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Abstract

Background: Prostatic inflammation and various pro-inflammatory systemic co-morbidities,
such as diabetes and obesity are associated with human benign prostatic hyperplasia (BPH). There
is a paucity of in vivo models reflecting specific aspects of BPH pathogenesis. Our aim was to
investigate the non-obese diabetic (NOD) mouse as a potential model for subsequent intervention
studies.

Methods: We used the NOD mouse, a model of autoimmune inflammation leading to type 1
diabetes to examine the effects of systemic inflammation and diabetes on the prostate. We assessed
changes in prostatic histology, infiltrating leukocytes and gene expression associated with aging
and diabetic status.

Results: Both stromal expansion and epithelial hyperplasia were observed concurrently in the
prostates. Regardless of diabetic status, the degree of prostatic hyperplasia varied. Local
inflammation was associated with a more severe prostatic phenotype in both diabetic and non-
diabetic mice. Testicular atrophy was noted in diabetic mice, but prostate glands showed persistent
focal cell proliferation. In addition, a prostatic intraepithelial neoplasia (PIN)-like phenotype was
seen in several diabetic animals with an associated increase in c-Myc and MMP2 expression. To
examine changes in gene and cytokine expression we performed microarray and cytokine array
analysis comparing the prostates of diabetic and non-diabetic animals. Microarray analysis
revealed several differentially expressed genes including CCL3, CCL12and TNFS10. Cytokine
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array analysis revealed increased expression of cytokines and proteases such as LDLR, 1L28 A/B,
and MMP2 in diabetic mice.

Conclusion: Overall, NOD mice provide a model to examine the effects of hyperglycemia and
chronic inflammation on the prostate, demonstrating relevance to some of the mechanisms present
underlying BPH and potentially the initiation of prostate cancer.
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Introduction:

Chronic inflammation is a key contributor in both the initiation and progression of a variety
of diseases including arthritis, diabetes and various malignancies, affecting many organs
including the prostate 13, It has been hypothesized that prostatic inflammation may be a
common contributory agent to both benign prostatic hyperplasia (BPH) and prostate cancer
4, Histologically, BPH in humans is characterized by epithelial and stromal expansion in the
prostate with the focal induction of new ductal architecture. Inflammation has been
considered an important player in BPH 3 and has been associated with the severity of the
disease °. Both the Reduction by Dutasteride of Prostate Cancer Events (REDUCE) and
Medical Therapy of Prostatic Symptoms (MTOPS) studies linked histological prostatic
inflammation with prostate enlargement and symptom scores 87, Inflammatory
comorbidities such as obesity, diabetes, and metabolic syndrome, are now recognized as
playing an important role in BPH pathogenesis &° and could potentially contribute to
resistance in current medical therapies. However, it remains unclear whether these
comorbidities result in overlapping or separate consequences and whether or how they affect
BPH incidence or progression.

The structure of the human and mouse prostates differ greatly, with the human gland being
an encapsulated compact organ while the mouse prostate has distinct lobes that grow
outwards from the urethra 10, Benign and malignant diseases are common in the human
prostate, but the mouse organ is not normally a site for either hyperplasia or cancer.
Although a series of /n vitroand in vivo models have been developed and described as
models of BPH 11, none of these fully recapitulates the pathobiology of the human
condition. However, each model may shed light on specific aspects of the human disease. It
is important to be able to determine the specific similarities between individual mouse
models and human BPH to appropriately test aspects of disease biology and response to
potential treatments. Most BPH patients suffer from multiple co-morbidities, often making it
impractical to study these conditions individually in humans. Therefore, we used the non-
obese diabetic (NOD) mouse model to better understand the role that inflammation and Type
1 diabetes in the absence of obesity play in the development of prostatic hyperplasia.

The NOD mouse is a stochastic model of Type 1 diabetes caused by autoimmune destruction
of pancreatic B cells by T lymphocytes 1213 which leads to the inhibition of insulin
production. Diabetes in this model is characterized by insulitis and the onset of diabetes is
indicated by a non-fasting glucose higher than 250 mg/dL along with glycosuria 14. About
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20-40% of male NOD mice develop diabetes between 12-30 weeks of age 1°. These inbred
mice exhibit several abnormal immunophenotypes including defects in; the function of
natural killer (NK) cells, cytokine production from macrophages, immunoregulatory
function of antigen presenting cells, and in T-cell regulation 16. To date, there have been few
studies on the effects of autoimmunity on the prostate in these mice and none which focus
on prostatic hyperplasia 1718, By using this model, we were able to study the effects of
inflammation and diabetes individually, or in combination, on the mouse prostate to
determine if there are any similarities to human BPH.

