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ABSTRACT
◥

It has been recognized for decades that ERBB signaling is
important in prostate cancer, but targeting ERBB receptors as a
therapeutic strategy for prostate cancer has been ineffective
clinically. However, we show here that membranous HER3
protein is commonly highly expressed in lethal prostate cancer,
associating with reduced time to castration resistance (CR) and
survival. Multiplex immunofluorescence indicated that the HER3
ligand NRG1 is detectable primarily in tumor-infiltrating mye-
lomonocytic cells in human prostate cancer; this observation was
confirmed using single-cell RNA sequencing of human prostate
cancer biopsies and murine transgenic prostate cancer models. In
castration-resistant prostate cancer (CRPC) patient-derived
xenograft organoids with high HER3 expression as well as mouse
prostate cancer organoids, recombinant NRG1 enhanced prolifer-
ation and survival. Supernatant frommurine bonemarrow–derived

macrophages and myeloid-derived suppressor cells promoted
murine prostate cancer organoid growth in vitro, which could
be reversed by a neutralizing anti-NRG1 antibody and ERBB
inhibition. Targeting HER3, especially with the HER3-directed
antibody–drug conjugate U3-1402, exhibited antitumor activity
against HER3-expressing prostate cancer. Overall, these data
indicate that HER3 is commonly overexpressed in lethal prostate
cancer and can be activated by NRG1 secreted by myelomo-
nocytic cells in the tumor microenvironment, supporting HER3-
targeted therapeutic strategies for treating HER3-expressing
advanced CRPC.

Significance: HER3 is an actionable target in prostate cancer,
especially with anti-HER3 immunoconjugates, and targeting HER3
warrants clinical evaluation in prospective trials.

Introduction
Prostate cancer remains one of the commonest male malignancies,

and a leading cause of male cancer mortality with increasing global
incidence (1). Genomic studies have demonstrated that prostate
cancer is a highly heterogeneous group of diseases, most of which

are addicted to oncogenic androgen receptor (AR) signaling (2, 3).
Prostate cancers usually initially respond to androgen deprivation
therapy (ADT), but, if not cured by radical local treatment, clinical
progression to metastatic castration-resistant prostate cancer
(CRPC) invariably occurs. Persistent AR signaling from constitu-
tively active AR splice variant expression (4), AR aberrations, as
well as AR enhancer activity and AR cofactor function contribute
to treatment resistance (5). Other pathways commonly aberrant
in prostate cancer include PI3K/AKT and MEK/ERK signaling,
loss of RB1 function, cell-cycle aberrations, and hijacked WNT
signaling (3).

For decades, it has been recognized that ERBB signaling is impli-
cated inCRPC (6), but clinical trials of ERBB-targeting drugs including
studies of pertuzumab-targeting HER2/HER3 heterodimerization,
and the small-molecule ERBB inhibitor afatinib, in combination with
ADT, failed to demonstrate antitumor activity (7, 8). Unlike breast
cancer (9), genomic aberrations in ERBB/HER genes are uncommon
in prostate cancer (10). Consequently, the clinical evaluation of ERBB/
HER receptor targeting for prostate cancer has been largely aban-
doned, despite the plethora of anticancer drugs targeting these recep-
tors for the treatment of other cancers, including immunoconjugates
targeting HER2 and HER3 (11–13). We elected to reinvestigate ERBB
receptors in endocrine treatment-resistant lethal prostate cancer,
hypothesizing that targeting ERBB receptors merits further evaluation
in CRPC.
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Materials and Methods
Patient sample collection

Patients were identified from a population of men with CRPC
treated at the Royal Marsden NHS Foundation Trust. All patients had
given written informed consent and were enrolled in institutional
protocols approved by the Royal Marsden NHS Hospital (London,
United Kingdom) ethics review committee (reference no. 04/Q0801/
60). Human biological samples were sourced ethically, and their
research use was in accord with the terms of the informed consent
provided. We analyzed 88 patients with sufficient formalin-fixed,
paraffin embedded (FFPE) diagnostic (archival) castration-sensitive
prostate cancer (CSPC) biopsies; 51 of these 88 patients had sufficient
matching FFPE CRPC biopsies (Supplementary Fig. S1; Supplemen-
tary Table S1). All CSPC biopsies demonstrated adenocarcinoma and
were from either prostate needle biopsy (n ¼ 72), transurethral
resection of the prostate (TURP; n ¼ 6), prostatectomy (n ¼ 4), or
alternative sites (n ¼ 6). CRPC tissue was obtained from metastatic
biopsies of bone (n¼ 25), lymphnode (n¼ 19), soft tissue (n¼ 3), liver
(n ¼ 2), and TURP (n ¼ 2). All tissue blocks were freshly sectioned
and only considered for IHC analyses if adequate material was present
(≥50 tumor cells). Demographic and clinical data for each patient were
retrospectively collected independently by A. Sharp and S. Sumana-
suriya from the hospital electronic patient record system.

IHC
Tissue blocks were sectioned and only considered for analyses if

adequate material was present. Protein expression was determined via
IHC on 3- to 4-mm thick FFPE sections and assessed by a prostate
cancer pathologist (B. Gurel) blinded to the clinical data. All cases were
subsequently imaged at high resolution and scored with image analysis
software. More details on the IHC assays used are available in the
Supplementary Materials and Methods and Supplementary Table S2.

Multicolor immunofluorescence panel for NRG1, CD11b, CD68,
and DAPI

Multiplex tissue immunofluorescence (IF) staining for NRG1,
CD11b, and CD68was performed on the Bond RX automated staining
platform (Leica Biosystems) with the Opal 7-Color Automation IHC
Kit (NEL821001KT, Akoya Biosciences) according to the manufac-
turer’s instructions. IF signals for NRG1, CD11b, and CD68 were
visualized using TSA dyes 570, 520, and 650 respectively, and counter-
stained with spectral DAPI. After staining, slides were scanned using
the VS200 Microscope (Olympus) and quantification of immune cell
densities expressing NRG1 was achieved with Halo v3.0 software
(Indica Labs). More details on the IF assay is available in Supplemen-
tary Table S2.

