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link an age-associated T cell
subset to symptomatic benign
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Introduction: Benign prostatic hyperplasia (BPH) is among the most common
age-associated diseases in men. Prostatic immune cell infiltration is frequently
observed with aging coincident with BPH; however, the contribution of age-
related changes in immune cells to BPH is not clear. As T cells are the
predominate immune cell in aged prostates, it is hypothesized that age-
associated alterations in T cell subsets contribute to BPH symptoms.

Methods: scRNA-seq data from immune cells isolated from small (<40g) and large
(>90q) prostates from aged men (>50 years) were combined with previously published
scRNA-seq data from three young organ donor prostates to compare young to aged
prostate T cells and small to large aged prostate T cells. Cycling and senescent BPH
patient-derived fibroblasts were treated with granzyme K and senescence-associated
secretory phenotype (SASP)-associated cytokines were measured by ELISA.

Results: An age-associated CD8" T cell subset (Taa) with high Granzyme K
(GZMKhi) and low Granzyme B (GZMBlow) gene expression infiltrated aged
human prostates and positively correlated with International Prostate Symptom
Score (IPSS). A velocity analysis indicated that CD8" T cell differentiation is altered
in large BPH prostates compared to small age-matched prostates, favoring Taa
accumulation. In vitro granzyme K treatment of human BPH patient-derived large
prostate fibroblasts increased secretion of pro-inflammatory senescence-
associated secretory phenotype (SASP)-associated cytokines.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1585446/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1585446/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1585446/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1585446/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1585446/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1585446&domain=pdf&date_stamp=2025-07-07
mailto:tlratliff@purdue.edu
https://doi.org/10.3389/fimmu.2025.1585446
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1585446
https://www.frontiersin.org/journals/immunology

Broman et al.

10.3389/fimmu.2025.1585446

Discussion: These data suggest that granzyme K-mediated stimulation of
prostate stromal fibroblast SASP cytokine and chemokine production promotes
prostate immune cell recruitment and activation. Overall, these results connect
symptomatic BPH with immune aging.

BPH, prostate, aging, inflammaging, T cells, granzyme K, SASP

Introduction

Aging is associated with changes in both innate and adaptive
immunity collectively referred to as immunosenescence, involving
alterations in leukocyte function and increase, an individual’s
susceptibility to a variety of chronic diseases, infections, and
autoimmunity (1-3). While immunosenescence encompasses both
adaptive and innate immunity, alterations in the adaptive immune
system are a key component in the dysregulated immune response
in aged individuals (4, 5). Immunosenescence includes a chronic
low-grade inflammation, referred to as inflammaging, that occurs in
the absence of pathogens and has been implicated in a variety of
age-associated chronic conditions including cardiovascular disease,
type 2 diabetes mellitus, obesity, and cancer (1, 6-9). In addition to
changes in immune cells, various other cell types and cellular
processes may contribute to the chronic inflammation of
inflammaging, including the presence of senescent cells in the
microenvironment (1, 2, 10, 11). Characteristics of senescent cells
include cell cycle arrest, resistance to apoptosis, and a senescence-
associated secretory phenotype (SASP), characterized by the
production of various cytokines, chemokines and growth factors
that promote an inflammatory microenvironment (2, 12). Reduced

Abbreviations: BPH, benign prostatic hyperplasia; Taa, age-associated T cell;
GZMK, granzyme K; GZMB, granzyme B; IPSS, International Prostate Symptom
Score; SASP, senescence-associated secretory phenotype; TZ, Transitional zone;
LUTS, lower urinary tract symptoms; scRNA-Seq, Single cell ribonucleic acid
(RNA) sequencing; BMI, body mass index; Treg, regulatory T cell; Tph,
Peripheral helper T cell; Tth, Follicular helper T cell; CTL, Cytotoxic T
lymphocyte; CXCL, CXC-motif chemokine ligand; CCL, CC-motif chemokine
ligand; IL, interleukin; TNF, tumor necrosis factor; ANOVA, Analysis of
Variance; NK, natural killer; CM, central memory; EM, effector memory;
MAIT, mucosal-associated invariant T cell; TEMRA, terminally differentiated
effector memory T cell; TEX, exhausted T cell; TPEX, progenitor exhausted T cell;
GZMA, granzyme A; GZMH, granzyme H; GZMM, granzyme M; PRF1, perforin
1; YY1, yin yang 1; TCF7, transcription factor 7; CDKN2A, cyclin dependent
kinase inhibitor 2A; CDKNI1A, cyclin dependent kinase inhibitor 1A; MRE11A,
meiotic recombination 11; IGFBP, insulin growth factor binding protein; ICAMI,
intercellular adhesion molecule 1; MMP10, matrix metalloproteinase 10;
SERPINEL, serpin family E member 1; VEGFA, vascular endothelial growth
factor alpha.
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removal and accumulation of these senescent cells with age is one
consequence of immunosenescence (13).