We observed the following: 1) Similar to human BPH, these mice displayed varying degrees
of prostatic hyperplasia histologically characterized by epithelial hyperplasia and stromal
expansion. 2) In addition, several diabetic mice displayed regions of prostatic intraepithelial
neoplasia (PIN)-like changes in the prostate. 3) Both diabetic and non-diabetic mice showed
increased inflammatory infiltrates in the prostate. 4) A panel of inflammatory or immune-
related genes in diabetic mice was found to be associated with the degree of prostatic
hyperplasia.

Materials and Methods:

Non-Obese Diabetic Mouse Model

Sixty 7-week-old male non-obese diabetic (NOD/ShiltJ) mice were purchased from Jackson
Laboratory, Bar Harbor, ME (Stock Number: 001976). Mice were aged over the course of 32
weeks and were sacrificed at 26, 31, 34, 36, and 39 weeks old. Mice were injected with 100
mg/kg bromodeoxyuridine (BrdU) 20 minutes before being sacrificed using a CO, chamber.
Serum was extracted immediately post-sacrifice and the prostate (all lobes), testes, seminal
vesicles, bladder, kidney, liver, spleen, and pancreas were collected on ice. Tissues were
formalin fixed and paraffin embedded or frozen in OCT.

Glucose Monitoring

Using a commercially available Contour glucose meter kit (Stock Number: 7151H) from
Bayer AG (Whippany, NJ), non-fasting glucose readings were taken bi-weekly using blood
collected via tail nick starting at 10 weeks old. Mice with readings above 250 mg/dL are

considered to be diabetic while a reading above 400 mg/dL is considered severely diabetic
19

Antibodies and Reagents

Antibodies and other reagents are listed in table 1. All antibodies were purchased directly
from and validated by commercial vendors. For antibodies used in cell sorting normal
splenic tissue was used to cross validate results.

Immunohistochemical and Histological Analysis

Mouse prostate tissues were fixed in 10% (v/v) formaldehyde in PBS, embedded in paraffin,
and 5um sections were cut. Sections were deparaffinized in xylene and rehydrated using
gradient ethanol concentrations. For H&E staining, the sections were stained in Gill’s 111
hematoxylin purchased from Sigma Aldrich (Stock Number: GHS316), for 7 min, washed in

Prostate. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aaron-Brooks et al. Page 4

running tap water for 5 min and quickly dipped in 1% acid alcohol. Slides were then rinsed
in running tap water, dipped in saturated lithium carbonate to blue them and washed in
running tap water for 1 min. Following this, slides were dipped in 95% alcohol and stained
in eosin for 1 min. Finally, slides were dehydrated and mounted by routine methods.

Immunostaining was performed by using the Universal VECTASTAIN® Eliteg ABC system
following manufacturer’s protocol. Slides were examined by a pathologist (SEC) and
stromal hyperplasia and epithelial hyperplasia and piling were determined based upon these
observations.

Statistical Analysis of Inmunohistochemistry

Positively stained and unstained cells were counted manually in five high magnification
fields of stained slides. Graphpad Prism version 7 for Windows, (GraphPad Software, La
Jolla California USA, www.graphpad.com) was used to perform an unpaired t-test to
determine whether samples differed significantly.

Scoring of Stromal Expansion

The area of stromal expansion in 100 sections of total glands, 50 sections from non-diabetic
and 50 sections from diabetic mice was determined by measuring the total area of a single
gland and then the stromal area using the ImageJ software. The measurement of stromal area
was then divided by the total gland area to determine the percentage of stromal expansion.

Flow Cytometry

For each mouse, a part of the spleen was mechanically dissociated while one of each of the
paired lobes of the prostate was digested in Img/mL collagenase | from Life Technologies,
(Carlsband, CA) for up to one hour while shaking at 37° C. After digestion/dissociation, cell
samples were washed and filtered before RBC removal. Cells were blocked with mouse Fc
block (BD Pharmingen, 553142) and stained with Zombie Violet viability dye (Biolegend)
followed by staining with antibodies to CD45 [30-F11], CD4[GK1.5], CD8[53-6.7],
CD19[6D5], F4/80 [BM8], and CD11b[M1/70] according to the manufacturer’s instructions
(Biolegend). All samples were washed and filtered before flow analysis on a MACSQuant
(Miltenyi). Final data analysis was conducted using FlowLogic software version 700.2A
(Miltenyi). All cell events underwent debris and doublet exclusion followed by removal of
dead cells containing Zombie Violet dye. The CD45" cells were gated on the viable cell
population and the specific immune cell subsets were gated on the CD45* cell population.
Three mice were analyzed for each group, where each point represents a single mouse.

