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Patients with advanced metastatic castration-resistant prostate cancer (mCRPC)
are refractory toimmune checkpointinhibitors (ICls)*?, partly because there are

immunosuppressive myeloid cells in tumours**. However, the heterogeneity of myeloid
cells has made them difficult to target, making blockade of the colony stimulating
factor-1receptor (CSFIR) clinically ineffective. Here we use single-cell profiling on
patient biopsies across the disease continuum and find that a distinct population of
tumour-associated macrophages with elevated levels of SPPI transcripts (SPPI"-TAMs)
becomes enriched with the progression of prostate cancer to mCRPC. In syngeneic
mouse modelling, an analogous macrophage population suppresses CD8" T cell activity
invitro and promotes ICl resistance in vivo. Furthermore, SppI"-TAMs are not
responsive to anti-CSF1R antibody treatment. Pathway analysis identifies adenosine
signalling as a potential mechanism for SPPI"-TAM-mediated immunotherapeutic
resistance. Indeed, pharmacological inhibition of adenosine A2A receptors (A2ARs)
significantly reverses SppI"-TAM-mediated immunosuppressionin CD8' T cellsin vitro
and enhances CRPC responsiveness to programmed cell death protein1(PD-1)
blockade in vivo. Consistent with preclinical results, inhibition of A2ARs using
ciforadenantin combination with programmed death1ligand 1 (PD-L1) blockade using
atezolizumab induces clinical responses in patients with mCRPC. Moreover, inhibiting
A2ARsresults in a significant decrease in SPPI"-TAM abundance in CRPC, indicating
that this pathway is involved in both induction and downstream immunosuppression.
Collectively, these findings establish SPPI"-TAMs as key mediators of ICI resistance
inmCRPC through adenosine signalling, emphasizing theirimportance as both a
therapeutic target and a potential biomarker for predicting treatment efficacy.

Prostate cancer is the most prevalent male malignancy, with approxi-
mately 290,000 new cases diagnosed and 35,000 deaths per year in
the USA’. Androgen deprivation therapy (ADT) initially elicits clinical
responses, but most patients withadvanced prostate cancer eventually
progress to mCRPC and succumb to this disease®. There is therefore a
clinical need to develop more effective treatment options. In recent
years, ICIs have been approved for the treatment of multiple cancer
types by disrupting checkpoint proteins, including cytotoxic lympho-
cyteantigen4 (CTLA-4), PD-1and PD-L1(ref. 7). However, despite spo-
radic clinical responses largely restricted to rare molecular subtypes®,
patients with mCRPC are typically refractory to these modalities'?,
underscoring the need for more therapeutic strategies that address
the mechanisms of resistance in tumours®°. However, these appro-
aches have faced substantial problems, largely resulting from our
limited understanding of the complex and intricate nature of mCRPC
tumours.

The tumour microenvironment (TME), which s established by bidi-
rectional interactions between tumour cells and components of their
local environments, is a critical factor in promoting immunothera-
peutic resistance across multiple malignancies™™. In prostate cancer,
numerous cellular components and soluble factors contribute to the
establishment of an immunosuppressive niche’®*'*. Notably, there is
substantial evidence that myeloid cells, particularly tumour-associated
macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs),
mediate immunosuppression in prostate cancer by multiple mecha-
nisms>*. In particular, the abundance of these suppressive myeloid
cells is significantly increased after ADT™'¢, implying that they have
arole as drivers ofimmunotherapy resistance in mCRPC. Although
targeting myeloid cells has shown promise in enhancing the efficacy
of ICIsin preclinical models™, translating these findings into clinical
applications, through broad myeloid-targeted interventions such as
the blockade of CSF1R™%, has not demonstrated significant efficacy
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in either improving antitumour responses or providing substantial
benefits to a wide subset of patients. This finding is attributed, in
part, to the inherent heterogeneity of the targeted populations'®*,
We therefore propose that a comprehensive understanding of spe-
cificimmunosuppressive myeloid subsets that are highly enriched in
the advanced stages of prostate cancer could result in more effective
disruption of their molecular mechanisms, enhancing the efficacy of
immunotherapy.

Inrecent years, multi-omics single-cell profiling technologies have
revolutionized our understanding of the heterogeneity of the TME
across multiple malignancies at the single-cell level* >, These tech-
niques have revealed previously unknown cell types and states within
the prostate TME that mediate immunosuppression. For example,
studies have identified cells such as fibroblasts that produce C-C
motif chemokine ligand 2 (CCL2) and C-X-C motif chemokine ligand
12 (CXCL12)%, as well as endothelial cells and pericytes that enhance
the dysregulation of angiogenesis?. Single-cell assessment has also
beenusedtoinvestigate the diverse population of tumour-infiltrating
myeloid cellsineither primary or metastatic prostate cancer? *, This
research hasidentified the molecular mechanisms ofimmunosuppres-
sionmediated by myeloid cells, such as the activation of a CCR6-CCL20
axis by inflammatory monocytes and M2 macrophages residinginbone
metastases®. However, previous single-cell immune profiling of the
prostate TME has predominantly focused onlymphocytes, particularly
Tcells, leaving a substantial gap in our understanding of the complex-
ity of myeloid cells. Moreover, our knowledge of the evolution of the
myeloid-mediated mechanisms underlying immunosuppression as
prostate cancer progresses remains limited.