Genomic characterization and mutation analysis
Patient tumor samples were analyzed as described previously (14).

Briefly FFPE DNA samples were extracted with the FFPE tissue DNA
kit (Qiagen), libraries were constructed for targeted sequencing using a
113 genes custom-designed panel (Generead V2, Qiagen) and then
sequenced on an Illumina MiSeq with a 300 cycles V2 reagent (2 �
150). FastQ files were generated and analyzed through the Qiagen
Web portal: https://geneglobe.qiagen.com/us/analyze. Where muta-
tion data were available, for either CSPC or CRPC (n ¼ 41), patients
were grouped into DNA damage repair (DDR) Yes/No based on the
evidence of DDR alterations. Association with membranous HER3
(mHER3) optical density (OD) was analyzed using Mann–Whitney,
nonparametric, two-tailed test.

RNA sequencing
Patient-derived xenograft (PDX) and organoid RNA quality was

analyzed using Agilent RNA ScreenTape assay (Agilent). A total
of 500 ng of RNA from each PDX sample was used for library
preparation using the NEBNext rRNA Depletion Kit followed by
NEBNext Ultra II directional RNA assay kit as per manufacturers
protocol (New England Biolabs). Library quality was confirmed using
the Agilent High sensitivity D1000 ScreenTape Assay (Agilent). The
libraries were quantified and normalized by qPCR using Generead
Library Quant Kit (Qiagen). Library clustering and sequencing were
performed on the Illumina NovaSeq 6000. The libraries were run
across two lanes of an Illumina NovaSeq S2 flowcell using 150 bp
pair-end v1 Kit and eight bp dual indexes. Base calling and quality
scoring were performed using Real-TimeAnalysis (version v3.4.4) and
FASTQ file generation and de-multiplexing using Illumina bcl2fastq2
(version 2.20).

Development of lethal prostate cancer PDX CP142
CP142 PDX model was developed as previously described for

CP50 (15, 16). Briefly, a metastatic lymph node biopsy from a patient
with CRPC was divided and implanted subcutaneously into an intact
non-obese diabetic (NOD) scid gamma (NSG) (NOD.Cg-Prkdcscid
Il2rgtm1WjI/SzJ) between 7–8 weeks of age male mice (termed
CP142). Tumor growth was observed 6 months after implantation.
Passaging of tumors was performed by implanting tumor fragments of
3 � 3 � 3 mm subcutaneously into male NSG mice. To generate
castrate (C) lines termed CP142C, tumors that had been passaged four
times were castrated when they reached 300 to 400 mm3 and were
harvested when they reached a size of around 1,200 mm3. Subsequent
passages were done in castrated mice. All experimental protocols were
monitored and approved by The Institute of Cancer Research Animal
Welfare and Ethical Review Body, in compliance with guidelines
specified by the UK Home Office Animals (Scientific Procedures) Act
1986 and the United Kingdom National Cancer Research Institute
guidelines for the welfare of animals in cancer research (17).

Organoid culture (patient-derived organoids)
Fresh PDX tumors from patients with CRPC were collected and

immediately placed into biopsy transport media with additional
ROCK inhibitor Y27632 at 10 mmol/L (S1049, Selleckchem). Tissue
wasmechanically dissociated to generate a single-cell suspension. Cells
were embedded into extracellular matrix containing mitogens and
niche factors to generate organoids as described previously (Supple-
mentary Materials and Methods; Supplementary Tables S3; ref. 18).

Western blotting
Cells and PDX organoids (PDX-O) were lysed with RIPA buffer

(Pierce) supplemented with protease inhibitor cocktail (Roche) and
PhosStop phosphatase inhibitormix (Roche). PDX lysatewas obtained
by mechanical homogenization, reconstituted in RIPA buffer. Protein
extracts (20 mg) were separated on 4%–12% NuPAGE Bis-Tris gel
(Invitrogen) by electrophoresis and subsequently transferred onto
Immobilon-P polyvinylidene difluoride membranes of 0.45 mm pore
size (Millipore). Chemiluminescence was detected on the Chemidoc
Touch imaging system (Bio-Rad). Detailed antibodies in Supplemen-
tary Table S3.

RNA and DNA extraction
Organoids were collected using harvesting solution (3700-100-01,

CultrexAmsbio) into conical Eppendorf tubes and incubated on ice for
30 minutes to remove extracellular matrix then washed 1� with cold
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sterile PBS and pelleted by cold spin. Extraction forRNAandDNAwas
performed using the Quick prep kits (Zymo Research) following
manufacturer’s protocols. PDX RNA was obtained by mechanical
homogenization, reconstituted in RLT and then extraction was per-
formed using the RNeasy plus kit following manufacturers protocol
(Qiagen).

Single-cell analysis of prostate cancer patient samples
Single-cell RNA sequencing (RNA-seq) profiles from 13 prostate