Among the most common age-related conditions in men is
benign prostatic hyperplasia (BPH), affecting approximately half of
men over age 50 and nearly 80% by age 80 (14-16). As men age,
progressive nodular expansion of both the epithelial and
fibromuscular stromal tissues of the prostatic transitional zone
(TZ) adjacent to the urethra results in lower urinary tract
symptoms (LUTS) (14-18). This expansion is commonly
accompanied by immune cell infiltrates that progressively
accumulate over time (19). While the underlying cause of BPH and
its connection with aging is uncertain, proposed mechanisms include
altered androgen levels, prostatic cellular senescence, and changes in
immune responses (20-22). Previous studies have associated high
prostate inflammatory cell infiltration with increased International
Prostate Symptom Score (IPSS) and LUTS (15, 23). Also, prostatitis
has been associated with a higher risk of developing BPH-associated
LUTS as well as with an increased likelihood of eventually requiring
medical or surgical treatment to manage these symptoms (24).
Furthermore, immune cell-derived proteins, including pro-
inflammatory cytokines, chemokines, and granzymes, have been
shown to promote stromal and epithelial cell activation and
proliferation as well as exacerbate immune cell recruitment (25-
32). These findings led to the hypothesis that age-associated
alterations in the prostate immune microenvironment may
underlie the development and progression of clinical symptoms of
BPH (27, 33, 34). However, the potential contributions of specific
immune cell populations and their cellular products to BPH
symptoms and progression have not been defined (19, 23, 34, 35).

Other age-associated inflammatory conditions including
diabetes, metabolic syndrome, and obesity have been implicated
as risk factors for BPH and LUTS (36-38). Additionally, the risk of
autoimmune conditions such as rheumatoid arthritis (RA) is
increased with age (39), and previous studies have indicated an
association between systemic autoimmune inflammation and BPH
(40). In all, these studies suggest a role for systemic age-associated
immune dysregulation in BPH. Given the T cell dominance of
inflammation in the aged prostate (15, 40, 41), we hypothesized that
age-associated T cell subpopulations contribute to BPH symptoms.
To address this hypothesis, we utilized single-cell RNA-sequencing
(scRNA-Seq) to define and compare the immune cells between aged
and young normal prostates and between large and small age-
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matched prostates to identify potential age-related immune
mechanisms of BPH. The results of this study suggest that an
age-associated CD8*GZMK™GZMB'"Y T cell (Taa) subset
contributes to BPH symptoms.

Methods
Human prostate samples

Prostatic tissues were obtained as previously described (40-42).
Clinical data for BPH patients is summarized in (41). All human
tissue procurement was done with informed consent in accordance
with protocols approved by the Institutional Review Boards of
each institution.

BPH tissue processing for scRNA-seq

Normal prostate tissues were processed for scRNA-Seq as
described (42). For aged prostate tissues, transitional zone (TZ)
tissue was excised from each collected large and small prostate and
processed as described (40, 41).

Sample sequencing and data analysis

Sequencing of normal prostate cells was performed as described
in Henry et al. (42) and is accessible through GEO SuperSeries
GSE120716 (42). Sequencing of aged prostate cells was performed
as described (40, 41). The aged prostate data is available through
GEO under accession number GSE269205. For comparison of aged
prostate to normal young prostate immune cells, published scRNA-
seq data generated from immune cells isolated from 13 aged (61-76
years) prostate specimens was combined with previously published
scRNA-seq data generated from 3 normal prostates obtained from
healthy organ donors aged 18-31 years with no reported
comorbidities (42). For comparison of large and small aged
prostate immune cells, published CD45" leukocyte scRNA-seq
data from the 10 large (51-76 years) and 10 small (63-76 years)
aged prostates were used (40, 41). Clustering and subclustering of
cells was performed as described (40, 41).

Clinical correlation

Cellular proportions for each cluster and subcluster were
computed for each sample. A permutation test was used to
calculate a p-value for each cluster, utilizing bootstrapping to
calculate the confidence interval for the magnitude of difference
between large and small prostates from aged men and young
normal prostates. Spearman correlations were computed and
statistically significant correlations identified (adjusted p-value <
0.05) between cellular proportions and patient body mass index
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(BMI), IPSS, and prostate volume using the corrplot R package
version 0.92.