Here, wereport that the myeloid-mediated mechanisms of immuno-
therapy resistance evolve as prostate cancer progresses. Through
single-cell transcriptional profiling of patient biopsies, we identify
adistinct macrophage subset characterized by elevated SPPI tran-
scriptlevels (referred to as SPPI"-TAMs), which becomes increasingly
abundant with elevated immune inhibitory molecular programs as
the disease advances. Notably, this specific macrophage population
expresses reduced levels of CSFIR transcripts, indicating a potential
link to the clinical ineffectiveness of CSFI1R blockade in prostate can-
cer treatment. We reverse translate our findings to a syngeneic CRPC
mouse model, in which we find an analogous macrophage subset
through single-cell assessment. We demonstrate its role as a driver
of immunotherapy resistance by computational analysis, functional
assays and adoptive transfer experiments. We also find that SPPI"-TAMs
directly suppress T cells through the activation of the adenosine sig-
nalling pathway. Inhibiting this pathway significantly reduces tumour
growthand sensitizes tumour cells to ICI therapies in both humans and
mice. Consistent with the findings from the mouse model, inhibition
of A2AR using ciforadenant in combination with PD-L1 blockade with
atezolizumab caninduce clinical responses in patients with mCRPC.
Collectively, these studies demonstrate that the myeloid-mediated
mechanisms that underlieimmunotherapeutic resistance evolve over
the course of prostate cancer progression. SPPI"-TAMs have akey role
in suppressing antitumour activity by activating adenosine signal-
ling in prostate cancer, potentially serving as biomarkers to predict
therapeutic efficacy.

Single-cell RNA-seq of human prostate cancer

To investigate the myeloid compartment and identify distinctimmu-
nosuppressive subsets during disease progression at the single-cell
level, we used single-cell RNA (scRNA)-seq through a droplet-based 5
10x Genomics platform on tumour biopsies from patients with pros-
tate cancer at various stages, including those with ADT-naive localized
disease, metastatichormone-sensitive prostate cancer (HSPC) on ADT,
or mCRPC progressing on ADT (Fig. 1a). After rigorous quality con-
trol and datafiltering, we obtained 147,174 single-cell transcriptomes.
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Using differentially expressed genes, we defined tumour cells and
the major components of the TME, including immune cells and stro-
mal cells (Fig. 1b and Extended Data Fig. 1a). Unsupervised clustering
further identified 14 distinct subsets of tumour-infiltrating myeloid
cells, including eight macrophage subsets, two MDSC subsets, three
DC subsets and plasmacytoid DCs (pDCs) (Fig. 1b and Extended Data
Fig.1b). Ouranalysis revealed dynamic changes in the myeloid compart-
ment as the disease progressed. For example, consistent with previous
studies™', we observed enrichment of MDSCs and TAMs with elevated
expression of CX3CRIand CD163 (CX3CRI"-TAMs; Extended Data Fig.1b)
in mCRPC compared with HSPC, although this trend was not statisti-
cally significant (Fig.1c,d and Extended Data Fig. 1b). We also identified
adistinct TAM subset that exhibited elevated enrichment scores for
published FOLR2* macrophage signatures®, including SELENOP, FOLR2
and SLC40A1 transcripts (referred to as SELENOP™-TAMs in this study),
whichis associated with CD8" T cell infiltration and improved patient
prognosis in human breast cancer®, although their abundance did not
significantly change with disease progression (Fig.1c,d and Extended
Data Fig. 1b-d). As well as these populations, we found a significant
increase in macrophages characterized by elevated SPPI transcript
levels (SPPI"-TAMs) during disease progression (Fig.1c,d and Extended
DataFig. 1b). Their presence was further confirmed by tissue staining
from patients with either HSPC or mCRPC (Extended Data Fig. 1e).
Droplet-based scRNA-seq is recognized to have technical limitations
in capturing fragile populations, such as neutrophils and MDSCs™. This
was evident in our comparison of the scRNA-seq data with staining of
matched patient tissues using anti-human CD11b and CD15 antibod-
ies (Extended Data Fig. 1f). Nevertheless, we confirmed an increased
abundance of SPPI"-TAMs during disease progression (Extended Data
Fig.1le,f) through tissue staining of matched patient tissues, which is
consistent with the scRNA-seq results. This result indicates that the
prevalence of SPPI"-TAMs in mCRPC reflects the cellular composition
ofthe prostate TME. Given theirincreased prevalence, we hypothesized
that this macrophage population could have a critical role in mediat-
ing immunotherapy resistance in mCRPC. Consistent with this, we
found that these SPPI"-TAMs exhibited elevated immunosuppression
molecular programs relative to other myeloid subsets?* (Fig. 1e,fand
Extended DataFig.1g). Furthermore, our analysis of the T cell compart-
ment (Extended Data Fig. 2a—c) revealed that elevated SPPI"-TAM gene
signatures were significantly correlated with the degree of CD8" T cell
exhaustion®®, whichshowed a marked increase as the disease advanced
(Fig.1gand Extended Data Fig.2d-f). Notably, further transcriptional
analysis revealed a significant decrease in CSFIR transcript levels in
SPPI"-TAMs relative to other myeloid cells (Fig. 1h and Extended Data
Fig. 2g), indicating a mechanism that could contribute to the ineffec-
tiveness of CSFIR blockade. Collectively, these results demonstrate that
progression of prostate cancer leads to dynamic changesin the myeloid
landscape within the TME, where SPPI"-TAMs emerge as potential
drivers ofimmunotherapeutic resistance.

SppI"-TAMs in mouse prostate cancer

MyC-CaPis a prostate cancer cell line thatis dependent on androgens
and originates from a male mouse with prostate cancer”. To delve
deeperinto our findings from patients, we performed droplet-based
5 scRNA-seq (10x Genomics) with characterization of myeloid cell-
surface antigens, including F4/80, CD11c, CD163 and Ly-6G, on a
1:1 mixture of fluorescence-activated cell sorting (FACS)-isolated
immune (CD45") and non-immune (CD45") cells from mice subcuta-
neously engrafted with MyC-CaP, followed by treatment with either
degarelix acetate (agonadotropin-releasing hormone antagonist) or
phosphate-buffered saline (PBS) (Fig. 2a). Consistent with previous
studies”?®, tumour burden significantly regressed after degarelix
treatmentand then progressed as CRPC (Fig. 2b). By using scRNA-seq,
weidentified 6 maincelltypesinthe TME, along with 11 distinct myeloid
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Fig.1|Single-cell assessment of biopsies from patients with prostate cancer
reveals SPPI"-TAMs with elevated immunosuppression programs prevalent
inadvanced disease stages. a, Schematicillustration of 5 scRNA-seq