tumor samples were downloaded as UMI matrix from GEO:
GSE141445 (19). The UMI matrix was processed using scanpy
(v1.7.1; ref. 20) and Python (v3.8.4). Quality control was performed
retaining cells with more than 500 detected genes and with at least
1,500 unique reads. Cells with more than 10,000 detected genes were
discarded as potentially cell doublets. Cells with genes detected only in
less than five cells were also discarded. Only cells with mitochondrial
gene content below 10% of total reads were retained. After quality
control, 30,329 cells were retained. Next, we transformed the data
using 1e6 as scaling factor, and log-normalized the resulting counts per
million matrix. Data were scaled and centered for downstream anal-
ysis. Principal component analysis and K-nearest neighbor (KNN)
analyses were performed using n ¼ 15 neighbors, n ¼ 6 principal
components (PC) and euclidean distance metric. We used the elbow
method to determine the number of PCs to use for downstream
analysis. To identify clusters of cells that recapitulate cell populations
independently from the patient sample from which they were collect-
ed, we performed batch-balancedKNN analysis using BBKNN (v1.4.1;
ref. 21). We performed clustering analysis using the Leiden algo-
rithm with resolution parameter set to 0.15 (22). This analysis
identified eight clusters that were used for downstream analysis.
Next, the log-transformed matrix was used as input for the SingleR
algorithm to perform single-cell level automated cell-type annota-
tion (23) in the R environment (v4.0.4). We used the Blueprint and
ENCODE reference datasets, that consists of bulk RNA-seq data for
pure stroma and immune cells generated by Blueprint (24) and
ENCODE projects (25). For each cluster, we assigned a label based
on the most common cell type inferred from the SingleR analysis,
using a majority voting system. SingleR inference was not tuned,
and only low granularity cell-type assignments were processed.
Cell-type labeling was manually refined on the basis of differentially
expressed genes computed using the Wilcoxon test, by comparing
each cluster against all the others. We used the Bonferroni method
to correct for multiple hypothesis testing. We used the Uniform
Manifold Approximation and Projection (UMAP) to display cells
on a two-dimensional space (26, 27).

Conditioned media collection from BM-derived myeloid-
derived suppressor cells and macrophages

Bone marrow–derived cells (BMDC) were collected and flushed
from long bones of C57BL/6N mice and cultured with specific
cytokines. For macrophage differentiation, BMDC were cultured in
non-adherent cell culture 6-well plates (4 � 106 cells/well) in Iscove’s
modified Dulbecco’s medium supplemented with 10% heat-
inactivated FCS, 5% penicillin/streptomycin (P/S), and 10 ng/mL
MCSF for 4 days (28). At day 4, 70% of the media was removed and
organoid media (without additional rhEGF) was freshly added (18).
After 48 hours, macrophage conditionedmedia (M-CM) was collected
and filtered with a 0.22 mm filter. For myeloid-derived suppressor cells
(MDSC), BMDC were cultured in 6-well culture plates at 1.5 � 106

cells/well in RPMI supplemented with 10% heat-inactivated FCS, 5%
P/S, and 40 ng/mL of IL6 and GMCSF for 4 days (29). Differentiated

BM cells were then collected and reseeded at 3 � 106 cells/well in
70% of organoid media (without additional rhEGF) and 30% of
original media. After 48 hours, the MDSC-CM was collected and
filtered with a 0.22 mm cell strainer. The CMs were used to treat
mouse prostate cancer organoids. Organoids were obtained from
the prostates of 10-week-old Pten�/�;Trp53�/� transgenic mice as
described previously (18). Mouse PC organoids were digested with
TrypLE (12605-010, Life Technologies) to obtain single-cell sus-
pensions seeded in 96-well plates (1,000 cells/well). After 2–3 days,
organoids were treated with rhNRG1 at 100 ng/mL (100-03,
Peprotech) alone or in combination with M-CM or MDSC-CM
(without rhEGF). After 5 days, proliferation was assessed using
CellTiter-Glo 3D Cell Viability Assay (G9681, Promega) according
to manufacturer’s instructions.

In vivo cell growth inhibitory activity
Tumor-bearing mice were intravenously administered U3-1402

(10 mg/kg), IgG-ADC (MAAA-9289, 10 mg/kg), anti-HER3 antibody
patritumab (U3-1287, 10 mg/kg) and 10 mmol/L acetate buffer-5%
sorbitol-pH 5.5 as vehicle control for a total five weekly doses (CP50).
A subgroup of mice (n¼ 6) treated with U3-1402 were monitored for
tumor regrowth for upto 60 days. Total weekly dosing for CP142
model was three. Tumor growth measurements were taken every 2–
3 days and grouped by 5-day intervals. Experimentwas terminated and
samples were collected 7 days after the last dose. Each point represents
the mean tumor volume and SEM (n ¼ 6–10) per arm of the study.
Statistical significance was analyzed using ANOVA with Dunnett
multiple comparisons.

Statistical analyses
HER2 andHER3 protein levels were reported asmedian values with

interquartile ranges (IQR). For paired, same patient, CSPC and CRPC
expression studies the Wilcoxon matched-pair rank test was used to
compare differences in protein (mHER3 and mHER2) expression
levels. Time to CRPC was defined as the time from diagnosis (date of
diagnostic biopsy unless clinical diagnosis was recorded as >1 month
prior to biopsy) to documented progression (radiological, PSA, or
change of treatment) on luteinizing hormone-releasing hormone
(LHRH) agonist alone or with anti-androgen if started before/or with
LHRH agonist. Overall survival (OS) was defined as time from
diagnosis to date of death (73 patients) or last follow-up/contact
(15 patients; data cutoff 07/02/2019). Patient’s outcomes were com-
pared bymHER3ODat diagnosis (< or≥medianOD),medianOS and
time to CRPC were estimated using the Kaplan–Meier method.
Statistical analysis of in vivo and in vitro studies was performed using
ANOVA for all arms of the study with Dunnett multiple comparisons
correction test and Sidak or Bonferroni corrections where applicable.
All analyses were conducted, and graphs generated, using GraphPad
Prism v7.

Bioinformatic analyses
Data from CRPC transcriptomes generated by the International

Stand Up To Cancer/Prostate Cancer Foundation (SU2C/PCF)
Prostate Cancer Dream Team were reanalyzed (3). SU2C tran-
scriptome and cell line transcriptome reads were aligned to the
human reference genome (GRCh37/hg19) using TopHat2 (version
2.0.7).

