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Neuromedin U ‘innervation’ reprograms myeloid
immunosuppression in neuroendocrine prostate cancer
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Neuroendocrine prostate cancer (NEPC) is an increasingly recognized, highly aggressive disease variant with no actionable
therapeutic targets and a life expectancy of 7 months or less. Using a transgenic mouse model, we now show that early stages of
NEPC are associated with increased intraprostatic recruitment of Ly6G+ polymorphonuclear neutrophils (PMN) and reduced
infiltration of CD8+ T cells. This coincided with expansive transcriptional changes of increased cell viability and cell migration, as
well as upregulation of multiple neuronal mediators with the neuropeptide, Neuromedin U (NMU) as the top hit (Z score= 4.34;
FDR < 5%; p= 3.62 × 10−9). Analysis of a large cohort of human patient samples revealed that NMU was highly expressed in early
and late stage prostate cancer, preferentially segregating with AR-/NE+ metastases. Exposure of PMN to recombinant NMU was
sufficient to stimulate cell migration, inflammatory gene expression with increased levels of the cytokine-like alarmin, S100A9 and
suppression of T cell proliferation. Genetic or pharmacological targeting of NMU/S100A9 signaling inhibited NEPC growth,
reinvigorated an intratumoral immune microenvironment via recruitment of tumor antigen-specific CD8+ T cells with ‘stem-like’
(TCF1+/PD1+) and cytotoxic (GrzB+/KLRG1+) properties and enhanced the activity of therapeutic immune checkpoint inhibition,
in vivo. Therefore, NMU ‘innervation’ drives myeloid immunosuppression in NEPC and provides a therapeutic target to restore
sensitivity to immunotherapy in this highly refractory malignancy.
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INTRODUCTION
Tumor cells establish an expansive, bidirectional crosstalk with the
nervous system [1], which is now recognized as a disease driver
and potential therapeutic opportunity [2]. The cancer-neuronal
axis is evident in prostate cancer [3], where a multidimensional
process of “innervation” [4] promotes early- and late-stage
mechanisms of tumor progression via adrenergic (sympathetic)
and cholinergic (parasympathetic) signaling [5, 6]. This involves
the release of multiple neurotrophins, such NGF that affect tumor
cell proliferation, survival, and invasiveness [7], but also a
comprehensive reprogramming of an immunosuppressive micro-
environment [8], via recruitment of myeloid-derived suppressor
cells (MDSC), CD8+ T cell exhaustion, and upregulation of immune
inhibitory receptors [9, 10].
Such tumor “innervation” plays a critical role in neuroendocrine

prostate cancer (NEPC) [11]. Long considered as a rare and
unrepresentative disease variant, we now know that NEPC is
instead an urgent and expanding problem [12, 13], developing in
up to 25% of prostate cancer patients receiving treatment with

androgen-deprivation therapy (ADT) and androgen receptor (AR)
signaling inhibitors (ARSi) [14]. Characterized by neuronal
de-differentiation [15], expression of neuroendocrine markers
[16, 17], loss of luminal epithelial traits [18] and lack of androgen
receptor (AR) signaling [19], NEPC rapidly metastasizes to bone
and visceral organs, establishes a profoundly immunosuppressive
microenvironment, and is highly treatment-resistant, carrying a
life expectancy of only 7 months or less [20].
Despite the clear role in disease progression [21], strategies to

target the cancer-neuronal axis, let alone in NEPC [22], are still in
infancy [23], and the goal of disabling a “neuronal” immunosup-
pressive microenvironment [24] to restore sensitivity to immune
checkpoint inhibition remains to be realized [25]. In this context, a
candidate regulator at the interface between neuronal signaling
and immune-inflammatory responses [26–28] Neuromedin U
(NMU) [29]. An evolutionary conserved polypeptide of 25 amino
acids in humans, NMU orchestrates a broad signaling network [30]
that controls smooth muscle cell contraction, metabolic home-
ostasis, blood pressure changes, stress response, and hormone
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regulation [31] via recognition of two membrane-bound G
protein-coupled receptors, NMUR1 and NMUR2 [32]. However,
the heightened levels of NMU found in various tumor types [33]
point to additional roles of this pathway in the cancer-neuronal
interface [34], potentially modulating the immune-inflammatory
microenvironment of tumor growth [35].
In this study, we explored mechanisms of reprogramming of the

NEPC microenvironment with actionable therapeutic potential.

MATERIALS AND METHODS
Patient material
A fully de-identified cohort of 5 patients (age 68–72) with histologic
diagnosis of high-grade prostatic intraepithelial neoplasia (PIN) was
analyzed for differential expression of NMU and CD8+ T cell infiltration
by IHC. A second cohort of 11 patients with histologically confirmed
diagnosis of NEPC (n= 2) or prostate AdCa (n= 9) was also evaluated for
NMU expression by IHC and blindly for treatment intensity by independent
pathology review (Supplementary Table 1). Patients were enrolled in the
IRSTB073 biomarker prospective multicenter study (protocol code
0004169/2017), with approval date from the Romagna Ethics Committee
(CEROM) of June 15, 2017. The protocol was approved by the Institutional
Review Board of IRCCS Istituto Romagnolo per lo Studio dei Tumori (IRST)
“Dino Amadori,” Meldola, Italy. The study was conducted in compliance
with the Declaration of Helsinki and the Good Clinical Practice Guidelines
of the International Conference on Harmonization, and written informed
consent was obtained from all patients. Commercially available TMA
PR633a, BC19021a and BC19012 comprising tissue samples of normal
prostate (n= 11), prostate AdCa (n= 115), benign prostatic hyperplasia
(BPH, n= 6), PIN (n= 42), NEPC (n= 2) and cancer-adjacent tissues
(n= 16) were purchased from TissueArray.Com (Derwood, MD 20855,
USA). TMA slides were stained for NMU expression and quantified for the
percentage of NMU+ cells and NMU staining intensity by blind pathology
review (IHC score, 0, 1, 2, 3). Image acquisition and human sample
pathology assessments were conducted without knowledge of clinical or
experimental outcomes.

Cells and cell culture
Human prostate cancer PC3 and DU145 cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and cultured at
37 °C in a humidified 5% CO2 incubator following the supplier’s
recommendations. Mouse prostate cancer MPten1 and MP3098 cells were
the generous gift of Dr. Marcus Ruscetti (UMASS Chan Medical School,
Worcester, MA). Cell line identity was verified by short tandem repeat (STR)
profiling, and all cell lines were routinely tested and confirmed to be free of
Mycoplasma contamination before use.

Cell Toxicity assays with Tasquinimod
In some experiments, prostate cancer cell lines were seeded in 96-well
plates at 5 × 10³ cells per well in 100 μl of complete medium overnight. The
following day, cells were treated with increasing concentrations (0, 0.5, 1,
10, or 20 μM) of Tasquinimod (MedChemExpress) and cell viability was
assessed after 72 h using the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega), according to the manufacturer’s instructions. This experiment
was performed 3 times with 3 technical replicates each, one representative
is shown.