(10x Genomics) on tumours from patients with either ADT-naive localized
prostate cancer (n =13), metastatic hormone-sensitive prostate cancer on ADT
(HSPC; n=24) ormCRPC progressing on ADT (n = 6).b, UMAP plots showing
celltypes (left) and distinct myeloid subsets (right) in human prostate cancer.
Prolif, proliferative. c¢,d, Density (c) and bar plots (d) depicting the quantification
of myeloid-subset frequencies across disease progression, withlocalized disease
(grey; n=13), HSPC (blue; n = 24) and mCRPC (red; n = 6). Significant changes
were observed for cDC2 (P < 0.001formCRPC versuslocalized; P=0.002 for
mCRPC versus HSPC), EEFIAI"-TAM (P < 0.001 for mCRPC versus HSPC) and
SPPI"-TAM (P=0.002 for mCRPC versus localized; P= 0.04 for mCRPC versus
HSPC). e,f, UMAP (e) and bar plots (f) showing immunosuppression gene
signature scores among myeloid cellsin human prostate cancer (n = 43 samples).

subsets (Fig. 2c and Extended Data Fig. 3a—c). Comparative analysis
of transcriptomes between humans and mice enabled ustoidentify a
mouse macrophage subset (SppI"-TAMs) that is analogous to human
SPPI"-TAMs) (Fig. 2d,e), characterized by increased expression of
Sppl, Cd9and Lgals3transcripts and reduced expression of CsfIr, Mrcl,
Cx3crland Cd163(Fig.2fand Extended DataFig. 3d). To validate these
transcriptional findings at the protein level, we established CRPC in
Spp1-EGFP mice, in which EGFP is expressed under the control of the
Sppl promotor (Extended Data Fig. 4a). By using a multi-parameter

Indand f,boxes represent the inter-quartile range (IQR), with bars indicating
25%-1.5x1QRand 75% + 1.5 x IQR. Outliers beyond 1.5 x IQR are included.

The medianscore for SPPI"-TAMs isindicatedinred.g, Correlations between
SPPI"-TAM enrichment and CD8' T cell exhaustion scores across disease stages.
Thelinesrepresent the best-fitlines; each patient sampleisindicated by acircle.
HSPC,P=0.17,R=0.291; mCRPC, P=0.07,R = 0.780; localized, P= 0.66,
R=-0.134. h, Differentially expressed genes (adjusted P< 0.05, absolute log,
fold change (Jlog,FC|) > 0.5) in SPPI"-TAMs compared with other myeloid cells
highlightedinred. Statistical significance was determined by ordinary two-way
analysis of variance (ANOVA) with Sidak correction (d); Kruskal-Wallis test with
Dunn’s correction (f); simple linear regression analyses (g); and Wilcoxon test
with Benjamini-Hochberg correction (h).*P<0.05,**P< 0.01,***P< 0.001; NS,
notsignificant. Theillustrationinawas created using BioRender (https://
biorender.com).

flow-cytometry panel (Extended Data Fig. 4b), we confirmed the pre-
sence of multiple myeloid subsets identified through scRNA-seq and
observed dynamic changes in the myeloid composition (Extended
Data Fig. 4c-f). We observed that the cellularity of SppI"-TAMs
remained largely consistent between HSPC and CRPC, although their
frequency decreased during disease progression, mainly because
of significantinfiltration by Cx3crI™-TAMs (Extended Data Fig. 4¢,d),
asreported previously”. To determine whether SppI"-TAMs are resis-
tant to CSFIR blockade, we administered an anti-CSFIR antibody to
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Fig.2|Spp1"-TAMsin mouse prostate cancer are identified through
scRNA-seqand demonstrate resistance to CSFIR blockade. a, Schematic of
5 scRNA-seq (10x Genomics) and CITE-seq (cellularindexing of transcriptomes
and epitopes by sequencing) onimmune (CD45") and non-immune (CD45")
cells from mouse prostate cancer (MyC-CaP), subcutaneously engrafted on
mice treated with degarelix or PBS. b, Cumulative MyC-CaP growthin mice,
comparing degarelix-treated (red; n = 3) and PBS-treated (blue; n =3) groups
(P=0.046).Symbols show mean + s.e.m. ¢, UMAP plots showing the main cell
types (left) and distinct myeloid subsets (right) in mouse prostate cancer.
Prolif, proliferative; Inflamm, inflammatory; mono, monocytes. d, Heatmap
comparing myeloid subset similarity scores between human (rows) and mouse
(columns) prostate cancer. e, SPPI"-TAM signature scores across myeloid cells
(n=6,397 cells) in mouse prostate cancer (P < 0.001 for comparisons of
SppI"-TAMversus each subset). Enrichment scores were calculated using gene
signaturesinthe patient dataset shownin Fig.1. The red dashed line shows the
median score for SppI"-TAMs for comparison. Boxes denote IQR; bars show