Microarray Analysis and Cytokine Array

RNA was extracted from the anterior lobe of mouse prostates using a standard TRIzol
extraction protocol and sent to the Genomics Facility at the University of Chicago where a
Clariom S Affymetrix Gene Expression array for mice was conducted. The microarray data
were processed and analyzed with R packages: “oligo20 for preprocessing, “limma”2! for
differentially expressed genes identification, and “EGSEA”22 for gene set enrichment
analyses with gene sets collected from GeneSetDB23, KEGG?24, and MSigDB2°:26, Cytokine
detection was performed using Proteome Profiler Mouse XL Cytokine Array which detects
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111 different analytes (R&D; ARY028). Analysis of the membranes acquired from the
cytokine arrays was carried out by using the ImageJ software to analyze and quantify
densitometric measurements.

NOD Mice Develop an Abnormal Prostate Hyperplasia

As in humans, where symptoms and histologic severity of prostatic enlargement vary by
patient, we noticed variable histology in the NOD mouse model. When we analyzed
prostatic tissues utilizing H&E staining, distinct histologic phenotypes were observed. We
focused on analyzing the anterior prostate (AP) because this was the lobe that most
prevalently displayed phenotypic changes. Other lobes appeared to largely maintain normal
histology. Only one non-diabetic and one diabetic NOD mouse had AP lobes that appeared
normal with intact glandular structures and normal cell composition. The remainder of the
mice either had areas of epithelial piling and stromal expansion (Figure 1A). Even in the
earliest time point tested (26 weeks), some degree of both epithelial piling and stromal
expansion were observed in all mice, although in some animals foci of stromal expansion
with no associated epithelial changes or of epithelial changes with no stromal expansion
could also be found. From these samples it is not possible to say whether the stromal and
epithelial expansion is concurrent or whether one precedes the other. After scoring the area
of stromal expansion of 25 sections from each group, it was found that that there is an
increase, though not significant in the areas analyzed, in stromal expansion in the diabetic
mice (Figure 1B). Pathologic review suggests the presence of hyperplasia (increased cell
numbers) rather than hypertrophy (increased cell size) in the stroma. This is consistent with
the stromal expansion seen in human BPH.

Most non-diabetic mice had areas of focal hyperplasia and an increase in interstitial
inflammation with focal lymphoid aggregates. These mice also exhibited areas with
thickening of the basement membrane with smooth muscle adjacent. Diabetic mice exhibited
marked stromal hyperplasia, abnormal gland clustering with an increase in mononuclear
inflammation including lymphatic cells, macrophages and mast cells. The prostate
epithelium in diabetic mice showed pleomorphic nuclei and an increase in the nuclear-to-
cytoplasmic ratio. While both groups of mice had a similar percentage of mice with stromal
expansion, non-diabetic mice were somewhat more likely to exhibit areas with epithelial
piling (Figure 1C). BrdU staining revealed cell proliferation occurring in the stromal and
epithelial tissues of both non-diabetic and diabetic mice, with an increase in areas of
hyperplasia, especially in the diabetic NOD mice (Figure 1D). This finding could possibly
indicate a metabolic mechanism contributing to the severity of hyperplasia.

Incidence of Diabetes in Male NOD Mice

Diabetes was observed as early as 18 weeks of age and the number of diabetic mice
increased over time. About 48% of mice in our cohort became diabetic over the course of
this study (supplemental Figure 1A). Out of twenty-nine diabetic mice, nineteen lost weight,
and three suffered significant weight loss (>20% of the initial weight) and were euthanized
prior to their scheduled termination. Only one mouse in the non-diabetic group lost weight
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(supplemental figure 1B). A detailed table outlining the tag ID numbers of the mice, their
diabetic status, change in weight, and histologic changes can be found in supplemental
tables 1 and 2. Although a number of diabetic mice lost weight, four who became diabetic
experienced either no significant decrease in weight or gained weight normally over the
course of this study (supplemental table 2). To determine at what age prostatic phenotypes
emerged, mice were sacrificed over a wide range of ages; 26, 31, 34, 36, and 39 weeks old.

Increased Immune Infiltration is Associated with a More Severe Prostatic Phenotype