PMN isolation
Mouse PMN were isolated from spleens of tumor-free (naïve) mice by
mechanical dissociation, ACK red blood cell lysis, and positive selection
with anti-Ly6G magnetic microbeads (Miltenyi) using two sequential MS
column separations according to the manufacturer’s instructions. Human
PMN were isolated from peripheral blood of healthy adult donors recruited
through The Wistar Institute Blood Donor Support Core under a Research
Compliance-approved protocol (#21812312) by Histopaque® 1119/1077
density gradient centrifugation, followed by ACK lysis and anti-CD15
magnetic bead enrichment (Miltenyi). Purified PMN were counted and
used for functional assays.

Mouse strains
C57BL/6-Tg(TRAMP)8247Ng/J (TRAMP) mice were purchased from
Jackson Laboratories (Bar Harbor, ME), and animal colonies were

maintained and genotyped at The Wistar Institute Animal Facility,
following the supplier’s specifications and used between 10 and
45 weeks of age. Six-to-eight-week-old C57BL/6J mice were purchased
from Charls River Laboratories (Wilmington, MA) and used in xenograft
studies. NSG mice were provided by Wistar Animal Facility Shared
Resources. Only males were used since prostate cancer only affects male
subjects. Mice were randomized by weight before tumor injection or
before treatment.

Animal studies
All procedures complied with the recommendations of the Guide for the
Care and Use of Laboratory Animals issued by the National Institutes of
Health (NIH) and were approved by the Institutional Animal Care and Use
Committee (IACUC, #201129 approval number) of The Wistar Institute. No
formal a priori power calculation was performed. Sample sizes (4–8 mice
per group) were selected based on previous experience with these
experimental models, animal availability, and the reproducibility of the
observed phenotypes. Across independent experiments, these models
have demonstrated consistent responses with low variability, allowing
biologically meaningful differences to be reliably detected using the
indicated group sizes. O (already written in the animal strain section). Mice
were randomized by weight before beginning the experiments and no
data were excluded from our analysis. For Tasquinimod monotherapy (to
inhibit S100a9 alarmin), TRAMP mice received 30mg/kg Tasquinimod in
the drinking water from 15 to 20 weeks of age (5 weeks total), after which
treatment was discontinued and mice were monitored until 32 weeks. A
total of 7 mice were enrolled in the Tasquinimod single treatment group
and 6 mice received vehicle control. For sequential combination with ICI
therapy, mice received 15mg/kg Tasquinimod from 20 to 25 weeks of age
(5 wks then discontinued), followed by anti-PD-1 antibody (10 mg/kg,
twice weekly, i.p.) from 32 to 37 weeks of age. Control mice received an
isotype-matched antibody on the same schedule. Animals were monitored
until 42–45 weeks of age. 8 received the combined sequential treatment, 5
mice received only Tasquinimod and isotype control, and 4 mice received
only ICI therapy. For prostate cancer xenografts, 5 × 105 MPten-1 cells
(plKO or ShNMU n= 5 each for tumor growth and n= 6 PLKo and 7
ShNMU for flow cytometry) were then injected s.c. onto the right flank of
male C57BL/6J mice in 200 μl total volume (1:4 dilution with growth factor-
reduced Matrigel®, Corning). Animals were examined every other day, and
tumor size was measured with a caliper three times per week for tumor
growth. For ICI therapy, 5 mice per group were enrolled in the study.
Prostate tumors harvested at the end of the experiments were
mechanically dissociated and enzymatically digested with mouse tumor
dissociation kit (Miltenyi Biotec) following manufacturers’ instruction.
Blinding was applied where feasible. While not all in vivo experiments were
performed under blinded conditions, image acquisition and IHC quanti-
fication were performed by investigators blinded to experimental groups.
Selected flow cytometry analyzes were also performed blinded to group
allocation.

T cell suppression assay
Mouse or human PMN isolated as above where co-cultured at graded
ratios (2:1; 1:1, 1:2, 1:4, 1:8) with CellTrace™ Violet-labeled total splenocytes
or T cells harvested from naïve mice (1 × 105), according to the
manufacturer’s instructions (Thermo Fisher Scientific). T cells were isolated
from naive mouse spleen by CD8+ T cell Isolation Kit (Miltenyi
biotechnology) according to manufacturers’ instructions and stimulated
by incubation with plate-bound antibodies to CD3 and CD28 (BioLegend).
Human PMN were incubated at ratios of 2:1, 1:1, 1:2, 1:4 with CellTrace™
Violet–labeled human PBMCs isolated from whole blood (1 × 105) and T
cell activation was induced using Cell Activation Cocktail (BioLegend). After
48 h, T cell proliferation in the presence of PMN co-culture was assessed by
CellTrace™ dilution in CD8⁺ T cells via flow cytometry. All assays were
performed in 96-well U-bottom plates. When indicated, PMN were pre-
cultured 6 h in with NMU (100 nM) or vehicle for 6 h, then washed to
remove NMU, counted and plated with splenocytes. Suppression assays
were performed 3 times (for humans with different healthy donors) with 3
technical replicates each.

Migration assays
Mouse or human PMN (0.5 × 105) isolated as described above, were
suspended in 500 μl of RPMI medium supplemented with 10% FBS were
placed in Transwell inserts (0.8 μm pore size) within 24-well plates
containing 500 μl of same medium in the lower chamber. Recombinant
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NMU (100 nM) was added to the upper chamber for inhibition studies,
cells were incubated with increasing concentrations (0–10 μM) of SB-
255610, a small-molecule competitive antagonist of CXCR2 (CXCR2i,
Selleck Chemicals). After 6 h, migrated cells in the bottom chamber were
harvested and viable cells were quantified by light microscopy. In some
experiments, conditioned medium (CM) harvested from MPten-1 cells was
used as a source of chemoattractant. For these experiments, MPten-1 cells
were transfected with ON-TARGETplus non-targeting control or mouse/
human Nmu siRNAs (Horizon) according to the manufacturer’s instruc-
tions. After 24 h, conditioned media were collected, cleared by
centrifugation, and used in Transwell migration assays. Migration assays
were performed 3 times (for humans with different healthy donors) with 3
technical replicates each.

NMU silencing
For transient NMU silencing, MPten-1 cells were transfected with ON-
TARGETplus non-targeting control or mouse/human Nmu siRNAs (Horizon).
Cells were seeded at 2 × 10⁵ cells per 3 ml in 6-well plates and incubated
for 16 h at 37 °C prior to transfection. Lipofectamine 2000 complexes were
prepared by separately incubating Mix A (2 μl Lipofectamine 2000 in 150 μl
Opti-MEM™ per well) and Mix B (3 μl of 10 μM siRNA in 150 μl Opti-MEM™

per well) for 5 min at room temperature, followed by mixing and
incubation for an additional 25 min to allow complex formation. The
siRNA-lipid complexes were then added dropwise to cells and incubated
for the indicated time points. For stable shRNA-mediated silencing of NMU,
MPten-1 cells were transduced with scramble control or NMU shRNA
lentiviral vectors (VectorBuilder Chicago, IL; Vector IDs: VB010000-0009mxc
and VB240620-1413err, respectively) according to manufacturer’s protocol.
Transduced cells were selected with puromycin (2 μg/ml) and maintained
under standard culture conditions.