mice bearing CRPC (Fig.2g).Inline with our transcriptional findings,
macrophages with high expression of CsfIr transcripts (Extended Data
Fig. 3d), including CD163"-TAMs and CX3CRI"-TAMs, were signifi-
cantly ablated, but SppI"-TAMs remained largely unaffected (Fig. 2h,i).
This supports a potential role of SPPI"-TAMs in contributing to
the therapeutic resistance of CSFIR blockade. Consistent with data
from humans, SppI"-TAMs in mouse prostate cancer exhibited sig-
nificantly elevated immunosuppressive gene signatures compared
with other myeloid cells (Fig. 3a,b and Extended Data Fig. 4g),
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25%-1.5xIQRand 75% + 1.5 x IQR, with outliers exceeding 1.5 x IQR. f, Plot of
differentially expressed genes (adjusted P-value < 0.05, |log,FC| > 0.5) (red),
indicating enrichmentor depletionin SppI"-TAMs versus other macrophages
and monocytes. g, Schematic of anti-CSF1R or isotype-matched control antibody
dosingin SppI-EGFP mice after CRPC development, assessing myeloid
composition 2 days after treatment. h,i, Quantification of cellnumber (h) and
frequency (i) for macrophage subsetsin CRPC mice treated with anti-CSF1R
(n=3)orisotype-matched control (n = 4) antibodies. Bars show mean +s.e.m.
from3independent experiments; symbols representindividual mice. Significant
changeswere observed in CD163"-TAM and CX3CR1"-TAM populations (P=0.02,
P=0.002(h); P=0.003,P=0.03 (i), butnotin SppI"-TAMs (P=0.18, P= 0.30).
Statistical significance was determined by two-sided unpaired Student’s t-tests
(b,h,i), Kruskal-Wallis test with Dunn’s correction (e) and Wilcoxon test with
Benjamini-Hochberg correction (f); *P < 0.05, **P < 0.01, ***P < 0.001; NS, not
significant.

supporting their role as drivers of immunotherapy resistance. We
found analogous results with the TRAMP-C2 model®, a syngeneic
prostate cancer cell line that, unlike MyC-CaP, is not Myc-driven,
treated with either anti-PD-1 or isotype-matched control antibodies
(Extended DataFig. 4h). Consistent with previous studies*°, anti-PD-1
antibody treatment alone showed minimal efficacy in this model
(Extended Data Fig. 4i). Single-cell analysis revealed the presence
of SppI™-TAMs with elevated immunosuppressive molecular pro-
grams relative to other TAM subsets, in line with the MyC-CaP model
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Fig.3|SppI"-TAMshave a critical rolein promotingimmunotherapeutic
resistance by inducing exhaustionin CDS8* T cellsinvivo. a,b, UMAP (a) and
bar plots (b) showing immunosuppression scores among myeloid cellsin mouse
prostate cancer (n=6,397; P< 0.001 for comparisons of SppI"-TAM and other
subsets). Boxes representIQRand barsindicate 25% - 1.5 x IQRand 75% + 1.5 X IQR,
withoutliersbeyond1.5 x IQR. Thered dashed line shows the medianscore for
SppI"-TAMs. ¢, Flow-cytometry plots showing reduced proliferation of activated
splenic CD8' T cells 3 days after co-culturing with SppI"-TAMs from CRPC.

d,e, Quantification of proliferating (P=0.02, P=0.04 and P= 0.14 for
effector:target (E:T) ratios of 1:1,1:5and 1:10, respectively (d) and polyfunctional
(IFN-y*TNF-a"; P=0.01) CD8" T cells with and without SppI™-TAMs at various
ratios (e). Results are normalized to activated T cells alone; mean + s.e.m. from
n=4experiments, with different colours for each and symbols for averages of
2-3replicate wells. Red dashed lines indicate the normalized mean frequency
ofactivated CD8'T cells. f, Dosing schedule for ICIs (anti-CTLA-4 + anti-PD-1) or

(Extended DataFig.4j-n). Takentogether, through single-cell assess-
ment, our data enabled us to identify analogous SppI"-TAMs with
elevatedimmunosuppressive gene signatures across multiple mouse
models of prostate cancer, and we subsequently demonstrated their
resistance to CSFIR inhibition.

isotype-matched controls after adoptive transfer of SppI™-TAMs or PBS into
CRPC. g, CRPC growth curves for ICl or isotype treatments after SppI™-TAM
or PBS transfer fromn =3 experiments (P=0.002,P = 0.02and P = 0.59 for
PBS+isotype versus PBS +ICls, PBS + ICls versus SppI™-TAM +ICls and PBS +
isotype versus SppI"-TAM +ICls, respectively); PBS +isotype, n = 6; PBS +ICls,
n=7;SppI"-TAM +ICls, n=7.Symbols represent mean +s.e.m. h, Survival curves
fromthesameexperimentasg(P=0.023,P = 0.013and P = 0.755).1, Exhausted
(CD38'PD-1*) CD8* T cell frequencies in CRPC after SppI"-TAMs or PBS transfer
with or withoutICls, assessed 1day after the final injection (P=0.02,P = 0.02,
P >0.99).Barsshowmean +s.e.m. fromn =3 experiments; symbols represent
individual mice. Statistical significance was determined by Kruskal-Wallis tests
with Dunn’s correction (b,i), two-sided one-sample t-tests (d,e), ordinary one-way
ANOVA with Sidak correction (g) and log-rank tests (h); *P < 0.05,**P< 0.01,
***P < 0.001; NS, not significant.

Spp1"-TAMs driveimmunotherapy resistance

To assess the ability of myeloid cells to functionally suppress T cell activ-
ity, multiple myeloid subsets, including MDSCs, CX3CRI"-TAMs and
SppI"-TAMs, wereisolated by FACS from CRPC developed in SppI-EGFP
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mice (Extended Data Fig. 5a) and co-cultured with splenic CD8" T cellsin
the presence of anti-CD3/CD28 stimulation. As previously reported’®*,
MDSCs and CX3CRI"-TAMs effectively suppressed the proliferation of
T cellsin vitro, serving as controls (Extended Data Fig. 5b). Notably,
we found that SppI™-TAMs significantly inhibited T cell proliferation
in a density-dependent manner (Fig. 3¢,d). Furthermore, the pres-
ence of SppI"-TAMs resulted ina marked decrease in the frequency of
polyfunctional (IFN-y*'TNF-a*) CD8T cells (Fig. 3e and Extended Data
Fig.5c), indicating that theirimmunosuppressive activity can dampen
T cell effector function. Next, we tested whether SppI"-TAMs can pro-
mote resistance to IClsin vivo. We first confirmed that acombination
of anti-CTLA-4 and anti-PD-1 antibodies results in a more significant
decreaseinthe growth of CRPC thaneither givenalone (Extended Data
Fig.5d), which s consistent with previous studies”*, We reasoned that
if SppI"-TAMs could mediate immunotherapy resistance, they would
decrease the effectiveness of the dual treatment. To test this possibility,
we adoptively transferred FACS-purified SppI™-TAMs into CRPCin the
presence of the combination treatment, minimizing potential issues
with their trafficking to the TME (Fig. 3f). Strikingly, intratumorally
transferred SppI™-TAMs resulted in significantly diminished efficacy
ofthe dual treatment and reduced overall survival (Fig. 3g,h). Transfer-
ring SppI™-TAMs significantly increased the frequency of exhausted
(CD38'PD-1") CD8" T cells within ICI-treated tumours compared with
control ICI-treated tumours. The levels of these exhausted T cells were
similar to those observed in PBS-treated tumours (Fig. 3i and Extended
Data Fig. 5e), highlighting the suppressive activity of Spp1™-TAMs
in vivo. Taken together, these results indicate that SppI"-TAMs have a
critical role in driving immunotherapeutic resistance in CRPC.