PDX transcriptome reads were aligned to human hg19 and
mouse mm9 genome. Gene expression, fragments per kilobase of
transcript per million mapped reads (FPKM), was calculated using
Cufflinks (30).
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Results
HER3 is highly expressed in lethal prostate cancer and has
clinical relevance

We first analyzed the transcriptomes of 159 CRPC clinical biopsies
acquired by the PCF/SU2C International Prostate Cancer Dream
Team (2, 3) and found that ERBB2 and ERBB3 mRNA were highly
overexpressed (top 25% quartile), unlike EGFR and ERBB4 (Fig. 1A);
we also observed a highly significant positive correlation (Spearman P
¼ 8.4 � 10�9) between ERBB2 and ERBB3 mRNA expression

(Fig. 1B). The HER2 protein has no known ligand, while HER3 is
activated by its high-affinity ligands NRG1 and NRG2 but generates
little signaling without heterodimerization; NRG1 and NRG2 were
expressed at very low levels in CRPC biopsy RNA-seq (Supplementary
Fig. S1A). To further explore these findings, we optimized IHC assays
for HER2 and HER3 (Supplementary Fig. S1B) and established a
digital, quantitative, method to assess IHC HER2 and HER3 mem-
branous (mHER2 andmHER3) staining by automatedOD assessment
utilizingHalo (Indica Labs) image analysis software.Wedemonstrated

Figure 1.

HER3 expression in lethal prostate cancer has clinical relevance.A and B, Transcriptome analyses of RNA-seq data from 159 CRPC biopsies (PCF/SU2C International
Prostate Cancer Dream Team) for ERBB familymember expression (FPKM;A) and comparison of ERBB3/HER3 (x-axis) and ERBB2/HER2 (y-axis)mRNA expression
in same patient samples showing a statistically significant positive correlation (Spearman r¼ 0.4370928; B). C, Representative IHC images of HER2 (left) and HER3
(right) protein detection in same patient CSPC and CRPC biopsies (scale bar, 100 mm), with membranous OD shown for each in top right corners. D, Kaplan–Meier
curves for time toCRPC fromdiagnosis of prostate cancer formembranousHER2 expression bymedianOD (155.5; left) andmembranousHER3 expression bymedian
OD (2958.0; right). HER3 but not HER2 protein expression by IHC associates with time to CRPC. HR with 95% CIs and P values for univariate Cox survival model is
shown. E, Kaplan–Meier curves for OS, from diagnosis of prostate cancer for membranous HER2 expression by median OD (155.5; left) and membranous HER3
expression bymedian OD (2958.0; right). HER3 but not HER2 protein expression by IHC associates with OS. HR with 95% CIs and P values for univariate Cox survival
model are shown.
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a robust correlation between a visually generated score, by a pathol-
ogist, and automated OD scores from these tumor samples by auto-
mated OD assessment (Spearman r¼ 0.86; P < 0.0001; Supplementary
Fig. S1C). Using these assays, we next evaluated HER2 and HER3
protein expression in metastatic prostate cancer samples (Fig. 1C),
studying treatment-na€�ve/CSPC biopsies from 88 men; for 51 of these
men, we had matching, same patient, CRPC biopsies (Supplementary
Fig. S1D; Supplementary Table S1). Membranous HER2 and HER3
proteins were detectable in both CSPC and CRPC biopsies, withHER3
being very highly expressed in many tumors (Fig. 1C). There was a
significant correlation observed betweenHER2 andHER3 IHCexpres-
sion at CSPC (Supplementary Fig. S1E).

To investigate the clinical significance of mHER3 expression in
prostate cancer, we next evaluated these CSPC biopsies from 88 men;
the median OD for mHER3 expression at diagnosis in 88 CSPC
biopsies was 2,958.0 (IQR, 1643.0–5,170.0); prostate cancer with high
mHER3 expression (>median OD; n¼ 44) had a significantly shorter
median time to CRPC [20.3 vs. 14.2months; HR, 0.61; 95% confidence
interval (CI), 0.40–0.94;P¼0.016] andworseOS (79.0 vs. 48.8months;
HR, 0.63; 95% CI, 0.39–1.00; P¼ 0.04) compared with CSPC with low
mHER3 (≤median; n ¼ 44; Fig. 1D and E). mHER2 staining did not
associate with outcome. Overall, these data suggest that HER3 expres-
sion in lethal prostate cancer has clinical relevance.

We also studied matched, same patient, biopsies (n ¼ 51) for
mHER2 and mHER3 expression; mHER2 protein expression was low
but increased from treatment-na€�ve CSPC (median OD; IQR: OD
155.5; 62.2–307.6) to CRPC (median OD; IQR: OD 404.4; 46.4–596.9).
mHER3 expression was very high in both CSPC and CRPC biopsies,
but surprisingly decreased slightly although remaining high (P ¼
0.007) from CSPC (median and IQR in CSPC: OD 2373.0; 879.9–
5225.0) to CRPC (median and IQR inCRPC:OD 980.4; 259.7–2,540.0;
Supplementary Fig. S1F). This may be explained by the timing of our
CRPC biopsy acquisition, these being taken after discontinuation of
the next-generation hormonal agents abiraterone and enzalutamide in
the face of a rising PSA; previous reports indicate that increased AR
signaling upregulates the E3 ubiquitin ligase RNF41/nrdp1 (neuregu-
lin receptor degradation protein-1) that decreases HER3 protein
levels (31).

Interestingly, treatment-na€�ve diagnostic biopsy/CSPC mHER3
expression associated with Ki67 expression in 74 available samples
(Supplementary Fig. S1G; Supplementary Table S2). IHC analysis in
diagnostic biopsies showed no correlation between mHER3 OD and
ERG expression (by IHC), PTEN loss (by IHC; H-score <10), or DDR
defects detected by next-generation sequencing in both CSPC and
CRPC samples (Supplementary Fig. S1H).