ELISA
Mouse blood was collected into heparinized tubes, and plasma was
isolated by centrifugation (200 × g, 10 min at 4 °C) and stored at −80 °C
until analysis. Plasma S100A9 (from 12 mice 10–15 wks and n= 14
17–22wk old mice) and NMU levels (3 10–15wks old, 3 17–22wks,4
23–29wks and 9 30–30wks old mice) were quantified using commercial
ELISA kits (R&D Systems DY8596-05 and Cusabio CSB-EL015902MO,
respectively) according to the manufacturers’ instructions. Absorbance
was measured using a Promega™ GloMax® Plate Reader.

Immunohistochemistry (IHC)
Samples stained at Wistar Histotechnology facility: Prostate tissues were
fixed in 10% neutral buffered formalin for 16 h, paraffin embedded, and
sectioned at 5 μm. After deparaffinization and rehydration [xylene (6 min),
xylene substitute (6 min), 100% ethanol (2 min twice), 95% ethanol (2 min
twice), and distilled water (1 min)], antigen retrieval was performed in
DAKO EDTA buffer using a pressure cooker (20 min, 95 °C). Sections were
permeabilized with 0.1% Triton X-100 (15 min at 22 °C), blocked with 2.5%
horse serum (45 min at 22 °C), and incubated overnight at 4 °C with
primary antibodies against CD8α (D4W2Z, Cell Signaling Technology),
Ly6G (E6Z1T, Cell Signaling Technology), CD31/PECAM-1 (D8V9E, Cell
Signaling Technology), and NMU (#24862-1-AP, Thermo Fisher Scientific)
incubated at 1:200 dilution for 16 h at 4 °C. After incubation with HRP-
conjugated horse anti-rabbit IgG polymer (1:200) for 30 min at 22 °C, signal
was developed with DAB for 90 sec, followed by hematoxylin counter-
staining. NSE was detected by NSE Polycklinal antibody (1:200, PeproTech)
according to manufacturer’s instructions (4 tumors were stained for each
group). Images were acquired using a Nikon 80i microscope or
NanoZoomer S60 digital slide scanner (Hamamatsu), and quantitative
analysis was performed using QuPath software. Sample stained at IRST:
Automated IHC was performed on 3-μm FFPE tissue sections using the
Ventana Benchmark ULTRA automated staining platform (Ventana Medical
Systems, Tucson, AZ, USA). NMU staining (Invitrogen, PA5-96566) was
detected with the OptiView DAB Detection Kit, while CD8 (Roche, clone
SP239, cat#5937248001) was evaluated by sequential dual staining using
DAB and AP Red chromogens achieved with the OptiView DAB Detection
Kit and the ultraView Universal Alkaline Phosphatase Red Detection Kit,
respectively (Ventana Medical Systems). Sections were counterstained
with Hematoxylin II (Ventana Medical Systems), and whole-slide images
were acquired at ×40 magnification using an Aperio CS2 scanner (Leica
Biosystems, Nussloch, Germany). NMU expression was quantified as the
percentage of positive tumor cells, and CD8⁺ lymphocytes were quantified

as the number of positive cells per high-power field (HPF, ×40) by trained
pathologist.

Western Blot analysis
The various mouse and human cell types were lysed in RIPA buffer
supplemented with phosphatase inhibitors (Roche). Protein concentra-
tion was determined by Bradford assay (Bio-Rad), and 40 μg aliquots of
total protein were resolved on 10% NuPAGE polyacrylamide gels
(Thermo Fisher Scientific) in MOPS running buffer. Proteins were
transferred onto PVDF membranes using a wet transfer system with 1×
transfer buffer (Thermo Fisher Scientific). Membranes were blocked in 5%
non-fat milk for 1 h at 22 °C and incubated for 16 h at 4 °C with primary
antibodies against NMU (#24862-1-AP, Thermo Fisher Scientific) or
vinculin (E1E9V, Cell Signaling Technology) diluted in PBS containing 1%
BSA (Sigma). After washing in TBS-T, membranes were incubated with
HRP-conjugated secondary antibody of appropriate specificity (1:1000) in
5% milk for 2 h at 22 °C (Supplementary Table 2). Signal detection was
performed using Clarity™ Western ECL substrate (Bio-Rad), and chemi-
luminescence was captured on Amersham Hyperfilm ECL using a Konica
SRX-101A developer.

RT-qPCR
Cells were lysed in RNA lysis buffer from the Quick-RNA Microprep Kit
(Zymo Research), and lysates were stored at −80 °C until RNA extraction
using the same kit. cDNA synthesis was performed using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific) in the presence
of RNase inhibitor. The RT-qPCR amplification reaction was carried out
using Applied Biosystems™ PowerUp™ SYBR™ Green Master Mix (Thermo
Fisher Scientific) using primer sequences listed in Supplementary Table 3.
Amplification reactions were carried out on a Bio-Rad thermocycler or a
QuantStudio™ 5 Real-Time PCR system (Thermo Fisher Scientific). qPCR for
PMN RNAseq validation was performed with PMN coming form 4 different
mice with experimental triplicates.

RNA-seq
Mouse prostate tissue samples were harvested from 12- or 19-week-old
TRAMP mice (n= 3 per group) and snap-frozen in liquid nitrogen. Reads
were aligned to the mm10 mouse genome using STAR [36], and gene
expression was quantified with RSEM (Ensembl GRCm38.89 annotation)
[37]. Differential gene expression was analyzed from raw counts using
DESeq2, with significance defined as a false discovery rate (FDR) < 0.05.
Gene expression was visualized using heatmaps of DESeq2-normalized
counts [38]. RNA-seq data are available in the NCBI GEO database
(GSE33830). For RNAseq on isolated PMN, PMN were isolated from
spleens of C57BL/6 J mice, incubated with recombinant NmU (100 nM) for
16 h at 37 °C, harvested in RNA Lysis Buffer (Zymo) and stored at −80 °C
until processing.