SPPI"-TAMs drive suppression through adenosine

To explore the mechanisms by which SPPI"-TAMs promote immuno-
therapeutic resistance, we further analysed our scRNA-seq datasets
of human and mouse prostate cancers. Pathway analysis showed
that hypoxia was among the top pathways activated preferentially in
SPPI"-TAMs in patients and mice (Fig. 4a and Extended Data Fig. 6a),
which is consistent with previous studies that found that SPPI is
upregulated in macrophages in the hypoxic TME*2. Hypoxia is known
to promote the accumulation of extracellular adenosine in tumours
through the upregulation of CD39 and CD73, which are ectonucle-
otidases that convert ATP to ADP and AMP, and AMP to adenosine,
respectively®. Alternatively, this process canalso involve ectoenzymes
such as CD38 and CD203a, which generate AMP by degrading NAD*
and ADPR*. Adenosine is an established mediator of immunosup-
pression in tumours*; its binding to adenosine receptors, particularly
A2ARs and A2B receptors (A2BRs), which have higher and lower affini-
ties, respectively, initiates downstream immunosuppressive signalling
by theaccumulation of intracellular cAMP, leading to the suppression
of the antitumour activity of T cells and natural killer (NK) cells*™¥.
Notably, we observed elevated levels of ADORA2A transcripts, which
encode A2ARs, during disease progressioninboth CD8* T cellsand NK
cells, whereas ADORAZ2B transcript levels were increased only in CD8*
T cells (Extended Data Fig. 6b). Using the published specific gene sig-
nature associated with adenosine signalling*®, which has been shown
to strongly correlate with the extracellular adenosine concentration
in the TME, we confirmed a strong correlation between enrichment
scores for hypoxiaand the adenosine signalling signature in our patient
dataset (Fig. 4b), concordant with there being a link between hypoxia
and adenosine accumulation. Notably, the expression of the genes asso-
ciated with the adenosine signalling signature increasingly correlates
with SPPI"-TAM enrichment scores as the disease progresses (Fig. 4¢
and Extended DataFig. 6¢), but thistrendisnotevidentin other myeloid
populations, including EEFIAI"-TAMs (Extended DataFig. 6d). Consist-
entwithhumanresults, the adenosine signalling signature is elevated in
SppI"-TAMs relative to other myeloid subsets in mice (Fig. 4d, Extended
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DataFig. 6¢). When stimulated splenic CD8" T cells were cultured in
transwell plates with SppI"-TAMs isolated by FACS, such that the two
celltypes were separated by micropores, allowing only soluble factors
to passthrough (Extended Data Fig. 6e), we observed that T cell prolif-
erationwas suppressed (Extended DataFig. 6f). This finding indicates
that the accumulation of soluble factors, including adenosine, may
contribute toimmunotherapeutic resistance mediated by SPPI"-TAMs.
Subsequent in vitro assays confirmed that SppI"-TAMs did indeed
release extracellular adenosine (Fig. 4e). To further investigate the
role of adenosine inimmunosuppression mediated by SPPI"-TAMs,
we assessed the expression levels of CD38, ENTPDI and NTSE, which
encode CD38,CD39 and CD73, respectively, across multiple cell popu-
lations with the emphasis on myeloid cells. Consistent with previous
studies**°, various cell types, including B cells and endothelial cells,
exhibit an elevated adenosine signalling signature, with increased
expression of NTSE and/or ENTPDI (Extended Data Fig. 6g, h). Nota-
bly, our analysis revealed elevated transcript levels of NTSE, but not
ENTPDI or CD38,in SPPI"-TAMs compared with other myeloid subsets
in both humans and mice (Fig. 4f and Extended Data Fig. 6i). In par-
ticular, NTSE levels in SPPI"-TAMs are significantly higher in mCRPC
thanin earlier stages (Extended Data Fig. 6j). This trend is similarly
observedin CD73 proteinlevelsin mice, although the transcript levels
exhibited a diminished, but non-significant, change (Extended Data
Fig. 7a—c). To test directly whether SPPI"-TAMs suppress T cell activ-
ity through adenosine, splenic CD8" T cells activated with anti-CD3/
CD28 stimulation were co-cultured with SppI™-TAMs in the presence
of ciforadenant, asmall-moleculeinhibitor of A2ARs (Fig. 4g,h), as well
asablocking antibody against CD73 (Fig. 4i,j). Inboth cases, blocking
either the receptor or the ectoenzyme resulted in a significant reduc-
tioninsuppression of T cells mediated by SppI"-TAMs, indicating that
adenosine is closely involved in the immunosuppressive activity of
SppI™-TAMs. However, inhibition of the adenosine pathway was not
sufficient to fully restore T cell proliferationin culture, indicatingarole
for further mechanisms by which SppI™-TAMs can drive immunothera-
peutic resistance. To investigate such suppressive mechanisms, we
carried out further pathway analysis and identified multiple pathways
enriched in SPPI"-TAMs associated with inflammatory responses in
both humans and mice (Extended Data Fig. 7d). These findings were
supported by the elevated scores of published gene signatures for
myeloid cells expressing proinflammatory soluble factors, such as
IL-1B (tumour-promoting inflammation signature)®, in SPPI"-TAMs
across both species, and there was a significant correlation between
SPPI"-TAM abundance and tumour-promoting inflammation signature
enrichmentin patients (Extended DataFig. 7e,f). Notably, blockade of
IL-1R significantly diminished SppI"-TAM-mediated T cell suppression
inculture (Extended DataFig. 7g), indicating that IL-1R signalling also
has an important role in driving immunotherapy resistance by these
macrophages. There was no significant synergistic effect observed
with the combined blockade of A2AR and IL-1R in vitro (Extended Data
Fig.7h). Collectively, these findings indicate that SPPI"-TAMs dampen
T cell activity, at least in part through extracellular adenosine.