Inherent immunodeficiencies in NOD mice have been well described. These mice suffer
from the absence of circulating complement, which plays a role in antibody-mediated
cytolysis 27, as well as a functional deficit in natural killer (NK) cells 28-30, Furthermore,
both antigen-presenting dendritic cells and macrophages in NOD mice exhibit maturation
defects 3132, Although many studies have analyzed the function of the immune system in
NOD mice, none have assessed the inflammatory profile of the prostate in these mice.
Analysis of the prostate in NOD mice indeed supports alterations in inflammatory cell
infiltrates of diabetic versusnon-diabetic mice. Flow cytometry analysis of inflammatory
infiltrates including T cells, B cells, and CD11b+ myeloid cells in NOD mice suggested
increased inflammation in prostates of diabetic animals (supplemental figure 2). Analysis of
three non-diabetic and three diabetic NOD mice demonstrated an increased trend of CD45+
cell infiltration and upward trend of CD8+ T cell and CD19+ B cell percentages within the
immune compartment. The immune cell infiltrates within the spleens of these animals,
however, remained unchanged. The alterations within the prostate were not significant,
likely due to the low sample size. Therefore, we validated these findings within NOD mouse
prostates using immunohistochemistry (IHC) to determine the presence of CD4* T-cells,
CD19" B-cells, and F4/80* macrophages. These markers were chosen because in studies
looking at inflammatory cells infiltrate in human BPH tissue, T-cells, B-cells, and
macrophages were all shown to be commonly upregulated 3334, Positive staining of these
markers was observed in both non-diabetic and diabetic mice (Figure 2A). Blind scoring
revealed that diabetic NOD mice have an overall increase in these three cell types (Figure
2B) and also that leukocytes were more likely to invade the epithelial tissue in diabetic
animals. Inflammation in non-diabetic mice appeared to be localized in interstitial tissues
compared to diabetic mice where inflammation appeared to be more localized to glandular
structures.

We found that epithelial hyperplasia was associated with inflammatory infiltrates in diabetic
NOD mice even in the absence of stromal expansion in up to 29% vs. 7% of non-diabetic
NOD mice. However, in the non-diabetic NOD mice stromal expansion was more frequently
associated with inflammation (21%) compared to diabetic NOD mice (3%) (Figure 3). These
data suggest that inflammation in diabetes could enhance the epithelial prostate phenotype
observed in NOD mice.

We stained for androgen receptor expression in the male NOD mouse prostate and found
positive staining in both non-diabetic and diabetic mice (Figure 4A). This expression was
primarily found in epithelial cells but could also be seen in the stroma. In addition to this,
IHC staining revealed NF-xB activation (Phospho-P65) in both groups of mice. Phospho-
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P65 could be seen in the epithelial nuclei, some stromal nuclei, and within and adjacent to
areas of inflammation (Figure 4B).

A Subset of Diabetic NOD Mice Develop Prostatic Intraepithelial Neoplasia

In addition to benign histologic changes we also observed potentially preneoplastic prostatic
intraepithelial neoplasia (PIN)-like lesions (Figure 5A). In humans PIN is considered, by
consensus, to be a precursor lesion to adenocarcinoma 35. Two of the major characteristics
of PIN are nuclear enlargement and an increased nuclear-to-cytoplasmic ratio. PIN-like
changes were more common in the diabetic (8 out of 29 [27.6%]) than non-diabetic mice (3
out of 31 [9.7%]) within the anterior prostatic lobe (Figure 5A). The prostatic phenotypes in
the diabetic mice with PIN-like changes (Dp) exhibited all histologic features observed in
diabetic mice without PIN-like changes, however, in addition these mice also displayed
nuclear atypia, nuclei with multiple nucleoli and an even greater increase in the nuclear-to-
cytoplasmic ratio. Inflammatory cells in the prostate of Dp mice were more likely to
infiltrate the basement membrane and were also more likely to sit close to PIN-like regions.
Careful histologic examination of these lesions did not reveal and epithelial invasion into or
through the basement membrane (Figure 5B). While cells undergoing mitosis could
occasionally be identified, there appeared to be a loss of cell polarity, as well as, several
apoptotic bodies and karyorrhectic nuclear debris in some areas. Furthermore, these mice
exhibited highly proliferative luminal occlusion. Although continued investigation is
required, this finding suggests that this model may also be useful in studying some early
events leading towards prostate cancer.

c-Myc overexpression has been shown to induce PIN in transgenic mice 36:37 but no studies
have looked at c-Myc expression in NOD mice in relation to PIN. Therefore, we used IHC
to stain for c-Myc expression in PIN-like lesions. Cells in the stroma as well as the
epithelium of the prostate expressed c-Myc with localization in both the nucleus and
cytoplasm (Figure 5C). The specific role that c-Myc is playing in the onset or progression of
prostatic hyperplasia in these mice remains unknown at this point.

Due to the presence of inflammatory cells and localization of c-Myc in the stroma and
epithelium as well as the potentially pre-malignant PIN phenotype, we wanted to determine
if there might be degradation of the extracellular matrix. MMP-2 and MMP-9 are enzymes
associated with the degradation of collagen and other extracellular matrix proteins and play
arole in cancer invasion and metastasis 38. Both MMP-2 and MMP-9 have been shown to be
potential prognostic markers of prostate cancer 39, IHC staining revealed expression of both
MMP-2 and MMP-9 throughout the prostate. (Figure 5D).