Flow cytometry
Tissues harvested from TRAMP mice were collected, and spleens were
mechanically dissociated through a 70 μm filter (VWR International).
Prostate tissues and subcutaneous MPten-1 tumors were minced and
enzymatically digested into single-cell suspensions using a Tumor
Dissociation Kit (Miltenyi Biotec) following the manufacturer’s protocol.
All cell suspensions were filtered, and erythrocytes were lysed with ACK
buffer. Cells were stained in Brilliant Stain Buffer (BD) with 50 μl of
antibody mix per sample (Supplementary Table 4) and Zombie UV LIVE/
DEAD™ viability dye (1:300) for 15 min at 4 °C, then washed with MACS
buffer (1% FBS, 5 mM EDTA in PBS). Intracellular staining for T cells
(FOXP3, KI67, TCF-1, GrzB) was achieved using eBioscience™ Foxp3 /
Transcription Factor Staining Buffer Set, according to the manufacturer’s
instructions. Intracellular PMN S100a9 staining used the Cytofix/
CytoPerm kit (BD Biosciences) was detected following the manufacturer’s
protocol with a 15-min incubation period at 4 °C. NMUR1 primary surface
staining 30 min at 4 °C was followed by secondary anti-mouse Alexa488
antibody (Thermo Fisher Scientific) for 30 min at 4 °C. SV40 and Ctrl
Tetramers were kindly provided by NIH Tetramer Core Facility at Emory.
Compensation controls were set using UltraComp eBeads™ and ArC™
Amine Reactive Compensation Beads. Samples were acquired on a BD
FACSymphony™ cell analyzer, and data were analyzed using FlowJo™
v10.7 (Tri-Star). A complete list of antibodies used for flow cytometry
studies is provided in Supplementary Table 4. Sample size for flow is
indicated in the figure legend.
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RESULTS
NMU modulation of NEPC immune microenvironment
To begin elucidating mechanisms of immune rewiring of the
prostate cancer microenvironment, we looked at early stages of
tumor formation in Transgenic Adenocarcinoma of the Mouse
Prostate (TRAMP) mice. In this model, transgenic expression of
the SV40 large T antigen oncogene in the prostate induces
high-penetrance, stepwise prostate cancer formation, predomi-
nantly with neuroendocrine histology [39]. Prostate tissues
harvested from 17 to 22-week-old TRAMP mice, a time frame
corresponding to the formation of high-grade prostatic
intraepithelial neoplasia (PIN), exhibited extensive accumulation
of Ly6G+ polymorphonuclear neutrophils (PMN) by flow
cytometry (Fig. 1A). In contrast, earlier (10–15 weeks) or later
(23–40 weeks) stages of TRAMP tumorigenesis were unaffected
(Fig. 1A). These changes were specific to the prostate micro-
environment because no differences in the accumulation of
Ly6G+ PMN were observed in spleens of TRAMP mice at any age
examined (Fig. 1B). Coinciding with PMN recruitment, prostate
tissues of TRAMP mice at 17–22 weeks exhibited reduced
accumulation of CD3+ T cells compared to 10–15- or 23–40-
weeks of age, by flow cytometry (Fig. S1A). Subset analysis
demonstrated that both CD4+ and CD8+ T cells were reduced in
these settings, compared to other time intervals of TRAMP
tumor formation (Fig. S1A).
Based on these results, we next compared the transcriptome

of prostate tissues harvested from TRAMP mice at 12- vs. 19-
weeks of age, by RNA-Seq (Fig. 1C). We found that 19-weeks-old
TRAMP mice upregulated multiple pathways of cell survival, cell
motility and neuronal development that were not present at
earlier stages of prostatic oncogenesis in 12-weeks-old mice
(Fig. 1D). This was accompanied by increased expression of key
regulators of cell proliferation and cell survival (ERBB2, RABL6,

CCND1, E2F1), cytoskeletal rearrangement (CKAP2L) and PMN
activation (CSF2) (Fig. S1B). Conversely, pathways of tumor cell
death (Fig. 1D) and tumor suppression (TP53, CDKN1A, CDKN2A,
RB, RBL2) were downregulated, compared to the 12-week-old
mouse group (Fig. S1B).
Consistent with transition to a neuroendocrine phenotype, 19-

weeks-old TRAMP mice also exhibited heightened expression of
regulators of synaptic plasticity (NEURL1, LRRTM4, LRRTM3,
NETO2), neuronal differentiation (LBX1, NNAT, GLDN), and
neurotrophic responses (NETO2, NMU) (Fig. 1E). The top hit in
this analysis was NMU (Z Score=4.34; FDR < 5%; p= 3.62 × 10−9), a
25-amino acid neuropeptide with multiple functions in cellular
homeostasis [30].
By immunohistochemistry (IHC), NMU was undetectable in

prostate tissues of TRAMP mice at 12-weeks of age, became
expressed in the prostatic epithelium by 19 weeks and remained
present, albeit at heterogeneous levels, in 26- and 40-week-old
animals (Fig. 1F). Plasma levels of NMU were also upregulated in
17–22-week-old TRAMP mice, compared to other age groups, by
ELISA (Fig. 1G), and PMN isolated from TRAMP mice expressed
high levels of the NMU type 1 receptor, NMUR1 [32], by flow
cytometry (Fig. 1H), potentially suggestive, albeit not conclusively
of pathway response.

Differential NMU expression in human primary and metastatic
prostate cancer
When analyzed in the cohort of prostate cancer patients of the
TCGA dataset (PRAD), high expression of NMU correlated with
markers of cell proliferation (MKI67), mitotic progression (STMN1)
and DNA synthesis (TOP2A), whereas regulators of actin dynamics
(ACTA1, NRAP, XIRP2) were downregulated (Fig. S1C). In addition,
high NMU levels correlated with oncogene expression, including
Myc, E2F and mTORC1 (Fig. S1D). In line with neuroendocrine

Fig. 1 Reprogramming of the prostate immune microenvironment during NEPC progression. Prostate (A) or spleen (B) tissue samples
harvested from TRAMP mice at the indicated ages were analyzed for the presence of Ly6G+ PMN by flow cytometry. Each symbol is an individual
mouse determination. C Schematic diagram of RNA-Seq profiling of prostate tissue samples from TRAMP mice of the indicated age groups.
D Volcano plot of differentially modulated pathways in TRAMP mice at 19 vs. 12 weeks of age by RNA-Seq and Ingenuity Pathway Analysis (IPA).
E The conditions are as in (C) and differentially modulated neuronal regulators in 19- vs. 12-week-old TRAMP mice are shown in a heatmap (n= 3).
For all regulators, p < 0.05; FDR < 5%. For D, E, Blue, downregulated; red, upregulated. F Prostate tissue samples collected from TRAMP mice at the
indicated ages (wk, week) were analyzed for NMU expression by immunohistochemistry (IHC). Representative images. Scale bar, 100 μm. G Plasma
samples collected from TRAMP mice at the indicated ages were analyzed for NMU levels, by ELISA. Each symbol is an individual mouse
determination. Mean ± SD (n= 3–6). For A, B, G, numbers are p values by unpaired, two-sided t test. H PMN isolated from the spleens of C57BL/6J
mice were incubated with non-binding IgG or an antibody to the type I NMU receptor (NMUR1) and analyzed by flow cytometry. Representative
experiment.
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transition, an androgen response gene signature was down-
regulated in NMU-high PRAD (Fig. S1D).
Consistent with the results obtained with TRAMP mice, NMU