Velocity analysis

The package Velocyto (43) v. 0.17.17 was used to count spliced
and unspliced abundances from the CellRanger output BAM files
and write these abundances to loom files. The metadata, which
includes sample numbers, genes post-filtering, cells post-filtering,
embedding coordinates of cells, and clusters were output from
Seurat (44) v3 and used in the RNA velocity analysis. Next, scVelo
(45) v. 2.4.0 was used to estimate RNA velocity using a likelihood-
dynamical model. This dynamical model allows the estimation of
RNA velocity even if there is not steady state observed for a given
gene, provided that enough spliced and unspliced counts
are observed.

Prostate immunofluorescence

Full thickness cross sections of prostate were fixed in 10%
neutral buffered formalin (NBF) for histology. Formalin fixed
prostate tissues were embedded in paraffin and sectioned.
Sections were deparaffinized and blocked with 2.5% Normal Goat
serum for 20 minutes. Sections were incubated with primary
antibodies for CD8a (clone C8/144B, Abcam) at 1:100 and
Granzyme K (polyclonal, Novus Biologicals) at 1:50 for 60
minutes the rinsed twice with staining buffer. The sections were
incubated with GoRb488 at 1:250 and GoM555 at 1:500 for 30
minutes then rinsed once with buffer. Sections were counterstained
with DAPI for 15 minutes and rinsed with water before applying
Prolong Gold mounting media and coverslipping. Stained slides
were digitized using a Leica Versa8 whole-slide scanner (Leica,
Wetzlar, Germany) and analyzed using the Visiopharm digital slide
analysis platform (Visiopharm, Hersholm, Denmark).

Aged prostate bulk RNA-seq

Frozen TZ tissue from 10 small and 7 large prostates from the
same patient cohort as the aged prostate scRNA-seq analysis were
placed in Trizol and homogenized using a tissue shredder. After
isolation of RNA following the Trizol protocol, cleanup was
conducted using the RNeasy Plus mini kit (Qiagen). RNA
concentration and quality were determined using a Nanodrop
2000 spectrophotometer (ThermoFisher) and Qubit 4 fluorometer
using RNA BR reagents (Invitrogen). RNA was sent to Novogene
Corporation Inc. for quality control and strand-specific cDNA
library preparation. Bulk RNA-seq paired-end 150 bp reads were
sequenced by Novogene. STAR aligner v2.6.1d (46) was used to
align reads to the human reference genome, allowing 2 mismatches,
and FeatureCounts v1.5.0-p3 (47) was used with default parameters
to generate the count matrix. DESeq2 v1.20.0 (48) was used to
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identify differentially expressed genes (padj<0.05). Bulk RNA-seq
data is accessible through GEO under the accession
number GSE295879.

BPH prostate fibroblast and T cell scRNA-
seq analysis

Previously published scRNA-seq data generated from all viable
cells following tissue digests of 5 large prostate TZ obtained from
patients aged 59-73 years undergoing simple prostatectomy surgery
for symptomatic BPH was used to analyze BPH T cells and
fibroblasts (40). Both raw and processed scRNA-seq data are
available on GEO under accession number GSE183676.

Rheumatoid arthritis T cell analysis

To compare the BPH T cell subset to rheumatoid arthritis-
derived T cell subsets, we trained a classifier based on T cell subset
marker genes from the Supplementary Data from Zhang et al. (49).
The top 20 genes identified for the T cell subsets CCR7*(SC-T1),
Treg (SC-T2), Tph and Tth (SC-T3), GZMK'(SC-T4), CTLs (SC-
T5), and GZMK'GZMB" (SC-T6) T cells were used as input into
Garnett (49, 50). The Garnett classifier was trained using default
parameters and then classified our cells with the resulting model
using default parameters.

Human BPH fibroblast culture and cytokine
analysis

Human prostate fibroblasts were obtained from the freshly
isolated transition zones of 2 BPH patient specimens following
simple prostatectomy surgery. Fibroblasts were isolated and
cultured along with the human prostate fibroblast cell line
BHPrSlin complete RPMI + 10% FBS as previously described
(40, 51). Cells were plated at a density of 10,000 cells per well in a
96 well tissue culture plate, grown to around 70% confluence, serum
starved in RPMI + 0.1% FBS for 24 hours, then treated with 200nM
recombinant granzyme K (MyBioSource, San Diego, CA) in RPMI
+ 1% FBS for 24 hours (28). For senescence studies, fibroblasts were
treated with 250nM doxorubicin (Sigma-Aldrich) for 24 hours, then
cultured for an additional 6 days in RMPI + 10% FBS (52) prior to
granzyme K treatment as described above. Supernatants were
collected and analyzed for CXCL1, CCL2, CCL5, CXCLS, IL6,
TNF, CCL20, IL2, and IL12p70 using the LEGENDPlex system
(Biolegend) per manufacturer protocols. Comparisons with
significant P values (P<0.05) are listed in Supplementary Table S1.