A2ARDblockadereverses ICl resistance

Considering that adenosine signalling probably underlies immunosup-
pression mediated by SPPI"-TAMs, we then examined whether treat-
ing mice bearing CRPC with ciforadenant could alter the antitumour
responses in vivo (Fig. 5a). Consistent with previous studies on mice
with different cancer types, suchas MC38 and B16 (refs. 51,52), blockade
of A2ARs led to a significant reduction in CRPC growth, potentially
resulting fromasignificantly lower frequency and number of exhausted
CDS8'Tcells (CD38'PD-1"; Extended Data Fig. 8a—c). Notably, evaluation
of myeloid composition revealed alterations in the myeloid compart-
ment. Although the overall number of the main myeloid populations
remained largely unchanged (Extended Data Fig. 8d), the inhibition
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Fig.4|SPPI"-TAMs are hypoxic and mediate immunosuppression through
adenosinesignalling. a, Enriched term clusters using differentially expressed
genes (adjusted P-value < 0.05, |log,FC| > 0.5) in SPPI"-TAMs versus other
myeloid cells in humans and mice, using Enrichr with MSigDB Hallmark 2020
genesets (blue dashedlineatadjusted P=0.05).b,c, Correlations between
enrichmentscores for hypoxia (P<0.001, R=0.858) (b) or SPPI"-TAM:s (c) and
the adenosine signalling signature (sig) across patient samples withlocalized
disease (grey, P=0.08,R=0.502), HSPC (blue, P=0.54,R=0.309) and mCRPC
(red, P=0.04,R=0.839).Best-fitlines are shown, with symbols representing
individual samples. d, Adenosine signalling signature scores in mouse prostate
cancer myeloid cells (n=6,397; P< 0.001 for SppI™-TAMs versus other subsets).
BoxesdenoteIQR; barsindicate 25% - 1.5xIQRand 75% +1.5 x IQR, with outliers
exceeding1.5 x IQR. Thered dashed line shows the median SppI"-TAM score.
e, Extracellular adenosine accumulation by MDSCs or SppI"-TAMs after 1 day of
culture, normalized to the background adenosine levels from medium without

of A2ARs resulted in a significant decrease in both the frequency and
number of SppI"-TAMs (Fig. 5¢,d and Extended Data Fig. 8e,f), with
no significant effect on other TAMs (Extended Data Fig. 8g). Further
analyses of our mouse prostate cancer sCRNA-seq dataset revealed
elevated transcript levels of AdoraZ2a (Fig. 5e) and higher enrichment
scores for an adenosine gene signature expression (AdenoSig)*

cells (P=0.01). Bars show mean +s.e.m. from n = 3 experiments, with different
colours foreachand symbols for averages of 2 replicate wells. f, Heatmaps of
normalized ENTPDI and NTSE expression in TAMs and monocytes from human
(top) and mouse (bottom) prostate cancers. g,h, Flow cytometry (g) and bar
plots (h) showingincreased CD8" T cell proliferation with SppI™-TAMs and
ciforadenant (an A2AR inhibitor;10 pM) versus DMSO (P = 0.04).1,j, Flow
cytometry (i) and bar plots (j) showingincreased CD8" T cell proliferation with
SppI"-TAMs and anti-CD73 antibody (10 pg ml™) versusisotype-matched control
antibody (P=0.04).Ing-j, barsshow mean +s.e.m.fromn=5independent
experiments, eachindicated by a different colour; symbols represent averages
of 2-3 technical replicate wells. Statistical significance was determined by
(Fisher’sexactand hypergeometric tests with Benjamini-Hochberg correction
(a), simplelinear regression analyses (b,c), aKruskal-Wallis test with Dunn’s
correction (d), two-sided one-sample t-tests (e) and two-sided paired Student’s
t-tests (h,j); *P<0.05,***P< 0.001; NS, not significant.

(Fig. 5f,g), obtained by using a collection of genes with significantly
induced expression on adenosine agonists in SppI"-TAMs compared
with other macrophages and monocytes. Consistent with this, we
identified enriched AdenoSig scores in SPPI"-TAMs and observed
asignificant correlation between the enrichment scores for SPPI"-
TAM abundance and AdenoSig (Extended Data Fig. 8h,i) in humans.
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Fig.5|Inhibition ofadenosine signalling diminishes the abundance of
Spp1"-TAMs and enhances the responsiveness of CRPC to PD-1blockade
invivo. a, Schematic depicting the dosing schedule for ciforadenant (10 mg kg™
or DMSO in CRPC mice. b, Cumulative CRPC growth after ciforadenant (n = 6)
or DMSO (n = 5) treatment, compiled from n = 2 experiments; symbols show
mean £s.e.m.c,d, Quantification of macrophage subset frequency (c) and
SppI"-TAM numbers (d) in CRPC treated with ciforadenant or DMSO from the
same experiments as b; bars show mean +s.e.m.; symbols represent individual
mice. e, Heatmap of normalized Adora2a expression (A2AR encoding) in
macrophages and monocytes from mouse prostate cancer. f,g, UMAP (f) and
bar plots (g) showing AdenoSig scores among myeloid cellsin mouse prostate
cancer (n = 6,397 myeloid cells; P < 0.001for SppI"-TAM versus other subsets).
Boxes denote IQR, and barsdenote 25% — 1.5 x IQRand 75% + 1.5 X IQR, with
outliersexceeding 1.5 x IQR. Thered dashed line shows the median score