was also highly expressed in a cohort of human PIN lesions,
compared to normal epithelium, by IHC (Fig. 2A), correlating with
reduced intraprostatic accumulation of CD8+ T cells, by IHC
(Fig. 2B). Therefore, we next examined the expression of NMU in
multiple independent tissue microarrays (TMA) representative of
the spectrum of prostatic tumorigenesis (Supplementary Table 1).
In this analysis, NMU was prominently expressed in PIN
(42.3 ± 3.2% NMU+ cells, n= 38) as well as stage II (81.5 ± 6.7%
NMU+ cells, n= 12) and stage III (84.8 ± 2.9% NMU+ cells, n= 34)
prostate adenocarcinoma by IHC (Fig. 1C, D). Two cases of NEPC
contained 82% NMU+ cells with 1+/2+ staining intensity, by IHC.
Blind pathology scoring of the aggregate TMA staining revealed
high NMU staining intensity (2+/3+) in 78% of AdCa cases
(n= 98), compared to normal prostate (Fig. 1E). To further assess
the clinical relevance of NMU expression in NEPC, we next
analyzed publicly available single-cell RNA-seq dataset GSE264573
(Fig. 2F) from patients with advanced prostate cancer [40]. Tumor
cell-specific analysis revealed that NMU expression was detected
in differentiated NEPC enriched for ASCL1, SYP, CHGA and

NEUROD1 transcriptional regulon activity (Fig. 2G). Next, we
examined the expression of NMU in biopsies of metastatic
castration-resistant prostate cancer (mCRPC) collected under the
Rapid Autopsy Program at The Prostate Cancer Biorepository
Network at the University of Washington (GSE126078) [41],
maintained as TMA or patient-derived xenografts (PDX). In this
cohort, NMU was prominently expressed in biopsies of metastatic
prostate cancer (Fig. 2H, top) as well as related PDX samples
(Fig. 2H, bottom), with higher levels in AR-independent (AR−/
ARlow) and neuroendocrine-associated (NE+) subtypes compared
to AR-high (AR+) tumors (Fig. 2H).

Differential expression of NMU in cancer
We next asked whether increased expression of NMU was unique
to prostate cancer. Analysis of public databases revealed that NMU
protein levels were elevated in multiple, genetically unrelated
tumor types (Fig. S2A). In addition, high levels of NMU correlated
with shortened patient survival in malignancies of breast, ovary,
lung, stomach and multiple myeloma (Fig. S2B), also known for
the presence of rarer, but highly aggressive and rapidly metastatic
neuroendocrine variants [42, 43]. Similarly, NMU (Fig. S2C), but not
its receptor NMUR1 (Fig. S2D), was over-expressed in most human

Fig. 2 NMU expression in human prostate cancer. Tissue sections from normal prostate or high-grade PIN were analyzed for NMU expression
(A) or CD8+ cells (B), by immunohistochemistry (IHC). Right, IHC quantification of six independent cases. Each point is an individual patient sample.
Scale bars, 60 μm. Representative images. C Representative TMA images of PIN (top) or prostate adenocarcinoma (AdCa, bottom) were analyzed
for NMU expression by IHC. The grade, stage and TNM classification are indicated. Scale bars are indicated. D, E The conditions are as in B and the
percentage of NMU+ cells (D) and NMU staining intensity (1+/2+/3+) (E) was quantified. The percentage of cells with each staining intensity is
indicated. AdCa, n= 98; Normal, n= 11. F UMAP visualization of tumor cells from human prostate cancer scRNA-seq dataset GSE264573 [40],
colored by tumor subtype annotation (left). CSPC, castration sensitive; CRPC, castration resistant; NEPC, neuroendocrine. Tumor populations with
distinct gene regulatory (regulon) networks [40] are shown (right). NA, not available for castration sensitive tumors. G Feature plots showing
normalized gene expression of NMU and the indicated lineage-associated markers across tumor cell states. H Biopsies of metastatic CRPC from
the Rapid Autopsy Program of the University of Washington (GSE126078) [41] and arranged in a TMA (top) or propagated as patient-derived
xenografts (PDX) (bottom) were analyzed for differential NMU expression. Each point is a patient determination. AR, androgen receptor, NE,
neuroendocrine. Numbers are p values by unpaired, two-sided t test.
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tumor cell lines in the Cancer Cell Line Encyclopedia. Although
copy number was unchanged, both NMU and NMUR1 were
identified as selected dependency genes in RNAi/CRISPR screens
of tumor cells (Fig. S2E). Consistent with a role of this pathway in
immune reprogramming of the microenvironment, high levels of
NMU correlated with reduced infiltration of CD8+ T cells in
multiple tumor types, including prostate, pancreatic and stomach
adenocarcinoma, as well as uterine cancer, uveal melanoma and
testicular germ cell tumor (Fig. S2F). In certain malignancies, a
reduction in CD8+ T cells in NMU-high tumors correlated with
increased accumulation of myeloid cells (Fig. S2F), resistance to
immunotherapy and shortened patient survival (Fig. S2B).

NMU regulation of microenvironment inflammation
Next, we looked at the effect of NMU on tumor-associated
responses in the microenvironment. First, increasing concentra-
tions of recombinant NMU did not affect the viability of mouse
prostate cancer MPten-1 cells (Fig. S3A), which express cell surface
NMUR1, by flow cytometry (Fig. S3B). Reciprocally, stable shRNA
silencing of NMU did not modulate MPten-1 cell proliferation (Fig.
S3C) or single-cell clonogenic ability (Fig. S3D). Conversely,

recombinant NMU potently stimulated human or mouse PMN
migration across Transwell inserts (Fig. 3A, B). A similar response
was observed with PMN isolated from different sources, including
spleen or bone marrow (BM) of C57BL/6 J mice (Fig. S3E).
Furthermore, conditioned medium from prostate cancer MPten-
1 or MP3098 cells silenced for NMU by siRNA had reduced ability
to support PMN migration in Transwell assays (Fig. S3F).
Mechanistically, NMU stimulation of PMN migration was asso-
ciated with increased cell surface expression of the chemokine
receptors, CXCR4 and CXCR2, by flow cytometry (Fig. 3C), and
incubation with SB-265610, a small molecule competitive inhibitor
of CXCR2 (CXCR2i), suppressed the increase in PMN migration
mediated by NMU (Fig. 3D).
We used RNA-Seq to profile gene expression changes in PMN

exposed to NMU. We found that NMU stimulation induced
extensive transcriptional changes in PMN (Fig. S3G), with
upregulation of pathways implicated in myeloid activation, host
defense/innate immunity (PRR, TLR, GRZA, IL7), inflammation
(TREM1, MIF, S100, IL12, GAIT), and cell motility (TORC1, NF1/RAS)
(Fig. 3E). In contrast, pathways of mitochondrial oxidative
phosphorylation and nucleic acid processing, lysosomal functions