Statistical analyses

Statistical analyses for scRNA-Seq and bulk RNA-seq analyses
are described above. For IF quantification, a two-tailed T test was
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performed using GraphPad Prism (version 9; GraphPad Software,
San Diego, CA). For ELISA experiments, a one-way ANOVA and
Sidak’s multiple comparisons test were performed using GraphPad
Prism. P values less than 0.05 were considered significant.

Results

A CD8'GZMK"GZMB"" Taa subset is
present in aged prostates

Published scRNA-Seq data (40, 41) generated from immune cells
isolated from TZ tissues collected from 10 “small” (<40 grams)
prostates and 3 “large” (290 grams) late-stage symptomatic prostates
from aged patients were combined with immune cell scRNA-Seq data
from 3 normal prostates from healthy young (age 18 to 31) organ
donors with no reported comorbidities generated in a separate
previously published study (42). These data were analyzed together
to identify common immune cell subtypes among all samples (40, 41).

Unsupervised clustering separated immune cells into 11 clusters
based on immune cell gene expression profiles (Figure 1A) (40, 41).
Overall, the bulk of the combined immune cells consisted of multiple
closely associated T cells and natural killer (NK) cell clusters
(Figure 1A). This is generally consistent with previous studies,
which identified T lymphocytes as the predominate immune cell
type in the prostate (15, 34, 40, 41, 53-55). Since T cells and NK cells
were the predominant immune cell type in the combined sample
types, we first investigated alterations in these populations between
normal and aged prostates. Cells from clusters identified as T and NK
cells in the initial clustering analysis were combined and subclustered
together, which separated the combined T and NK cells into 12
subclusters (Figures 1B, C, Supplementary Figures S1A, B).
Subclusters were subsequently identified based on a comparison of
gene expression profiles to those previously generated by ProjecTILs
(Figure 1D, Supplementary Figure S1C) (56). A CD8" subcluster
identified as a central memory (Tcy) subtype (subcluster 0) made up
the largest proportion of T cells in normal prostates (Figures 1B-D).
While the overall number of immune cells was increased in aged
prostates, the proportion of subcluster 0 Ty cells was significantly
decreased in both large and small aged prostates compared to young
normal prostates (Figure 1C, Supplementary Figure SID). A CD8"
subcluster (subcluster 4) with high expression of GZMK and low
GZMB and an effector memory (Tgy)-like gene profile that was
proportionally significantly increased in aged versus young normal
prostates was also identified (Figures 1B-E, Supplementary Figures
S1B-D) (2). These data suggest a shift in CD8" T cell populations in
aged prostates. Subcluster 4 was of particular interest due to its
similar gene expression to a T cell subset previously associated with
aging and referred to as Taa cells (2), prompting further investigation
of this subset and its potential relationship with age-related
inflammation and BPH symptoms.

In addition to a significant increase in GZMK expression and
decrease in GZMB expression, the subcluster 4 Taa cells from aged
prostates also showed relatively low expression of the perforin gene
PRFI1 (Figure 1E). This cytotoxic protein expression pattern has
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Clustering and subclustering of combined normal and aged prostate immune cells. (A) Full clustering of all combined immune cells from normal
young (N=3) and aged (N=13) prostates showing T/NK cells as the dominant combined immune cell subtypes. (B) Subclustering of T/NK clusters
identifying 12 subclusters. Subcluster 4 (asterisk) highly expresses GZMK. (C) Proportions of T/NK cell subclusters in young normal, small, and large
prostates. (D) Identification of CD8" T cell subsets among the subclustered T/NK cells based on ProjecTIL gene profiles; cells identified as CD8Tgp
(asterisk) corresponding to subcluster 4, highly express GZMK. CM, central memory; EM, effector memory; MAIT, mucosa-associated innate T cell;
TEMRA, terminal effector memory re-expressing CD45RA; TEX, exhausted T cell; TPEX, progenitor exhausted T cell; NA, not applicable (E) Cytotoxic
protein expression of T/NK subclusters showing higher GZMK and lower GZMB expression in subcluster 4 cells from aged prostates compared to
young normal prostates. (F) Expression of select senescence-associated genes among subclusters in aged compared to normal prostates.

been previously associated with an early-stage CD8" memory T cell
differentiation state with diminished capacity for cytotoxic activity
(31, 57). Expression of select cell cycle and T cell differentiation
genes previously reported to be modulated in aged immune cells
were differentially expressed in aged Taa cells (Figure 1F) (58-61).
Expression of YYI, a transcription factor linked to effector T cell
differentiation, autoimmunity, and senescence was significantly
increased in aged prostate Taa cells (Figure 1F) (60). Expression
of CDKN2A and TCF7, which encode the p16 cell cycle regulator
and the T cell factor 1 (TCF1) protein associated with T cell
development and maturation, respectively, were also mildly
increased in aged Taa cells (Figure 1F) (58-60). Overall, these
results indicate alterations in the proportion and cycle-associated
gene expression profiles between Taa in young and aged prostates.