Diabetic NOD Mice Develop an Abnormal Testicular Phenotype

An abnormal testicular phenotype developed in diabetic mice, especially in mice with a
more severe diabetic status indicated by a non-fasting blood glucose reading of 400 mg/dL
and above 40, While non-diabetic mice had completely normal testes, in the smaller testis
recovered from the diabetic mice, the histopathology revealed a marked loss of tubules,
vacuolization of the epithelial cells and dystrophic calcification (Figure 6A). The degree of
testicular degradation varied but it was clear that a more severe diabetic status was
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associated with increased degradation of the testes. Although prostatic hyperplasia was
present in the mice, testicular degeneration was also associated with shrinkage of the whole
prostatic complex and seminal vesicles (Figure 6B) reminiscent of the gross phenotype of
the genital tract of a castrated male mouse.

The histology of the pancreas in these mice was also analyzed. In non-diabetic NOD mice,
microscopic sections of the pancreas (supplemental figure 3A) revealed the presence of islet
cells surrounded by mononuclear inflammatory cells. In some areas, the inflammatory
infiltrate invaded into the islet cell mass and was associated with pyknotic nuclei and
apoptotic-appearing bodies. The acinar component exhibited focal vacuolization and
variability in the nuclear-to-cytoplasmic ratio. Unlike the non-diabetic NOD mice, the islet
cell mass was markedly reduced or absent in the diabetic NOD mice. In those cases where
residual islets were observed, there was an increase in pyknotic and apoptotic-appearing
cells. Mononuclear infiltrates were scattered throughout the pancreatic tissue. The ducts
showed dilation occasional staghorn-type morphology. Vacuolization within the exocrine
component of the organ was more abundant than the non-diabetic group. In the subset of
animals demonstrating PIN-like histology, inflammatory cells were often found to directly
invade the islets and vacuole density was higher than other groups. Scoring of the pancreatic
structures can be found in supplemental figure 3B. These observations suggest that as mice
age the inflammatory processes that cause diabetes do not stop, merely that they strike
different mice at different ages.

Microarray Analysis Reveals Differentially Expressed Genes in Diabetic Mice with PIN-Like
Changes vs. Non-Diabetic Mice

We utilized the Clariom S Mouse Affymetrix microarray system to determine which genes
and gene sets are upregulated in the anterior prostate of these mice. The anterior prostate
was chosen because it was in this prostatic lobe that the most significant phenotypic changes
were observed (Figure 1). Using Gene Set Enrichment Analysis (GSEA) we were able to
determine differentially expressed genes (DEG) between diabetic (Di), non-diabetic (ND)
mice and diabetic with PIN-like changes (Dp). We found that there was only one DEG
(Uts2b) when comparing Di vs ND and five DEGs were observed between Dp vs Di, all
were upregulated in Di mice (Figure 7A). Interestingly, when comparing Dp vs ND, there
were 67 DEGs, 34 of which were upregulated in Dp mice. (Figure 7B). 13 of these
upregulated DEGs (highlighted in Figure 7B) are involved in inflammatory or immune-
related processes. A table with a full list of DEGs in Dp vs ND mice can be found is
supplemental figure 4A. Work has been done in humans that links a few of the genes found
to be upregulated in Dp mice to BPH and/or cancer 4144,

Cytokine Array Analysis

NOD mice exhibit multiple aberrant immunophenotypes, including cytokine deregulation
that may contribute to the observed prostate changes. To gain a better understanding of
which cytokines are up- or down-regulated in the prostates of non-diabetic vs. diabetic mice,
we performed a cytokine array to assess the levels of over 100 cytokines, chemokines and
proteases using the Proteome Profiler Mouse XL kit. The anterior prostates, from mice
without PIN lesions, were used because, as previously stated, the most significant
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histopathologic changes occurred in this lobe and only a small subset of mice developed PIN
lesions. The relative expression of the secreted factors was analyzed by densitometry using
the desktop application Image J. Of the 111 analytes, seven were significantly upregulated in
diabetic NOD mice (Figure 7C). This included coagulation factor I11/ tissue factor (TF/
CD142), flt-3 ligand (FIt3lg), IL 28A/B, low density lipoprotein receptor (LDLR), leukemia
inhibitory factor (LIF), and lipocallin-2/NGAL (LCNZ2). In addition to these upregulated
analytes, and consistent with our analysis, MMP-2 was also among the analytes found to be
upregulated in diabetic mice. Whole cytokine array membranes can be found in
supplemental figure 4B.