Fig. 3 NMU regulation of PMN functions. Human or mouse (C57BL/6J) PMN were incubated with vehicle (Veh) or recombinant NMU and DAPI-
stained nuclei of migrated PMN through a Transwell membrane (A) were quantified (B). Mean ± SD (n= 4, human PMN; n= 6, mouse PMN).
C Mouse or human PMN were incubated with vehicle (Veh) or recombinant NMU and analyzed for differential cell surface expression of CXCR4
(left) or CXCR2 (right) by flow cytometry. Representative experiment. D Mouse PMN treated with vehicle (Veh) or recombinant NMU were
incubated with SB-265610, a small molecule competitive inhibitor of CXCR2 (CRXCR2i) and analyzed for cell migration in transwell assays.
Mean ± SD (n= 3). Mouse PMN stimulated with recombinant NMU for 6 h were analyzed for changes in gene expression by RNA-Seq and
modulation of Pathways (E) or Effectors (F) identified by Ingenuity Pathway Analysis (FDR < 5%; p < 0.05) were visualized in volcano plots. Blue,
downregulated; red, upregulated. G Mouse PMN were incubated with vehicle (Veh) or recombinant NMU and changes in expression of
intracellular S100A9 were analyzed by flow cytometry. Numbers are fluorescence GeoMean ± SEM (n= 4). Mouse or human PMN stimulated with
vehicle (Veh) or recombinant NMU were incubated at various ratios with CellTrace™ Violet-labeled mouse splenocytes or -human PBMC,
respectively, and CD3/CD28-stimulated T cell proliferation was determined by flow cytometry (H, representative experiment) and quantified (I).
Mean ± SEM (n= 3) J The experimental conditions are as in (H, I) except that mouse T cells were mixed at various ratio with PMN isolated from
TRAMP mice at the indicated ages before quantification of T cell proliferation by CellTrace™ staining and flow cytometry. Mean ± SD (n= 2–6). For
panels (B, I, J), each symbol is an individual mouse determination. Numbers are p values by unpaired, two-sided t test. *p= 0.04-0.01; **p= 0.005;
***p= 0.0005; ns, not significant.
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and inhibitory receptors of cell motility (ROBO) were inhibited
(Fig. 3E). Consistent with this, bioinformatics analysis of this
dataset revealed that NMU upregulated multiple key mediators of
inflammation (IFN, TNF, MYD88, STAT1) and cell movements
(MAPT, TFEB, CD44, CSF2, NRP1, TREM2, CCL20, MPRIP, IKBKB) in
PMN (Fig. 3F). In validation experiments, NMU stimulation of
spleen-isolated PMN prominently upregulated a gene signature
of inflammation, innate immunity and cell motility, by RT-qPCR
(Fig. S3H).
Among the inflammatory mediators upregulated by NMU in

PMN was S100A9, a cytokine-like Damage-Associated Molecular
Pattern (DAMP), which contributes to myeloid immunosuppres-
sion [44]. Accordingly, stimulation of spleen-derived PMN with
recombinant NMU was sufficient to increase the levels of
intracellular S100A9, by flow cytometry (Fig. 3G). Functionally,
NMU-stimulated mouse or human PMN became potently immu-
nosuppressive, inhibiting T cell proliferation induced by CD3/CD28
stimulation, by CellTrace analysis and flow cytometry (Fig. 3H, I). A
similar response was observed in TRAMP mice, where PMN
harvested from 19 to 22-week-old animals suppressed syngeneic T
cell proliferation, compared to PMN harvested from TRAMP mice

of 12–15 weeks of age (Fig. 3J). Conversely, PMN isolated from
S100A9 knockout mice did not inhibit syngeneic T cell prolifera-
tion, by CellTrace analysis and flow cytometry (Fig. S3I).

NMU reprogramming of the immune microenvironment
sustains prostate cancer progression
To test the impact of NMU-S100A9 signaling on prostate cancer
progression, we next engrafted MPten-1 cells stably expressing
pLKO or shNMU onto the flanks of syngeneic WT C57BL/6 mice or
immunocompromised NSG mice. In these experiments, depletion
of NMU significantly inhibited MPten-1 tumor growth in WT mice
(Fig. 4A, top). This response required an intact immune system
because NMU silencing had no effect on MPten-1 tumor growth in
immunocompromised NSG mice (Fig. 4A, bottom). In addition,
MPten-1 tumors depleted of NMU exhibited increased accumula-
tion of CD8+ T cells and a concomitant reduction in Ly6G+ PMN,
compared to control animals, by IHC (Fig. 4B, C).
Similar results were obtained by profiling the immune infiltrate

of MPten-1 tumors in WT mice by flow cytometry. Here, depletion
of NMU reduced the intratumoral accumulation of Ly6G+ PMN
(Fig. S4A), while increasing the recruitment of CD8+ but not CD4+

Fig. 4 NMU regulation of NEPC growth. A Mouse MPten-1 cells stably expressing pLKO or NMU-directed shRNA (shNMU) were engrafted onto
the flanks of C57BL/6J (top) or immunodeficient NSG (bottom) mice (5 animals/group) and tumor growth was quantified at the indicated time
intervals with a caliper. Numbers correspond to average tumor volumes at the end of the experiment. A p value is indicated. ns, not significant.
B, C The conditions are as in (A, top) and MPten-1 tumors grown in WT C57BL/6J mice were harvested at the end of the experiment and analyzed
for intratumoral accumulation of Ly6G+ PMN, CD8+ T cells or NMU, by IHC (B) and quantified (C). Mean ± SEM (n= 4). Scale bar, 200 μm.
Representative images. D, E MPten-1 tumors as in (A, top) were analyzed for modulation of specialized T cell subsets, TCF1+/PD-1+ (D) and GrzB+/
KLRG1+ (E) by multiparametric flow cytometry (left, representative plots) and quantified (right). The percentage of positive cells is indicated.
Mean ± SEM (n= 6–7). F C57BL/6J mice carrying syngeneic MPten-1 tumors expressing pLKO or shNMU as in (A, top) were treated with an
antibody to PD-1 (ICI) and tumor weight in the indicated mouse groups was quantified at the end of the experiment (day 13 from engraftment).
Mean ± SEM (n= 5–6). G The conditions are as in F and MPten-1 tumors with or without ICI treatment were analyzed for differential expression of
the indicated CD8+ T cell markers by flow cytometry. Mean ± SEM (n= 4). H The conditions are as in F and tumor samples were analyzed for
differential accumulation of PD-1+/TCF1+ CD8+ T cells by multiparametric flow cytometry. The percentage of double positive cells indicated. For
A, C–G, each symbol is an individual mouse determination. Numbers are to p values by unpaired, two-sided t test.
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T cells (Fig. S4B). In addition, loss of NMU expanded CD8+ T cell
subsets implicated in the response to therapeutic immune
checkpoint inhibition (ICI), including ‘stem-like’ and self-
renewing TCF1+/PD-1+ (Fig. 4D) and cytotoxic GrzB+/KLRG1+