The Taa subset is positively correlated with
clinical symptoms in BPH

We hypothesized that the Taa or other T cell subsets would be
correlated with BPH and LUTS in aged patients. We compared
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immune cell scRNA-Seq generated from aged small and large
prostates (40, 41). To enhance the analysis of the Taa subset,
additional immune cell scRNA-Seq data from seven large
prostates were generated and integrated with the scRNA-Seq data
from the thirteen aged prostates for a total of 10 small and 10 large
prostate samples (40, 41).

The bulk of immune cells in the combined large and small aged
prostates consisted of multiple closely associated clusters identified
as T cells and NK cells (Figure 2A, Supplementary Figure S2A)
(40, 41). T/NK cell subclustering analysis identified 14 subclusters
(Figure 2A, Supplementary Figure S2A). Subcluster 1, identified as a
CD8" Tpy-like subtype based on comparison of its gene expression
profile to ProjecTILs profiles, expressed a similar high GZMK and
low GZMB expression pattern as the Taa cells identified in the
previous analysis (Figure 2B, Supplementary Figure S2A) (2, 56). A
correlation analysis revealed that subcluster 1 Taa (R=0.7,
P=0.0416) was significantly positively correlated with IPSS scores
(Figure 2C) (41, 56). Additionally, a CD8" subset identified as
Tymarr (subcluster 5) (R=0.5, P=0.0241) and a mixed T/NK cell
subset (subcluster 13) (R=0.3, P=0.0282) were also positively
correlated with IPSS (Figures 2B, C). Given this correlation of
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Taa with IPSS as well as previous aging studies on Taa cells, we
focused our subsequent studies on Taa cells.

Lymphoid cells expressing both CD8a and GZMK were
observed histologically in both small and large prostate
specimens, predominately within the stroma (Figure 2D). The
percentage of CD8a" cells that also labeled with GZMK was
increased, albeit not significantly (P=0.0614), in large prostate
tissue sections (Supplementary Figure S2B). Similarly, the
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proportion of the Taa (subcluster 1) cells was not significantly
increased in large prostates compared to small prostates in the
scRNA-Seq analysis (Supplementary Figures S2C, D). However,
there was a mild but significant increase in GZMK gene expression
and decrease in GZMB gene expression as well as overall low gene
expression of PRFI in this subcluster in large prostates compared to
small (Figure 2E). Consistent with the comparison of aged and
young prostate Taa cells, YY1 and CDKN2A gene expression was
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significantly increased in Taa cells from large prostates compared to
small prostates; however, TCF7 expression was not significantly
different (Figure 2F).

Given the previous identification of GZMK-expressing T cells
within inflamed synovial tissues of rheumatoid arthritis (RA)
patients (49, 62) and the drastically increased incidence of BPH
among RA patients (40, 49), we hypothesized that similar GZMK-
expressing subsets would be present in both RA and aged prostate
tissues, indicating a similar pro-inflammatory tissue
microenvironment. Comparison of prostate T cell subclustering
data with T cell subclustering profiles generated by Zhang et al. (49)
(49) from human RA patient synovium identified 6 similar T cell
subsets including a common GZMK-expressing subset
corresponding to the Taa subcluster (Figure 2G). In all, these
results support a pro-inflammatory role for GZMK-expressing T
cells in BPH and a potential link between age-associated T cells and
symptomatic BPH (49, 62). Also, the stromal location of the CD8a
and GZMK-labeling cells may suggest interactions with stromal
cells contribute to BPH.

T cell differentiation is shifted to the Taa
subset in BPH prostates

Previous studies have described the association between CD8"
memory T cell cytotoxic granules and T cell differentiation (31).
GZMK"GZMB™ expression has been associated with early
differentiation, GZMK'GZMB* with intermediate differentiation,
and GZMK GZMB" with late-stage differentiation (31). We
hypothesized that the differentiation trajectory would be altered
in large prostate CD8" T cells compared to small prostates in the
direction of the GZMK™GZMB™" Taa population. We applied a
velocity analysis to the CD8" T cell subclusters to analyze the
differentiation trajectories of the subclusters (45).