HER2 and HER3 expression was detected at a much lower level in
benign prostatic samples; in these, HER2 protein expression was
weak, with incomplete membranous staining in a small number of
glands and a very low median mHER2 OD of 8.3 (IQR, 2.7–38.4, n
¼ 6). Cytoplasmic HER2 staining was likewise very weak. Similarly,
mHER3 protein in benign prostatic glands was either low or absent.
The median mHER3 OD in benign glands was 179.8 (IQR, 0.5–
280.2, n ¼ 5), with accompanying weak cytoplasmic staining
(Supplementary Fig. S1I). Overall, these data suggested that HER2
and HER3 play a clinically important role in prostate cancer
biology (32, 33).

HER3 is highly expressed in CRPC PDXs
We have previously described CP50, a PDX generated from a

metastatic CRPC biopsy with chromosome 8 gain (MYC locus), AKT
and AR amplification and ATM loss (15, 16). The CP142 PDX was

developed from the lymph node biopsy of a patient with low PSA and a
prostate cancer with neuroendocrine (NE) differentiation progressing
on ADT, who proceeded to platinum-based chemotherapy after this
biopsy (Supplementary Fig. S2A). Whole-exome sequencing of the
lymph node biopsy of origin and the CP142 PDX (Supplementary
Fig. S2B) revealed a common and deleterious TP53 Y220C mutation
with IHC studies revealing RB1 loss and synaptophysin positivity
(Supplementary Fig. S2C). After establishing CP142 in intact mice, a
subset of this PDX was developed and maintained exclusively in
castrate mice and designated CP142C (Supplementary Fig. S2A). We
studied HER3 expression and signaling by IHC and Western blot
analysis in these patient-derived CRPC models (PDXs) and showed
increases in phosphorylated-HER3, AR-V7, and phosphorylated-AKT
in castrated CP50 adenocarcinoma model in keeping with previous
reports (Fig. 2A and C; ref. 34). Conversely, we did not observe an
increase in phosphorylated-HER3 or phosphorylated-AKT by West-
ern blot analyses in CP142, the model with NE differentiation (Fig. 2B
and D), which has low HER3 protein expression.

RNA-seq of these PDXs confirmed that HER2 and HER3 mRNA
were highly expressed with lower EGFR, and minimal ERBB4 expres-
sion in both the intact and castrate states, suggesting thatHER2may be
the preferred HER3 dimerization partner. NRG1 and NRG2 mRNA
was expressed at very low levels, both before and after castration
(Fig. 2E and F) although low levels of NRG1 protein were detected,
(Fig. 2A and B; Supplementary Fig. S3), especially in castrated mice
bearing CP142C, suggesting possible upregulation of NRG1 expres-
sion after androgen deprivation in this model (Fig. 2C and D).
Interestingly, these data also indicate posttranscriptional regulation
of HER3 protein expression, with high HER3 mRNA but low HER3
protein in the model CP142. Overall, these data suggest that ligand
independent, and/or ligand-dependent, HER3 heterodimerization and
signaling may play an important biological role in castration
resistance.

NRG1 expression in inflammatory cells in prostate cancer
biopsies

Ligand-induced activation of HER3 by neuregulins plays a key
role in driving proliferation in HER3-positive tumors and has been
recently suggested to play a role in prostate cancer biology in a
subpopulation of prostate cancer (35). To gain further insights into
the potential clinical significance of this axis in prostate cancer, we
studied the IHC expression of the predominant neuregulin, NRG1,
utilizing a validated assay (Supplementary Fig. S3) in a cohort of
prostate cancer biopsies (n ¼ 46) and found that both CSPC and
CRPC tumors had low NRG1 cytoplasmic staining by IHC (Sup-
plementary Fig. S4B, left; Fig. 3A), similar to what was seen in our
PDXs, with no discernible nuclear or membranous accentuation
and little RNAish positive staining (Supplementary Fig. S4A and
S4B). Interestingly, there were no detectable differences between
tumor cell NRG1 protein expression in CSPC and CRPC. NRG1
staining in the peritumoral stroma, however, showed greater var-
iability based on cell type and intensity of expression. We, however,
surprisingly observed NRG1 positivity in peritumoral inflammatory
cells including neutrophils as well as intratumor myeloid cells with
interestingly NRG1 protein levels in inflammatory cells being
significantly higher in CRPC samples than those present in CSPC,
suggesting that castration induces NRG1-expressing myelomono-
cytic cell recruitment (Fig. 3A and B). NRG1 expression was
detectable in stromal fibroblasts as described previously (36), albeit
at much lower intensity and sparser density in the peritumoral
stroma compared with inflammatory cells. NRG1 staining intensity
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in cells in the tumor stroma was usually stronger than seen in
prostate cancer (Supplementary Fig. 4B, left). Further evaluation
using multicolor IF confirmed the high expression of NRG1 in
CD11b-positive myelomonocytic inflammatory cells as well as
CD68-expressing cells (Fig. 3A). Consistent with paracrine secre-

tion of NRG1 by this inflammatory component, we performed
Western blot analyses of NRG1 utilizing mononuclear cells from
apheresis products from patients with CRPC (n ¼ 9) and confirmed
NRG1 expression in circulating mononuclear cells (Supplementary
Fig. S4C).

Figure 2.

Upregulation of HER3 expression in CRPCmodels. A and B, AR, ARv7, EGFR, HER2, HER3, and NRG1 protein expression by IHC on PDX tumor samples developed in
intact and castratedmice for CP50 (A) and CP142 (B). Scale bar, 50 mm.C andD,Western blot analysis showing AR, ARv7, NRG1, and ERBB receptors expression and
phospho-AKT pathway activation in same models as A to B. n.d., proteins below detection level. E and F, Transcriptome analyses of RNA-seq data on intact (n¼ 3;
left) and castrate (n ¼ 3; right) PDX tumor samples, for ERBB family member and NRG1 and NRG2 ligands expression (FPKM), divided into very high (upper 25%
expressed genes),medium high (50%–75% expressed genes),medium low (25%–50% expressed genes), and very low (lower 25% expressed genes), in samemodels
as A and B.
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Figure 3.