T cells (Fig. 4E).
Based on these results, we next asked whether depletion of

NMU enhanced the activity of ICI in preclinical models of prostate
cancer. In these experiments, the combination of NMU silencing
plus systemic administration of an antibody to the immune
inhibitory receptor, PD-1 was more effective than either condition
alone in suppressing MPten-1 tumor growth in WT C57BL/6 J mice
(Figs. 4F and S4C). Compared to NMU silencing alone, the addition
of PD-1 blockade increased the intratumoral recruitment of CD8+

T cells with higher levels of activation markers, PD-1, LAG-3 and
TIM-3 (Fig. 4G), while also upregulating ‘stem-like’ TCF1+/PD-1+

(Figs. 4H and S4D) and effector resident CD69+/KLRG1+ T cell
subsets (Fig. S4E). These changes were specific because intratu-
moral CD4+ T cells did not exhibit modulation of activation
markers (Fig. S4F) and myeloid (Fig. S4G) or NK cell (Fig. S4H)
subsets were unchanged after NMU silencing with or without PD-1
blockade. In addition, no changes in T cell activation markers were
observed in CD8+ T cells isolated from the spleen of tumor-
bearing animals (Fig. S4I).

Preclinical targeting of NMU-S100A9 signaling in NEPC
Although NMU has not been considered as a therapeutic target,
its potential effector of immunosuppression, S100A9 [45], has
been evaluated in prostate cancer [46]. Consistent with this
notion, PMN from prostate tissues of TRAMP mice of 17–22-weeks
of age contained high levels of S100A9 (Fig. S5A). These changes
were specific for early TRAMP tumorigenesis because S100A9 was
not significantly modulated in prostate samples of younger
(10–15 weeks) or older (23–40 weeks) TRAMP mice (Fig. S5A). In
addition, plasma levels of S100A9 increased in 17–22-week-old
TRAMP mice, compared to 10–15 week-old animals, by ELISA (Fig.
S5B). The modulation of S100A9 was restricted to the microenvir-
onment of prostatic tumorigenesis as no changes in S100A9 levels
were observed in PMN from the spleens of TRAMP mice at any
time point examined (10–40 weeks) (Fig. S5C).
To therapeutically target S100A9, we next treated TRAMP mice

with the small molecule inhibitor, Tasquinimod [46]. Systemic
administration of Tasquinimod was well-tolerated and signifi-
cantly inhibited tumor growth in TRAMP mice, compared to
controls (Figs. 5A and S5D). Although Tasquinimod has been
linked to inhibition of angiogenesis, no appreciable differences in
intraprostatic CD31 staining were observed in control or
treatment groups by IHC (Fig. S5D). Similar to the effect of
NMU silencing, Tasquinimod treatment reduced the accumula-
tion of Ly6G+ PMN in the prostate of TRAMP mice, concomitantly
with increased recruitment of CD8+ T cells, by IHC (Fig. 5B, C) and
multiparametric flow cytometry of isolated tumor tissues (Fig.
S5E). Compared to vehicle-treated animals, CD8+ T cells in
Tasquinimod-treated TRAMP mice were tumor antigen-specific, as
judged by strong reactivity with an SV40-directed MHC tetramer
and flow cytometry (Fig. 5D). In addition, Tasquinimod treatment
expanded intraprostatic CD8+ T cell subsets expressing ‘stem-like’
(TCF1) and cytotoxicity (GrzB) markers, by flow cytometry (Fig.
S5F), without affecting the viability of prostate cancer cell types in
culture (Fig. S5G).
Finally, we asked if Tasquinimod could also sensitize TRAMP

tumorigenesis to ICI treatment. For these studies, we used a
sequential combination protocol, where TRAMP mice were treated
with Tasquinimod from week 20 through 25, thus coinciding with
the peak PMN accumulation in the prostate, followed by
administration of anti-PD-1 antibody from weeks 32 to 37 and
final harvesting of animal cohorts at 42–45 weeks of age. In these
studies, sequential therapy was well tolerated, inhibited TRAMP
tumor formation (Fig. 5E), and maintained a prostatic gland

architecture, compared to ICI treatment alone (Fig. S6A), with no
changes in expression of the neuroendocrine marker, neuron-
specific enolase (NSE) (Fig. S6B). Under these conditions, the
Tasquinimod+ICI combination abolished the intraprostatic accu-
mulation of Ly6G+ PMN (Fig. S6C) and increased the recruitment
of CD8+ T cells (Fig. S6D). This included the expansion of
specialized CD8+ T cells that enable therapeutic responses to ICI,
including TCF1+/PD-1+ (Fig. 5F) and GrzB+/KLRG1+ (Fig. 5G)
subsets, by multiparametric flow cytometry.

DISCUSSION
In this study, we have shown that the NMU neuropeptide, a
pleiotropic regulator of cellular homeostasis [29], is overexpressed
in primary and metastatic prostate cancer, as well as other
malignancies, and enables potent myeloid immunosuppression in
the NEPC microenvironment. Mechanistically, NMU reprograms
the PMN transcriptome towards an inflammatory and migratory
phenotype, suppresses T cell proliferation and maintains tumor
growth in vivo. Genetic or pharmacologic targeting of this
pathway suppresses NEPC growth, blocks intraprostatic accumula-
tion of PMN and expands specialized CD8+ T cells with ‘stem-like’,
cytotoxic and effector functions, altogether restoring the activity
of ICI in this highly refractory malignancy, in vivo (Fig. 5).
Aside from its multiple roles in tissue and organismal home-

ostasis [31], NMU has emerged as an important regulator of
inflammatory responses. This has been linked to recruitment of
mast cells [28] and eosinophils [47], protection of gastrointestinal
mucosal immunity [27] and stimulation of innate lymphoid cells
for production of allergy-related type 2 cytokines [26]. Here,
exposure to recombinant NMU was sufficient to extensively
remodel the PMN transcriptome, upregulating multiple inflamma-
tory mediators, IFNs and NFκB gene expression [32]. In turn, NMU-
stimulated PMN became highly migratory, acquired functional
phenotypes of pathologically activated PMN-MDSC [48] and
potently inhibited syngeneic T cell proliferation. A role of NMU
in regulating an immune tumor microenvironment has been
proposed [35] via stimulation of macrophage activation and
chemotaxis [49] and release of Th2 cytokines [50]. However, the
role of this pathway in T cell responses has remained controversial,
linked to inhibition [51] or stimulation [52] of CD8+ T cell
antitumor immunity.
One of the key inflammatory mediators upregulated in NMU-