In both small and large prostates, overall directional flow
indicated movement through CD8" Ty subclusters 12, 10, and 0
with most cells transitioning from Tcy subcluster 0 towards Tey

10.3389/fimmu.2025.1585446

subcluster 7 (Figures 3A, B). In small prostates, the proportion of
Tcm subcluster 7 cells is significantly increased compared to large
prostates, and most of these cells progress towards Ty subcluster 2
which is also significantly increased compared to large prostates
(Supplementary Figure S2). Ty subcluster 2 expresses both GZMB
and PRFI (Figure 2D), a profile associated with cytotoxicity (31). In
contrast, overall movement of T cells from large prostates trended
away from Tcy; subcluster 2 and towards having gene expression
profiles similar to the Taa subcluster 1 (Figure 3B). Further cell cycle
analyses indicated that the Taa cells were cycling with high G2M
scores, particularly in large prostates, suggesting proliferation
within this population (Supplementary Figures S3A, B). Overall,
these results suggest altered directional flow and differentiation of
the CD8" T cell subclusters between large and small specimens.
This altered differentiation may contribute to the overall change in
T cell subcluster proportions between small and large prostates
through diversion of trajectory from a GZMB and PRFI-expressing
cytotoxic population (Tcy; subcluster 7) towards the proliferating
Taa as a terminal phenotype in large prostates. Notably, subcluster 7
is also statistically significantly negatively correlated (R=-0.5,
P=0.0294) with IPSS (Figure 2C), further suggesting that this
shifted trajectory contributes to LUTS.

SASP and senescence-associated genes are
expressed by BPH stromal cells

We hypothesized that SASP-associated cytokine gene expression
might correlate with prostatic cellular expansion. We used bulk RNA-
Seq data from small and large aged prostates used in the scRNA-Seq
analyses to examine the overall SASP-associated cytokine expression
in whole prostate specimens. SASP cytokine expression varied among
the specimens and was not consistent among the small or large
prostate groups (Figure 4A). We then examined SASP gene
expression in specific prostate cellular populations using combined
all-cell scRNA-Seq data generated from 5 large BPH prostates (40).
As the Taa cells were located predominantly within the stromal

FIGURE 3

Velocity analysis of small and large aged prostate CD8" T cell subsets. (A) Velocity results for small prostate CD8" T cells. (B) Velocity results for
large prostate CD8* T cells. Arrows indicate directional flow of cells in the low-dimensional embedding (UMAP), the direction of which essentially

denotes the predicted differentiation trajectory of the cells.
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FIGURE 4

SASP-associated cytokine and chemokine expression in BPH prostates (A) Cytokine Heatmap. Log,(FPKM) values of cytokine genes in bulk RNA-seq
data from large and small prostate specimens is shown in a heatmap, with row scaling performed. The color of the annotation bar above columns
indicates sample identity (Large vs Small) and the color of the rows indicates gene expression from high (red) to low (blue). (B) Subclustering of
stromal cells from 5 large aged prostates (C) SASP-associated gene expression among stromal cell subclusters. (D) Production of SASP-associated
cytokines with at least one statistically significantly (P<0.05)modulated specimen following in vitro granzyme K treatment of cycling and
Doxorubicin (Doxo)-treated senescent BPH patient-derived fibroblasts. Adjusted P values for all comparisons are listed in Supplementary Table S1.

* = P value 0.01 to 0.05, ** = P value 0.001 to 0,1, *** = P value 0.0001 to 0.001, **** = P value < 0.0001.

compartment histologically (Supplementary Figure S4A), and that
granzyme K has been shown to induce SASP in stromal cells in other
organs (2, 28), we hypothesized that Taa cells might impact SASP
production by stromal cells and contribute to a proinflammatory
microenvironment (2, 28). We subclustered the stromal cells and
identified genes associated with SASP and senescence, and
particularly expression of SASP-associated cytokine genes
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reportedly induced by granzyme K (2, 28). We also subclustered T
cells to determine whether the Taa subcluster identified in the
immune cell analyses could be identified in the all-cell analysis.
Stromal cell subclustering identified 8 subclusters segregated into
two groupings of 4 subclusters, with one grouping identified as
smooth muscle cell/myofibroblasts and the other as fibroblasts
based on DEGs (Figure 4B). Expression of SASP-associated genes
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among stromal cell subclusters showed variable expression among
the subclusters, including genes for GZMK-induced cytokines
CXCL8, CXCLI, IL6, CCL2, and CXCL2 (Figure 4C) (2, 28).
Additionally, a GZMK™ GZMB'°" Taa subcluster was identified
among T cells (Supplementary Figures S4A, B). These results
indicate SASP-associated pro-inflammatory cytokine gene
expression by prostate stromal cells.