NRG-activated HER3 signaling in lethal PC. A, Representative micrographs of prostate cancer patient samples, showing NRG1 protein expression, by IHC and IF, in
CD11b (green) and CD68 (yellow) positive inflammatory cells. Scale bar, 50 mm. B, NRG1 protein expression, by IHC, in prostatic adenocarcinoma samples, CSPC
(left; n¼ 24) and CRPC (right; n¼ 34), showing significantly higher expression in inflammatory cells (red) comparedwith tumor (gray; Mann–Whitney test, P values:
�� , P ≤ 0.01; ���� , P ≤ 0.0001, median H-score, and interquartile range shown) and showing significantly higher expression in inflammatory cells present in CRPC,
compared with inflammatory cells present in CSPC. No significant differences were observed between CSPC and CRPC tumor cells (Mann–Whitney test, P values:
�� , P ≤ 0.01; ����, P ≤ 0.0001; ns, nonsignificant). C, UMAP projection of 30,329 single-cell gene expression profiles from 12 primary and one lymph node
metastasis tissue samples (n¼ 13) of 12 patientswith prostate cancer color-codedper sample.D,Leidenalgorithm identifies eight clusters. Clusters are color codedby
SingleR-inferred cell subtype. E, Violin plots depicting NRG1 expression levels per assigned cell subtype. F, Violin plot representing frequency of immune, epithelial,
and stroma cells expressingNRG1 andNRG2 subtypes fromFACS sorted frommurine prostate tumors Pten�/� followed by single-cell transcriptome analysis (n¼ 2).
G, RNA-seq of FACS-sorted murine BM-derived MDSCs, heatmap of log-CPM values for NRG1 genes in M-MDSCs, PMN-MDSCs, and BM (n ¼ 3; FDR adjusted,
P <0.05).H,Relative luminescence (RLU) as ameasure formouse prostate organoid proliferationwithin 5 days in conditional media generated from C57BL/6Nmice
BM-differentiated MDSCs and macrophages. Baseline organoid media as vehicle control with and without rNRG1 (ordinary two-way ANOVA with Tukey correction
test, P values: � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001). I, Experimental validation of functional NRG1 in conditional media from MDSCs and macrophages by antibody
neutralization at 3 mg (Heregulin 2573; Cell Signaling Technology). Luminescence readings at 5 days (ordinary two-way ANOVAwith Tukey correction test, P values:
� , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001).
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Wenext analyzed single-cell RNA-seq profiles from an independent
cohort of 13 prostate tumor samples, recently published and publicly
available (19), and confirmed that the highest levels of NRG1 mRNA
were present in CD11b and CD68 positive clusters, with high expres-
sion also detected in a TP63 cell cluster, in keeping with basal-like
tumor cell expression of NRG1 (Fig. 3C–E; Supplementary Fig. S4E).
Overall, these data surprisingly indicate thatNRG1 expression in lethal
prostate cancer is primarily generated by myelomonocytic inflamma-
tory cells.

NRG1 and myelomonocytic cells in a transgenic prostate cancer
model

To unravel the role of immune cell infiltrates in paracrine NRG1
secretion, we next investigated single-cell RNA-seq data generated
from prostatic tumors resected from Pten�/� transgenic mice, dis-
aggregated into single-cell suspensions and then FACS sorted using
established lineage markers. These data confirmed that myelomono-
cytic cells including FACS-sorted cell subtypes of monocytic-MDSCs
(M-MDSC) and macrophages expressed the highest levels of NRG1
mRNA in transgenic models while peripheral mononuclear cell
MDSCs (PMN-MDSC) and stromal cells expressed lower but detect-
able levels of NRG1 (Fig. 3F). These data also supported NRG1 as the
predominant expressed cytokine over NRG2. We consistently con-
firmed that NRG1 RNA and protein were primarily expressed by
murine BM-derived precursors including M-MDSCs, PMN-MDSCs,
and macrophages by Western blot and RNA-seq analyses (Fig. 3G;
Supplementary Fig. S4D). To study whether NRG1 secretion by
myelomonocytic cells fuels prostate cancer growth, mouse prostate
cancer organoids (Pten�/�Trp53�/�) were exposed to conditioned
media from their sorted, cultured, MDSCs and macrophages (28, 29).
These conditioned media significantly increased the proliferation of
murine prostate cancer organoids, with this being reversed by a
neutralizing anti-NRG1 antibody, suggesting that prostate cancer
growth is at least in part mediated by paracrine NRG1 secretion
generated by these myelomonocytic cells (Fig. 3H and I; Supplemen-
tary Table S3). Overall, these data provided further evidence that
myelomonocytic inflammatory cells generate paracrine NRG1 that
activates HER3 heterodimerization and signaling in prostate cancer.

HER3 activation promotes growth in patient-derived organoid
models of prostate cancer

Wenext studiedwhetherNRG1-mediatedHER3 activation impacts
the growth of human CRPC PDX-O models in vitro (Fig. 4A). We
demonstrated that the addition of recombinant NRG1 (rNRG1) to
these organoid cultures substantially increased cell growth in the
HER3-positive model CP50, where a 2-fold increase in cell prolifer-
ation was observed, with the formation of larger and morphologically
distinctive organoids comprising bigger cellular areas (Supplementary
Fig. S5A; ref. 37). This effect was not observed in the HER3 low model
CP142 PDX-Os. NRG1-mediated HER3 activation was demonstrated
by pHER3 expression in CP50 PDX-Omodel byWestern blot analysis
(Fig. 4A, right) and with increasing concentrations of NRG1 in vitro
that being reversed with anti-HER3 antibody (U3-1287 patritumab;
Supplementary Fig. S5B). Overall, these data suggested that NRG1
activation of HER3 may increase prostate cancer growth in a ligand-
dependent manner.