stimulated PMN was the DAMP “alarmin”, S100A9 [53]. Abundantly
expressed by myeloid cells, including PMN-MDSC [54], and
released in the extracellular space through various secretory
mechanisms [55], S100A9 is a central regulator of the tumor
microenvironment. Subverting a physiological role in protection
against pathogens [56], S100A9 over-expression in cancer directly
accelerates tumor cell proliferation [57], while also driving local
immunosuppression via granulocytic MDSC recruitment [58],
macrophage polarization [59] and impaired dendritic cell function
[60]. In this context, molecules upregulated in NMU-stimulated
PMN such as, TREM2 and TNFα are important mediators of S100A9
monocyte polarization [61], and modulation of immature myeloid
cells that further contribute to immunosuppression [62]. An NMU/
S100A9 signaling axis in immune evasion was established here
using complementary transgenic and syngeneic mouse models.
However, this pathway may also be at work in the clinic, as
bioinformatics analysis of public patient databases highlighted a
positive correlation between high NMU levels, reduction of CD8+ T
cell, myeloid cell recruitment and immunotherapy resistance with
poor outcome.
Among the various models of prostate cancer [63], we tested

the relevance of NMU-S100A9 signaling in TRAMP mice [39]. Albeit
with known limitations, including the expression of the SV40
foreign antigen that may affect immunogenicity [64], TRAMP mice
develop a predominantly AR-independent NEPC phenotype with
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high penetrance and predictable progression. In these settings,
intraprostatic NMU as well as S100A9 expression peaked at
17–19 weeks of age, coinciding with the appearance of high-
grade PIN [65], recruitment of PMN and depletion of CD8+ T cells.
Importantly, these changes were temporally transient, as older
TRAMP mice (up to 40 weeks of age) did not exhibit a similar
modulation of NMU-S100A9 expression or cellular infiltrate. There
is abundant evidence that the cellular composition of a tumor
microenvironment is highly dynamic, varying extensively at
different stages of tumorigenesis [66]. There is also evidence that
early and often transient modulation of an immune, especially
myeloid cell infiltrate, profoundly affects later kinetics of tumor
growth [67, 68], expression of inflammatory cytokines [69],
immune evasion [70] and metastatic dissemination. This is in line
with the high levels of NMU that we identified across the
spectrum of prostatic tumorigenesis in humans, including AR-/NE+

metastases.
In this context, prostate cancer, especially NEPC, has long been

recognized for its immune-excluded microenvironment [71],

depleted of CD8+ T cells [72], but saturated with immunosup-
pressive cues that have hampered, in most trials, the clinical
response to ICI [73]. MDSCs play a major role in ICI resistance,
driving transition to AR-independence via IL23 secretion [74],
inhibiting tumor-specific T cell functions in cooperation with other
stromal cells, i.e., mast cells [75], and rewiring arginine metabo-
lism, NO production and redox balance to further promote
immune escape [48]. More work is needed to determine if NMU-
stimulated PMN acquire the full complement of functional and
phenotypic hallmarks of MDSC. MDSC, in addition to their ability
to suppress T cell proliferation, NMU-stimulated PMN expressed
high levels of CXCR2, which is a central driver of myeloid
chemotaxis and treatment resistance in prostate cancer [76], as
well as CXCR4, a mediator of prostate cancer bone metastasis [77]
and recruitment of immunosuppressive Treg subsets [78].
Against this backdrop, silencing NMU or targeting S100A9 with

Tasquinimod [79], potently inhibited NEPC growth in vivo.
Mechanistically, this was associated with a reinvigorated anti-
tumor immune microenvironment, characterized by reduced PMN

Fig. 5 Preclinical targeting of NMU-S100A9 signaling in NEPC. A TRAMP mice were treated systemically with vehicle (Veh) or S100A9 inhibitor,
Tasquinimod (Tasq, 30 mg/kg) starting at week 15 of age for 5 weeks after which treatment was discontinued, and animals were followed until
they reached 32 weeks of age for quantification of prostate volume. Mean ± SEM (n= 6–7). Inset, representative macroscopic images of prostate
tissues from the indicated mouse groups. B, C The conditions are as in A and prostate tissue samples harvested from Veh- or Tasq-treated TRAMP
mice at 32 weeks were analyzed by IHC (B) and intratumoral accumulation of Ly6G+ PMN (C, top) or CD8+ T cells (C, bottom) was quantified by
multiparametric flow cytometry. Mean ± SEM (n= 6–7). D The conditions are as in A and antigen-specific CD8+ T cells recognized by an SV40
tetramer were detected by multiparametric flow cytometry and quantified (inset). Each symbol is an individual mouse determination. E TRAMP
mice were sequentially treated with Tasquinimod (15 mg/kg) from week 20 to 25 and then discontinued followed by administration of an
antibody to PD-1 (ICI, weeks 32 through 37) and changes in prostate weight were quantified in animals harvested at 42–45 weeks. Animals treated
with ICI alone (weeks 32 through 37) were used as control. Mean ± SEM (ICI, n= 4; Tasq, n= 5; Tasq+ICI, n= 8). The conditions are as in (E) and
prostate tissue samples from TRAMP mice in the various treatment groups were harvested at 42-45 weeks and modulation of TCF1+/PD-1+ (F) or
GrzB+/KLRG1+ (G) CD8+ T cell subsets was detected by multiparametric flow cytometry (left) and quantified (right). The percentage of positive cells
is indicated. Representative experiment. Mean ± SEM (n= 3-6). For panels A, C–G, numbers are p values by unpaired two-sided t test. Each symbol
is an individual mouse determination.
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infiltration and expansion of specialized CD8+ T cell subsets with
“stem-like” (TCF1+/PD1+), effector resident (CD69+/KLRG1+) and
immune killing (GrzB+/KLRG1+) properties [80, 81]. These T cell
subsets are central determinants of the clinical response to
immunotherapy [80, 82], and, accordingly, the combination of PD-
1 blockade plus NMU silencing or Tasquinimod treatment potently
suppressed tumor growth in syngeneic and transgenic (TRAMP)
mouse models. Importantly, CD8+ T cells generated in response to
NMU-S100A9 targeting were tumor-specific, recognizing the SV40
large T antigen oncogene that drives prostate cancer progression
in the TRAMP model [39]. For its immune remodeling properties,
Tasquinimod has been intensely investigated in metastatic
prostate cancer patients [46], but despite evidence of stable
disease [83], no benefits in overall survival were observed in larger
trials [84]. The results here provide proof-of-concept evidence to
rationally repurpose Tasquinimod in combination with ICI in
patients with advanced prostate cancer. This will require carefully
optimizing the timing of treatment start, as most patients with
ADT/ASRi-associated NEPC are typically diagnosed at advanced
disease stages.
In summary, we have shown that NMU signaling is broadly

exploited in primary and metastatic prostate cancer, especially
NEPC, to confer an inflammatory and immunosuppressive
microenvironment that sustains tumor growth in vivo (Fig. 6).
This pathway adds a novel pro-tumorigenic circuitry to a growing
interface between the neuronal system and the tumor micro-
environment, driving immune evasion and disease progression.
Conversely, the NMU/S100A9 signaling axis exposes an unprece-
dented vulnerability in NEPC, potentially suited to reverse
immunosuppression [71] and restore sensitivity to ICI in this
highly refractory disease variant [85].
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