Granzyme K modulates SASP-associated
cytokine production by cycling and
senescent BPH fibroblasts in vitro

Since scRNA-seq data showed senescence-associated and SASP-
associated cytokine/chemokine gene expression in prostate stromal
cells, we hypothesized that granzyme K secreted by Taa may
modulate senescence-associated gene expression in fibroblasts and
stimulate BPH fibroblasts to produce SASP-associated cytokines/
chemokines. To assess the potential impact of granzyme K on
prostate stromal cells, BPH patient-derived fibroblast cell line
BHPrS1 and primary fibroblasts derived from two BPH patients
(51) were treated with granzyme K in vitro. Doxorubicin (Doxo)
treatment to induce senescence (52) was included to observe
whether granzyme K stimulation can further promote SASP in
senescent fibroblasts. In both cycling and Doxo-treated senescent
fibroblasts, in vitro granzyme K treatment significantly increased
(P<0.05) secretion of one or more SASP-associated cytokines IL-6,
CXCL8, CCL5, CCL2, and CXCL1 in at least one prostate fibroblast
specimen (Figure 4D, Supplementary Table S1), and this effect
varied among the fibroblast specimens. Overall, these data show
that granzyme K can modulate SASP-associated factor secretion by
BPH-derived fibroblasts and suggests that granzyme K may impact
the prostate inflammatory microenvironment by promoting
inflammatory cytokine production by both cycling and senescent
prostate stromal fibroblasts. Additionally, the variability in
granzyme K-induced cytokine production among the BPH
patient-derived fibroblasts is compatible with the clinical and
morphologic variability observed among BPH patients.

Discussion

In this study, we identified a CD8*GZMKMGZMB" " Taa subset
previously associated with aging present within the stromal
compartment and correlated with IPSS in aged prostates (2).
Consistent with involvement in other inflammatory diseases,
prostate Taa cells shared a similar gene expression profile to a
GZMK-expressing RA T cell subset, further suggesting a potential
role for granzyme K-expressing cells in promoting a dysregulated
and pro-inflammatory immune microenvironment (49, 62). In vitro
granzyme K treatment of prostate fibroblasts indicates granzyme K
can stimulate pro-inflammatory cytokine and chemokine
production by prostate stromal cells. While a specific function for
Taa cells has not yet been defined (2), these data suggest that Taa
may contribute to BPH-associated inflammation and IPSS through
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granzyme K-mediated stimulation of stromal cell cytokine and
chemokine production leading to recruitment and activation of
additional immune cells in the prostate microenvironment.

Of the five granzymes (A, B, H, K, M) identified in humans,
granzyme K is the least well studied (63). While the functions of
granzyme K are currently not well defined, previous studies have
identified intracellular and extracellular roles for granzyme K which
include both cytotoxic and non-cytotoxic activities (63, 64).
However, unlike the most common cytotoxic granzyme GZMB,
which in combination with perforin (PRF1) is associated with
induction of apoptotic cell death, GZMK lacks lytic activity and
its expression has not been positively correlated with cytotoxic
activity (31, 63). Also, unlike other granzymes, a cellular receptor
for GZMK has not been identified. In addition to low GZMB and
high GZMK gene expression, Taa cells showed low PRFI
expression, further suggesting reduced cytotoxic capacity in these
cells (Figures 1F, 2C). T cell cytotoxic capacity and ability to
eliminate infected or neoplastic cells diminishes with age,
suggesting an association between an increased proportion of
GZMK" T cells and diminished cytotoxic activity with aging (31).
Additionally, expression of YYI, a gene that has been associated
with both cellular senescence and T cell-mediated diseases, and
CDKN2A, a gene involved in senescence-associated cell cycle arrest,
were increased in large prostate Taa cells, further suggesting
alterations in this T cell population between small and large
prostates (58-60).

As T cell differentiation involves the maturation of lytic
granules, we hypothesized that the changes in granzyme gene
expression may indicate altered T cell differentiation between
large and small aged prostates (31, 32). RNA velocity analysis was
used to infer the differentiation fates of CD8" T cell subsets (45, 65,
66). A high proportion of unspliced transcripts for a particular gene
indicates upregulation of that gene, and RNA velocity analysis
describes changes in the abundance of mRNA transcripts (45). By
examining the velocities of multiple genes, the differentiation
pathways of individual cells may be inferred (45). Genes were
ranked on velocity to find genes in a subcluster that show
dynamics that are transcriptionally differently regulated compared
to all other subclusters, for example, induction in that cluster and
homeostasis in the remaining population. In the current study,
directional flow to and from the Taa population is altered between
large and small aged prostates (31). Also, evidence of cycling in the
Taa subcluster suggests these cells are proliferating, which may also
contribute to the accumulation of these cells in large prostates.