Discussion:

In humans, BPH is characterized by the nodular, nonmalignant proliferation of epithelial
and/or stromal cells, resulting in focal development of new glandular structures,
predominantly within the transition zone of the prostate 446, Classical descriptions
suggested that stromal nodules develop first and that epithelial structures subsequently
invade and arborize. However, McNeal showed that, while such stromal nodules are
common in the periurethral prostate, in the transition zone the nodules appear to be
glandular from their inception 4748 suggesting that both epithelial and stromal proliferation
are important components of human BPH. It is important to note that in humans while there
is proliferation of both epithelial and stromal cells the result is new ductal architecture that is
histologically normal, making detection in needle biopsies difficult, and that BPH is
recognized by the pattern of growth and focal expansion rather than by abnormal local
histology.

Mouse models are important components in the development and testing of therapeutic
interventions for many diseases. In the case of BPH, none of the available mice reflect all
aspects of the disease as it occurs in humans. This makes it important to examine individual
models critically to determine how they can best contribute insights to the human condition.
In humans BPH, often causes compression of the urethra, and is a well-recognized cause of
lower urinary tract symptoms (LUTS), a symptomatic syndrome that includes frequency and
urgency to urinate, nocturia, and weak urine stream 454649 The prostates of rodents are
composed of lobes that, in general, are not closely associated with the urethra. Therefore,
their expansion is not a cause of urinary retention. An exception to this generalization is the
new growth of prostatic ductal tissue within the rhabdosphincter that can be elicited by sex
steroid hormones and has been shown to cause urethral compression in both rats % and mice
51, It is worth noting that the rhabdosphincter is relatively much thicker and more developed
in rodents than in humans 2, so even this apparent similarity in growth and functional
outcome is not truly equivalent to the human condition.

We showed here that NOD mice replicate certain key features of prostatic hyperplasia
including stromal and epithelial proliferation and associated inflammation. The several
prostate phenotypes observed in NOD mice mimic to a certain extent the ones observed in
patients with benign prostate hyperplasia. Regardless of diabetic status these mice displayed
histologic changes in their prostates. We observed areas of hyperplasia in these mice as early
as 26 weeks of age and the severity of hyperplasia increased with both age and diabetic
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status, similar to what is observed in human BPH patients. BPH in humans is a focal
enlargement usually centered in the transition zone of the prostate, adjacent to the prostatic
urethra. In NOD mice we saw lobe specific effects with the greatest stromal and epithelial
proliferation seen in the anterior prostate. While we were able to observe these changes in
the prostate, currently it is unclear if stromal expansion precedes epithelial hyperplasia or
vice versa. There is no correlation between mouse prostate lobes and the zones of the human
prostate 23 so the regional nature of human BPH is not truly recapitulated in mouse models.
In addition the prostatic expansion seen in mouse models, including this one, is not an exact
histologic match for that seen in humans, where BPH is, in essence, an amplification of
normal transitional zone architecture. In contrast the epithelial hyperplasia seen in the mouse
represented more piling of cells than in humans.

Inflammation and inflammatory comorbidities such as diabetes and obesity are associated
with the progression of BPH to therapy resistance and ultimately to surgery. Obese men tend
to suffer more from obstruction due to an enlarged prostate, and also tend to be more
resistant to 5a-reductase inhibitor (SARI) treatment %455, Larger prostate volumes were
found in patients suffering from LUTS and type 2 diabetes compared to patients suffering
from LUTS who did not have type 2 diabetes 6. Diabetics with higher prostate volumes and
PSA levels are more likely to report more severe LUTS with the duration of diabetes being
associated with symptom severity 5557, Although BPH patients usually suffer from type 2
diabetes, where the amount of insulin produced by the pancreas does not meet the needs of
the body or the body’s cells are resistant to the produced insulin, BPH has been considered
to potentially have an autoimmune component 3358, Many human BPH studies have shown
an upregulation in various inflammatory infiltrates including T-cells, B-cells and
macrophages. Notably, Theyer et a/ stated that compared to normal tissues, up to 60% of T-
cells in BPH tissues were found to be CD4* 34 . Here we show a similar pattern of increased
B-cells, CD4+ T-cells, CD8+-T cells and F4/80+ macrophages in the prostate of the NOD
mouse using IHC. These data suggest that prostatic inflammation is exacerbated by diabetes
in this model. This mouse has been characterized as a model for autoimmune diseases such
as type 1 diabetes and has also been used as a model of inflammatory prostatitis 17:18:59-62,
Unlike humans where patients suffering from type 2 diabetes tend have larger prostates, the
prostates in diabetic NOD mice were smaller compared to non-diabetic mice, reflecting
histologic changes to the testes secondary to type 1 diabetes. However, histologically these
mice still exhibited focally-increased proliferation of epithelial and stromal cells.