Targeting HER3 in vitro and in vivo in patient-derived models
and cell lines

Targeting ERBB signaling in clinical trials has to date failed to
impart patient benefit, perhaps due to feedback loops, continued AR

signaling, or insufficient blockade of the entire ERBB axis (9, 10). To
circumvent these challenges, we elected to study the antitumor activity
of not only the anti-HER3 antibody patritumab but also of the anti-
HER3 antibody–drug conjugate (ADC) U3-1402 (Daiichi Sankyo), in
our prostate cancer cell lines and PDX-O models in vitro. This ADC
(U3-1402) is in early clinical trials (NCT02204345, NCT02980341;
ref. 11) and is comprised of an anti-HER3 antibody joined, via a
peptide-based linker, to a topoisomerase-1-inhibitor payload (DXd),
which will generate double-strand DNA breaks that can result in
tumor kill (38). The antitumor activity of U3-1402 was compared with
that of the parental anti-HER3 antibody (patritumab) and a control,
nontargeted, IgG-ADC (MAAA-9289) conjugated to payload Dxd.
Single-agent HER3 targeting by patritumab alone had antitumor
activity in vitro in the HER3 high-expressing CP50 patient-derived
model (Fig. 4B), but little antitumor activity against theHER3-positive
prostate cancer cells lines LnCaP, LnCaP95, and 22RV1 (Supplemen-
tary Fig. S5C and S5D), perhaps indicating that the development of
HER3-targeting agent requires rational combination studies targeting
all active ERBB receptors as well as the AR. Patritumab also had little
antitumor activity against the HER3 low CP142 model in vitro
(Fig. 4B). Conversely, the anti-HER3 immunoconjugate U3-1402 had
antitumor activity in the in vitromodel CP50 (Fig. 4B) and the HER3-
positive prostate cancer cell lines (LNCap, LNCap95, and 22Rv1)
(Supplementary Fig. S5D). Interestingly, both the anti-HER3 antibody
(patritumab; ref. 39) and the anti-HER3 ADC (U3-1402) had in vitro
antitumor activity against the HER3 high PDX-O CP50, suggesting
signaling inhibition in thismodel impacts tumor growth (Fig. 4B, left).
Of note, some off-target antitumor activity was observed with the IgG-
ADC control in vitro in the CP142-PDX-O model and LNCap95 cell
line tested suggesting payload drug sensitivity for these tumor cells at
higher doses (Fig. 4B; Supplementary Fig. S5D). TheHER3-dependent
response of U3-1402 was supported by the limited antitumor activity
of the ADC observed in the HER3-low model CP142 in vitro (Fig. 4B,
right; ref. 40).

We finally evaluated the in vivo antitumor activity of U3-1402 and
patritumab in the HER3-positive and ATM-deficient CRPC PDX
model CP50, which originated from a patient who had progressed
through all standard-of-care therapies including docetaxel, cabazi-
taxel, abiraterone, and enzalutamide (16). U3-1402 demonstrated
potent and sustained antitumor activity when utilizing aweekly dosing
regimen at 10mg/kg for a total offive doses (Fig. 4C, left). U3-1402was
effective without inducing any body weight loss or apparent toxicity in
these mice. In addition, no tumor regrowth was observed for up to
60 days following the end of dosing. Patritumab demonstrated little
antitumor activity in this model, suggesting that blocking HER3 alone
may not have antitumor activity in vivo while the cytotoxin (Dxd)
linked to a nonspecific antibody (MAAA-9829) also displayed min-
imal antitumor activity, indicating HER3-dependent targeting. We
also studied the low HER3-expressing in vivo model CP142-PDX
treated with the same dose (10 mg/kg) of U3-1402 weekly for a total of
three doses and observed that U3-1402 and patritumab had minimal
antitumor activity in this model (Fig. 4C, right) highlighting the
relevance of high HER3 expression as a functional therapeutic target
of U3-1402.

Discussion
There remains an urgent need to develop new therapeutic strategies

to improve outcome for advanced prostate cancer (41). Twenty years
ago, studies implicated HER2 signaling as a mechanism for endocrine
treatment resistance in models of prostate cancer (6). This led to the
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Figure 4.