Conclusions

In this study, we identified a previously described GZMK-high
Taa subset in aged prostates that was correlated with IPSS.
Expression of granzyme and senescence-associated genes was
altered in this subset between normal and aged and between
small and large aged prostates. Velocity analyses suggested that
altered T cell differentiation trajectory may contribute to
accumulation of Taa cells in large vs small aged prostates. Aged
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prostate fibroblasts express multiple SASP-associated genes, and
GZMK variably induces SASP-associated cytokine expression in
prostate fibroblasts in vitro, suggesting that Taa cells may promote
prostate cellular expansion and immune cell recruitment through
GZMK-induced fibroblast SASP production. Variability in SASP
gene expression among small and large aged prostates and variable
responses of BPH patient-derived fibroblasts to GZMK in vitro are
compatible with the variability in symptoms and response to
treatment observed clinically among BPH patients and highlights
that BPH is likely multifactorial involving multiple cellular
processes that have yet to be fully defined. Overall, the findings of
the current study suggest a potential role for the age-associated Taa
in BPH.

Future directions

It is hypothesized that the interplay of Taa cells and stromal cells
may contribute to the non-resolving and progressive inflammation of
BPH though granzyme K-mediated SASP cytokines and chemokines.
A similar effect has been described in concurrent studies involving
myeloid cells (41). However, while the secretion of multiple SASP
cytokines and chemokines were modulated by prostate fibroblast
granzyme K treatment in vitro, further studies are needed to
confirm a direct fibroblast stimulatory capacity for Taa cells and if
Taa cells have a causal role in the development and progression of
BPH-associated inflammation and LUTS. Additionally, further study
is needed to determine the underlying mechanisms for altered T cell
differentiation and gene expression and to define the clinical
consequences of these alterations. For example, in addition to SASP
genes, stromal cell subclusters expressed CDKNIA, YYI, and IL6,
genes that have been previously linked to cellular senescence
(Supplementary Figure S4C) (67). Also, YY1, which has been shown
to repress pl6 expression and curtail senescence in cancer cells, has
also been associated with collagen production and implicated in
fibrotic diseases such as idiopathic pulmonary fibrosis (IPF) and
liver fibrosis through promoting myofibroblasts differentiation and
increased collagen production by fibroblasts and myofibroblasts (68—
71). As other studies have suggested a role for prostatic fibrosis in
contributing to BPH-associated LUTS, these results may indicate a
role for YY1 signaling in BPH (72). More recently, a role for granzyme
K-mediated complement activation in RA and other chronic
inflammatory conditions has been described (73). Complement has
been shown to be highly expressed by synovial fibroblasts and
promote fibroblast-mediated inflammatory tissue priming in RA
(74) and has been explored as a potential therapeutic target and
biomarker for RA (75, 76). Given the similarities between BPH and
RA inflammation, granzyme K-mediated complement activation and
fibroblast stimulation may play a role in driving BPH inflammation
and LUTS. In all, this warrants further investigation of Taa cells as a
potential therapeutic target or biomarker for management of BPH
inflammation, fibrosis, and LUTS.

While the current study focused on CD8" T cells and
specifically Taa cells, other T cell subsets were positively
correlated with IPSS and/or prostate volume (Figure 2C). This
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includes a CD8" Tyarr subset, and CD8" Tyarr cells have
previously been implicated in immune-mediated inflammatory
diseases (77, 78). Future studies of the role of aging and T cells in
BPH include investigating this and other specific T cell subsets, as
well as epigenetic alterations or changes in T cell receptor (TCR)
repertoires with age, and exploring interactions between stromal
and epithelial cells with immune cells (11, 79, 80). Furthermore, the
impact of androgens on aging prostate immune cells is yet to be
explored, particularly in the context of androgen-targeted therapy
for BPH. While most BPH patients initially respond to androgen-
targeted therapy, many eventually progress and require surgical
intervention for their LUTS (81). Further studies in this area may
elucidate the roles of age-associated alterations in androgens and
immunity in treatment failure. These current and future studies
could benefit BPH patients by providing potential immunological
biomarkers or pharmaceutical targets for improved prognostics and
medical management of BPH and LUTS.

Limitations of the study

Several challenges were encountered in this study. As surgical
intervention is not indicated for patients without bothersome
urinary symptoms or without evidence of PCa, therefore small,
aged prostates were collected from PCa patients with small PZ-
confined tumors (40, 41). The field effects of PCa tumors are
considered limited to within about 3mm of the tumor periphery
(82, 83). For these reasons, PCa-free TZ tissue obtained from these
specimens is an accepted method for collection of these samples (82,
83). However, the potential effects of PZ tumor cells on TZ immune
cells cannot be completely ruled out. Another challenge in this
study was related to the previously published normal non-BPH
prostate sScRNA-Seq study by Henry et al. (42), which all prostate
cells rather than isolated CD45" leukocytes were analyzed (42). The
inclusion of more numerous prostate cell populations along with
the relatively small number of immune cells normally present in
non-BPH prostates meant there were relatively few normal prostate
immune cells for analysis compared to our BPH specimens.
Consequently, this may have affected some analyses and
prevented the inclusion of normal immune cells in some analyses.
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