Observations in the pancreas, demonstrate that autoimmune destruction of islet cells occurs
at all ages and therefore the proportion of diabetic mice increases with age. Many studies
have demonstrated that diabetes in animal models and humans interferes with
spermatogenesis and can affect fertility 63.64. Schoeller et al. concluded that low levels of
insulin due to type 1 diabetes leads to a disruption in the hypothalamic pituitary gonadal
axis. This disruption subsequently causes a decrease in follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) signaling to the testes which in turn negatively impacts
spermatogenesis. Testicular atrophy has been observed in diabetic Akita mice, as well as,
diabetic BB Wistar rat 6465, Akita mice express a mutant, nonfunctional form of insulin 11
(/ns2) in the testes and pancreas. Male Akita homozygous mice were shown to be infertile
and have abnormal testicular morphology and reduced testis size 5. The BB Wistar rat

Prostate. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aaron-Brooks et al.

Page 11

spontaneously develops diabetes and demonstrates testicular atrophy occurring as early as
121 days old with increasing severity as the rats age 84. There have been studies of the
testicular alterations in NOD mice %6, however, none have analyzed the associations of these
alterations with prostatic hyperplasia. We have shown that regardless of testicular status,
NOD mice develop regions of prostatic hyperplasia within the anterior lobe.

The observation of hyperplasia, even in mice with shrunken and/or dysfunctional testes is
indicative that androgens may not be required for continued cellular proliferation in these
mice. In humans, many BPH patients fail 5ARI therapy, especially those patients with
inflamed prostates. In these patients, the hyperplastic prostate continues to grow even though
there is an inhibition in the conversion of testosterone to DHT, which can be monitored by
decreases in the expression of the androgen-dependent protein PSA 67. This indicates that
there are alternative mechanisms leading to BPH progression. Tissue samples taken from
BPH patients whose disease progressed to surgery expressed significantly higher androgen
receptor and androgen receptor variant 7 as well as SRD5A2 levels when compared to
patients with earlier stage disease and low symptom scores. Furthermore, activation of NF-
xB is associated with inflammation, as seen in advanced BPH, and led to upregulation of
these same genes, linking inflammation to androgen synthesis and signaling 6869, It is
possible that inflammation in the NOD mouse may be providing a similar mechanism to
support prostate growth, sidestepping the loss of testicular function.

c-Myc is a transcription factor that plays an important role in regulating cell division and can
inhibit the expression of genes with antiproliferative functions 0. c-Myc has been shown to
have several roles in the NOD model such as causing resistance to glucocorticoid-induced
apoptosis 7. We show here that diabetic NOD mice develop focal PIN-like changes. This
observation, taken along with the finding of c-Myc expression in these foci, is consistent
with the myc activation seen in human prostate adenocarcinoma. The role that c-Myc plays
in the causation or progression of the prostatic phenotype seen in NOD mice is unknown, it
may potentially be involved in the increase in cell proliferation observed in the diabetic
NOD mice, especially those with PIN lesions. Several of the upregulated cytokines
identified including tissue factor’2=74 LDLR>76 LIF’7.78 and LCN279-81 have been
implicated in cancer cell proliferation or cancer progression while Flt3-ligand has potential
for use in immunotherapy82-84. While this is the case, the role(s) that these cytokines are
playing in the context of the NOD mouse model and/or BPH is poorly understood. The
indication(s) of the majority of the DEGs upregulated in Dp mice is still unknown, however,
some work has been done on CCL3 and TNFSF10 4143 in humans. For example, Tyagi et.
al has shown association of increased urine levels of a number of chemokines and cytokines
including CCL3 with prostatic tissue inflammation score and lymphocytic infiltration in
human BPH patients #4. Furthermore, CCL3 has been shown to be a key player in the AR-
CCL3 dependent pathway used by macrophages to induce stromal proliferation 8. Further
studies are needed to elucidate the role, if any, that the differentially expressed genes from
the microarray and upregulated analytes from the cytokine array have in the NOD mouse,
BPH and/or PIN.

Our studies illustrate the utility of the NOD mouse in the study of some aspects of various
prostatic conditions, including prostatic hyperplasia and potentially the initiation of prostate
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cancer. Since many human BPH patients suffer from multiple diseases at once, it is difficult
to study the effects that individual diseases have on BPH causation or progression.
Currently, a significant number of BPH patients become resistant to therapy leading to
around 120,000 surgical interventions annually in the United States 8. The role of
inflammatory comorbidities in the progression of human BPH make this model of immune-
initiated hyperplasia potentially useful in testing therapies aimed at this aspect of the
disease.
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Figure 1. Histologic Changesin the Male NOD Mouse Prostate

Non-Diabetic Diabetic

A) NOD mice exhibit a range of prostatic phenotypes including areas that have normal
prostatic composition, areas of stromal expansion (SE) and areas that have both SE and
epithelial hyperplasia (EH). B) The first graph shows percentage of mice with stromal
expansion. The second graph shows the average area of stromal expansion as a percentage of
the total measured area non-diabetic compared to diabetic mice. C) Percentage of mice with
epithelial hyperplasia. While both non-diabetic and diabetic mice experience a similar
percentage of stromal expansion, diabetic mice were more likely to exhibit epithelial
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hyperplasia. D) Immunohistochemical staining of BrdU in diabetic and non-diabetic male
NOD mice reveals increased epithelial proliferation in diabetic NOD mice.