for SppI1"™-TAMs. h, Schematic of ciforadenant (10 mg kg™) treatment with
and without anti-PD-1(400 pg) treatmentin CRPC mice. i, Cumulative CRPC
growth after the treatmentsin h, compiled from n =3 experiments; symbols
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representmean +s.e.m.DMSO +isotype,n=7;DMSO +anti-PD-1,n=6;
ciforadenant +isotype, n =7; ciforadenant + anti-PD-1, n = 6. j, Density of
polyfunctional (IFN-y'TNF-a") CD8" T cells in CRPC after the treatmentsinh.
Eachgroupisrepresented using the same colour scheme asini. Bars show
mean +s.e.m.fromn =3 experiments; symbols representindividual mice.

k, Schematic showing the dosing schedule for ciforadenant (100 mg twicea
day for 28 days) with or without atezolizumab (840 mg, once every two weeks)
in patients withmCRPC. 1, Waterfall plot of maximum prostate-specific
antigen (PSA) change from screening in patients treated with ciforadenant
either alone (grey) or with atezolizumab (red). m, Computed-tomography
images showing tumour reductioninaclinical responder with measurable
disease after the combination treatment. Statistical significance was determined
by two-sided unpaired Student’s t-tests (b,c), atwo-sided Mann-Whitney
test (d), aKruskal-Wallis test with Dunn’s correction (g) and an ordinary
one-way ANOVA with Sidak correction (i,j); *P < 0.05,**P< 0.01, ***P < 0.001;
NS, not significant.



These findings indicate that adenosine signalling could be crucial for
the abundance of SppI™-TAMs in CRPC. Given the significant decreases
inthe abundance of exhausted CD8" T cells and SppI"-TAMs following
treatment with ciforadenant, we proposed that A2AR blockade could
augment the efficacy of ICIs. To test this possibility, we administered
ciforadenant to mice bearing CRPC in combination with anti-PD-1,
which showed limited therapeutic effectiveness as a monotherapy>*
(Extended DataFig.5d), or relevantisotype-matched control antibod-
ies (Fig. 5h). Notably, consistent with previous studies using different
cancer types, including B16 and AT-3 (refs. 54,55), the dual blockade of
A2ARsand PD-1resulted inasignificantly greater reduction in tumour
growth than did monotherapies (Fig. 5i), indicating that A2AR inhibi-
tion contributes to enhancing the efficacy of ICIs in CRPC. Evaluation
of the lymphoid compartment revealed that ciforadenant increased
the frequency of polyfunctional CD8" T cells, whereas PD-1blockade
enhanced theinfiltration of T cellsand NK cellsinto tumours (Extended
DataFig.9a-c).Importantly, inline with previous studies****, combin-
ing PD-1blockade with A2AR inhibition from ciforadenant increased
the density of polyfunctional CD8" T cells relative to monotherapies
(Fig. 5j), indicating a mechanism underlying enhanced antitumour
activity from combination therapy. Our assessment of myeloid cells
indicated that the frequency of SppI™-TAMs was not further reduced
by combining PD-1blockade with ciforadenant compared with cifo-
radenant alone (Extended Data Fig. 9d). These findings highlight that
theincreased abundance of activated CD8" T cells has akeyrolein the
enhanced antitumour responses observed with combination therapy.
Onthe basis of these findings, we evaluated the effect of A2AR block-
ade onimmunotherapeutic resistance in humans in a phase 1 clinical
trial (NCT02655822). Ciforadenant was administered to patients with
mCRPC after failing at least one next-generation androgen blockade
(Extended Data Fig. 10a), either alone (n =11) or in combination with
atezolizumab (n = 24) (Fig. 5k). The dosing frequency for this trial was
as follows: ciforadenant, 100 mg twice a day for 28 days; and atezoli-
zumab, 840 mgonce every 2 weeks. This treatment was well tolerated,
with verylow frequencies of major side effects (Extended Data Fig.10b).
Ofthe 24 patients, 6 (25%) had a decrease in prostate-specific antigen
levels from the baseline of 30% or more (Extended Data Table 1), which
was confirmed 4 weeks later, and tumour regression was observed in
some patients with measurable disease (Fig. 51,m). Mutational analy-
ses of two responders showed that their tumours were microsatellite
stable and lacked CDK12 alterations, which could have sensitized the
cancer to the ICl treatment (Extended Data Table 1). Moreover, analy-
sis of biopsies from one responder and two non-responders demon-
strated limited PD-L1expressioninall tissues (Extended DataFig.10c).
Importantly, the responder had a higher prevalence of SPPI"-TAMs at
baseline (Extended DataFig.10d). These findingsindicate that baseline
SPPI"-TAM abundance may serve as a potential biomarker for thera-
peutic efficacy, although further investigation with a larger cohort
is warranted. Taken together, therapeutic interventions targeting
adenosine signalling could represent a potential strategy to sensitize
mCRPC to ICl treatments.

