158. However, further study suggests that TMB-H may
only be predictive of the immune checkpoint inhibitor response in a limited number of
cancers, such as lung cancers, bladder cancers, and melanoma [98]. Although TMB-H
PCa is associated with lower overall survival [99], TMB of PCa does not correlate with
the response to immune checkpoint inhibitors [98]. There is still much ongoing effort to
determine the applicability of these biomarkers across various tumor types, whether these
findings are applicable to ADT-induced dormancy remains to be seen. In our study, we
have identified a panel of soluble immunomodulatory factors, such as chemokines and
cytokines, that may contribute to the survival of dormant PCa from immunosurveillance.
These soluble factors, if validated, may not simply be exploited for novel immunotherapy
strategies, but they may also serve as biomarkers for these novel immunotherapy strategies.

4.4. Limitation of the Current Work and Future Directions

Our current work provides a descriptive landscape of the intrinsic immunomodula-
tory potential of castration-induced dormant PCa. We acknowledge two major areas of
limitation of our current work, and these limitations should prompt future endeavors to
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further investigate the immunologic landscape of dormant PCa and the potential to exploit
these properties of dormant PCa for the elimination of these cells. One, since immuno-
compromised mice are required for the development of PDX, the absence of functional
immune cells renders the validation of the immunomodulatory potential identified in this
study impossible. To validate or further study these immunomodulatory potentials, it will
be best to utilize autologous humanized PDX models, similar to what was described by
Gitto et al. [100]. Second, the persistently expressed or upregulated immune-related genes
in the dormant PDX samples will need to be validated with clinical specimens. Access
to such specimens is a challenge since biopsy is not generally required after ADT. This
obstacle may be overcome through accessing samples with prospective clinical studies
that require such specimens. Alternatively, the effect of the soluble factors, such as the
interleukins and cytokines, can first be examined since consent may be easier to obtain for
non-invasive procedures. The study of these soluble immune-related molecules may also
have the potential to serve as biomarkers or therapeutic targets.

5. Conclusions

In conclusion, we have employed five rare and exceedingly valuable hormone-responsive
patient-derived xenografts to study the intrinsic immune landscapes of the active and
castration-induced dormant PCa. Our results indicate that dormant PCa may utilize a
host of soluble and cell surface molecules to exert immunomodulatory effects. With the
reconstruction of the potential immune evasion mechanisms that can be utilized by the dor-
mant PCa cells, this work provides a framework for further studies. The insights provided
by this study also implicate that the recruitment of the immune system to eliminate the
dormant PCa cells will likely require a combination approach.
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(Pre-Cx) and dormant (Post-Cx) PDX tissues; Supplementary Table S1: List of proliferation genes;
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and dormant samples; Supplementary Methods.
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