Prostate. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Aaron-Brooks et al.

Positive Cells/HPF (mean)

601

Page 19
Non-Diabetic Diabetic
CDh4
CD19
F4/80
cD4 cD19 F4/80
bl 301 __ 607
= c
g *
E £
i 20- w40
z <
2 =
@ Q
o 1 b 204
s 10 %
0- 0-
Non-Diabetic Diabetic Non-Diabetic Diabetic Non-Diabetic Diabetic

Figure 2. Increased | nflammatory Infiltrate is Associated with a More Severe Prostatic
Phenotype

A) IHC staining of CD4+ T-cells, CD19+ B-cells, and F4/80+ macrophages. Staining reveals
positive inflammatory cell marker expression in both non-diabetic and diabetic NOD mice.
B) Quantitation of inflammatory cell clusters shows a significant increase in overall
inflammation in diabetic NOD mice.
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Figure 3. Association of Inflammation with Prostatic Phenotypes
Inflammatory infiltration (1) in the prostate is associated with epithelial hyperplasia (EH) +

stromal expansion (SE) and EH only phenotypes in the non-diabetic while SE phenotype is
more common in the diabetic NOD mouse *EH in the absence of SE and | is more common
in the diabetic NOD mouse.
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Figure 4. Androgen Receptor Expression and NF-xB activation in NOD Mouse Prostate
A) IHC staining showing positive Androgen Receptor (AR) expression in both non-diabetic

and diabetic NOD mouse prostates. B) Positive IHC staining for NF-xB (Phospho-P65) in
non-diabetic and diabetic NOD mouse, particularly in areas of and adjacent to inflammation.
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Figure 5. A Subset of Male NOD Mice Develop Areas of PIN-Like Changes
A) Areas of PIN-like changes in non-diabetic (ND) and diabetic (Di) mice. Arrows indicate

enlarged nuclei or increased nuclear-cytoplasmic ratio. B) Representative H&E staining
showing no breakdown of extracellular matrix in areas of PIN (arrowheads indicate intact
basement membrane, arrow indicates inflammation) C) c-Myc staining revealed positive
expression in regions with PIN-Like changes. D) MMP2 and MMP9 staining show increased
expression in diabetic mice.
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Figure 6. Diabetic Statusis Associated with Testicular Changesin the NOD Mouse Prostate
A) Testicular phenotypes in non-diabetic mice (ND), diabetic mice (Di), and diabetic mice

with PIN-like changes (Dp). ND mice appear to have normal phenotypic composition. Di
mice exhibit calcification of the testes and cellular atrophy (arrows indicted areas of
calcification). Dp mice have complete loss of testicular architecture, loss of Leydig cells, and
severe cellular atrophy. B) Gross anatomy shows a decrease in the overall size of the
urogenital tract in diabetic NOD mice compared to non-diabetic NOD mice (T indicates
visible testis in non-diabetic mouse).
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Figure 7. Differentially Expressed Genesand Cytokinesin Male NOD Mice
A) Microarray analysis revealed 1 differentially expressed gene (DEG) in diabetic NOD

mice vs non-diabetic NOD mice and 5 DEGs in diabetic NOD mice with PIN-like changes
vs diabetic NOD mice. B) There were 34 DEGs in diabetic NOD mice with PIN-like
changes vs non-diabetic NOD mice. Inflammatory related genes are highlighted in yellow.
C) Results from cytokine array analysis reveal significant increase in seven analytes in
diabetic NOD mice compared to non-diabetic NOD mice.
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Table 1.
List of antibodies and reagents

Antibody/Reagent Vendor Stock Number | Dilution
CD4 Bio Rad Laboratories MCA4635GA 1:200
F4/80 Bio Rad Laboratories MCA497GA 1:100
CD19 Cell Signaling Technology | 3574S 1:100
cMyc Abcam AB32072 1:250
Ki67 Abcam AB16667 1:100
MMP2 Abcam AB37150 1:4000
MMP9 Abcam AB38898 1:100
NFkB pP65 (phospho) Abcam AB106129 1:100
BrdU ThermoFisher Scientific MA1-81890 1:200
VectaStain ABC Universal Elite Kit | \ector Laboratories PK-6200
Affymetrix Clariom S Assay, Mouse | ThermoFisher Scientific 902930
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