Antitumor activity of anti-HER3 ADC U3-1402. A, Organoid proliferation normalized to untreated vehicle in PDX-O models CP50 and CP142 (n ¼ 3) monitored
for 7 days with and without additional rNRG1 (100 ng/mL). ANOVA with Sidak correction test was applied; P value: ����, P ≤ 0.0001 (left). Immunoblots depicting
phosphorylated-HER3 expression with additional rNRG1 in CP50 and CP142 PDX-O CRPC models after 16-hour treatment with human rNRG1 (100 ng/mL). GAPDH
was used as loading control (right). n.d., below detection level. B, In vitro cell growth inhibitory activity of the anti-HER3 ADC U3-1402 (red line) and the anti-HER3
antibody without payload U3-1287 (patritumab; green line) in the PDX-O model CP50 (left) and CP142 (right), monitored for 7 days with endpoint assay
luminescence. All results are expressed asmean� SEM (n¼ 3). Statistical significancewas analyzed usingANOVAwithDunnettmultiple comparisons correction test
to analyzemean difference per concentration of U3-1402 and U3-1287 (patritumab) versus IgG-ADC control (MAAA-9289; blue line), P values: � , P≤0.05; �� , P≤0.01;
��� , P ≤ 0.001; ���� , P ≤ 0.0001. C, In vivo efficacy of the anti-HER3 ADC U3-1402 (10 mg/kg; red line) in PDX models CP50 (left) and CP142 (right); the anti-HER3
antibody without payload U3-1287 (patritumab; 10 mg/kg, green line) and IgG-ADC (MAAA-9289; 10 mg/kg, purple line) are also shown. CP50-PDX treated with
U3-1402 was monitored for 5 weeks post-dosing (P value: ��� , P ≤ 0.001; n.s., nonsignificant) and treatment was administered weekly for a total of five times (black
arrows)while CP142-PDX received a total of threeweekly doses. Vehicle, 10mmol/L acetate buffer-5% sorbitol-pH 5.5 (blue line). All resultswere expressed asmean
� SEM (n ¼ 10) and statistical significance was analyzed using ANOVA with Dunnett multiple comparisons correction test to analyze mean difference of each
treatment versus vehicle control 7 days post-treatment, corresponding to last tumor measurement.
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conduct of multiple clinical trials for men suffering from CRPC using
ERBB-targeting drugs including pertuzumab and afatinib but these
demonstrated little antitumor activity as single agents (7, 8). While
these trials predated the identification of continued AR signaling as a
cause of castration resistance, and clinical studies with abiraterone and
enzalutamide (42), they discredited targeting ERBB signaling as a
therapeutic strategy forCRPC.More recent studies have implicated the
NRG1/HER3 axis as playing a role in prostate cancer biology, suggest-
ing that neuregulin is fibroblast generated (34).Wenowprovide strong
evidence to further validate HER3 as a therapeutic target for the
treatment of advanced prostate cancer, demonstrating that: (i) its
overexpression associates with poorer time to castration resistance and
worse OS and higher Ki67; 2) confirming that androgen deprivation
can increase HER3 phosphorylation in PDX models in vivo; (iii) the
HER3 ligand NRG1 is primarily paracrine and mostly expressed by
inflammatorymyelomonocytic cells, increasing patient-derivedmodel
growth in HER3-expressing tumors; (iv) that while in vitro targeting
of HER3 signaling has antitumor activity, in vivo targeting of HER3
signaling has minimal impact on tumor growth possibly due to the
release of other paracrine factors such as IL23 by myelomonocytic
cells (23); (v) but that an anti-HER3 immunoconjugate with a
topoisomerase-1 inhibitor payload has impressive and durable
antitumor activity against prostate cancer models expressing high
(but not low) levels of HER3 with little antitumor activity from a
nonspecific antibody immunoconjugate with the same payload.

HER3 is largely considered a kinase-dead receptor due to alterations
of conserved residues in the catalytic domain (43), though evidence
exists for HER3 autophosphorylation, indicating that this receptor
may preserve some weak kinase activity (44). HER3 largely signals
through heterodimerization with other ERBB receptors, although
heterodimerization with noncanonical receptors has been sug-
gested (33, 45). Interestingly, we demonstrate an increase in HER2
expression at castration resistance and also demonstrate that in patient
biopsies and transgenic mouse models of prostate cancer that NRG1 is
largely generated by myelomonocytic inflammatory cells, which
increase with castration resistance; these have been previously dem-
onstrated to be chemoattracted down a chemokine gradient into
prostate cancer stroma after androgen deprivation and to fuel prostate
cancer cell proliferation and tumor growth by secreting paracrine
factors including IL23, which we have shown to upregulate AR
signaling (28, 29) Unlike IL23, NRG1-activated HER3 activates AKT
signaling by preferentially heterodimerizing with HER2 through
HER3 phosphorylation (32, 46). Overall, this suggests that chemoat-
tractedmyelomonocytic cells can release paracrine factors that activate
both AR and AKT signaling.

We also demonstrate in the studies herein that in CRPC while both
HER2 and HER3 mRNAs are highly co-overexpressed, HER2 protein
is expressed at much lower levels although it increases at castration
resistance.We also demonstrateHER3 signaling activation in our PDX
models in vivo upon castration. We have, however, been unable to
disprove ligand-independent HER3 activation, but have demonstrated
little evidence for autocrine tumor cell generation of the high-affinity
HER3 neuregulin ligands NRG1 and NRG2 by IHC and RNAish in
adenocarcinoma although our studies suggest that NE prostate cancer
cells may express NRG1. Furthermore, we could not identify any cases
ofNRG1 fusions/translocations in available CRPC genomic data as has
been suggested for other cancers and at least one case of prostate
cancer (47).

We do, however, show that in patient-derived CRPCmodels HER3
paracrine activation by NRG1, increases tumor growth (36). Overall,
these results have led to our routine use of rNRG1 in CRPC organoid

cultures to enable their longer-duration culture, which had been a
major challenge (48). Our data indicate paracrine NRG1 in lethal
prostate cancer is primarily generated by inflammatory cells, although
some fibroblast NRG1 expression was also detected. NRG1 staining in
the peritumoral stroma was observed in lymphocytes, histiocytes, and
mature neutrophils. This was supported by studies of BM precursors
from prostate cancer transgenic models (49).

Because HER3 activation activates PI3K/AKT activation and other
signaling pathways, inhibition of myelomonocytic cell generated
NRG1-induced HER3 activity is worth pursuing in clinical studies.
However, it is likely that blockade of not only ERBB signaling but also
of other paracrine factors released by myelomonocytic cells including
IL23, which fuels AR and AR splice variant signaling through RORg,
will be required to generate tumor cell kill. Thus, we evaluated the
antitumor activity of not only the anti-HER3 antibody patritumab but
also of U3-1402, an anti-HER3 ADC linked to a topoisomerase-1
inhibitor exatecan derivative (Dxd); this significantly inhibited tumor
growth in multiple HER3-expressing model with little antitumor
activity in a HER3 low model. We acknowledge that further studies
of drug combinations incorporating HER3/ERBB inhibitor combina-
tions are warranted, such as the co-targeting of IL23/IL23R/RORg and
HER3 signaling with the absence of these data being a limitation of our
studies.

In conclusion, the data herein indicate that HER3 has clinical
relevance in lethal prostate cancer where it is commonly expressed,
being most likely activated in CRPC by NRG1 secreted from myelo-
monocytic cells. We also present data indicating that HER3 merits
targeting by anti-HER3 immunoconjugate therapy in clinical trials for
men suffering from high HER3-expressing lethal prostate cancer and
envision that these can add prostate cancer to the list of common
tumors that can be treated by ERBB-targeting strategies.
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