Discussion

Although the establishment of an immunosuppressive niche by
tumour-infiltrating myeloid cells in the prostate TME is well recog-
nized, especially after ADT>**5 %8 efforts to target these cells to enhance
anti-tumour responses in patients with mCRPC have faced problems.
For example, using CSF1R inhibition to target macrophages (the pre-
dominant myeloid subsetin tumours) have shown limited antitumour
activity'?°, Efforts to deplete intratumoral neutrophils or MDSCs by
inhibiting myeloid chemotaxis through CXCR2 blockade have shown
areductionintherapeutic resistance to ADT*°. Thus, a detailed under-
standing of the heterogeneity of myeloid cells, as well as the key regu-
lators that govern myeloid programs within tumours®, is crucial for

addressing therapeutic resistance. Despite numerous studies on the
prostate TME at single-cell resolution® %%, there is no comprehensive
single-cell atlas of myeloid cells across the disease continuum. Our
findings, which are derived from patient biopsies and relevant mouse
models, highlight the heterogeneity of myeloid cellsin prostate cancer.
Notably, SPPI"-TAMs, which were identified as a prevalent myeloid
subsetinadvanced disease, express diminished CSFIR transcript levels,
providing an explanation for the lack of clinical efficacy in targeting
this receptor. Comparative transcriptome analyses between humans
and mice identified analogous SppI"-TAMs in mouse CRPC in an unbi-
ased manner, which demonstrates their resistance to anti-CSFIR treat-
ment in vivo. During the development of CRPC in mice, SppI™-TAMs
significantly decreasein frequency, although their cellnumber remains
consistent, mainly as the result of a substantial increase in both the
frequency and number of infiltrating CX3CRI"-TAMs (Extended Data
Fig. 4c,d). Conversely, in human mCRPC, the SPPI"-TAM fraction
increases significantly as the disease progress (Fig. 1c,d), becoming
atleast as prevalent as CX3CRI"-TAMs, if not more so. Given the dimin-
ished CSFIR transcriptlevelsin SPPI"-TAMs (Fig.1h and Extended Data
Fig.2g), this could partly explain the clinical ineffectiveness of CSF1R
antagonismin human patients with cancer compared with pre-clinical
models. It will therefore be important to evaluate whether targeting
immune inhibitory signals provided by SPPI"-TAMs, along with CSFIR
blockade, will elicit antitumour responses and augment the efficacy
of ICIsin patients.

Although SPPI"-TAMs have beenidentified in other cancer types?#*¥,
their roles in prostate cancer progression, particularly as drivers of
immunotherapy resistance and through molecular mechanisms, have
notbeen functionally investigated. In this study, we demonstrate that
SppI"-TAMs induce resistance to ICls through adoptive transfer into
CRPC. Our single-cell transcriptional analysis of human and mouse
prostate cancers identified adenosine signalling as one of the main
pathways preferentially activated in SPPI"-TAMs, and functional
assays subsequently confirmed that these macrophages contribute to
extracellular adenosine accumulationin the prostate TME. Disrupting
adenosinesignalling, througheither A2AR inhibitors or CD73-targeting
antibodies, significantly reduced SppI"-TAM-mediated suppression
of CD8" T cells in co-culture, indicating that adenosine-associated
signals are potentialimmunotherapeutic targets. However, the obser-
vation that T cell proliferation was not fully restored despite A2AR or
CD73 blockade implies that there are more mechanisms underlying
SppI™-TAM-mediated immunosuppression. Further transcriptional
and functional analysesindicated that IL-1R signalling could have arole
in SPPI"-TAM-mediated resistance (Extended Data Fig. 7d-g), in line
with previous findings®. Moreover, alterations in metabolic processes,
including dysregulated lipid metabolism, potentially mediated by
upregulated Trem2, have also beenidentified in SPPI"-TAMs, indicating
alink to prostate cancer growth, invasiveness and therapeutic resist-
ance, Therefore, examining T cell modulation by SPPI"-TAMs in vivo
through various approaches, including spatial transcriptomics, will
beafocus of future studies. Moreover, adeeper understanding of the
immunosuppressive mechanisms used by these macrophages will be
crucialinidentifying further therapeutic targets to enhance efficacy.

Inour clinical trial, we observed that patients with mCRPC may ben-
efit more from the combination of ciforadenant and atezolizumab
than from atezolizumab alone?. Although promising, results from
another study of AZD4635 (another A2AR antagonist) combined with
durvalumab and cabazitaxelin patients withmCRPC (AARDVARC) failed
to show a benefit with A2AR antagonism*. The discrepancy between
the trials could have resulted from chemotherapy inclusion, the use
of adifferent A2AR antagonist and/or patient selection. Despite the
improved clinical activity observed with the combination treatment,
antitumour responses were evidentin only one of four patients in our
trial. Moreover, although combined A2AR and PD-1 blockade signifi-
cantly prolonged survival in a mouse model of CRPC, the mice did
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eventually die from the disease. These findings indicate that other
immunosuppressive elements within the TME would need to be tar-
geted simultaneously for even more effective immunotherapeutic
intervention. Previous studies have identified various signals that con-
tribute to the immunosuppressive nature of the prostate TME. For
example, prostate cancer-associated fibroblasts promote immunosup-
pressionon T cells by the release of transforming growth factor-p° or
by recruiting suppressive myeloid cells through the CCL2 and CXCL12
pathways®. Furthermore, castration-induced CXCL1, CXCL2 and IL-8
from prostate cancer cells mediate myeloid infiltration, particularly
of MDSCs, resulting in an immunosuppressive TME, Thus, a bet-
ter understanding of further immunosuppressive TME elements
beyond myeloid cells and their role in resistance to ICls could reveal
other therapeutic opportunitiesin mCRPC and provide strategies for
patient selection.

Collectively, the data in this study demonstrate that SPPI"-TAMs
becomeincreasingly abundant during prostate cancer progression and
promoteimmunotherapeuticresistance through adenosine-mediated
immunosuppression. Inhibition of A2AR delays CRPC progression and
improves the responsiveness of tumour cells to PD-1blockade. Moreo-
ver, our clinical trial shows that a subset of patients with mCRPC may
benefit from ciforadenant plus atezolizumab instead of monotherapies.
The abundance of SPPI"-TAMs could serve as a biomarker to select
for patients in future trials. Inhibiting adenosine signalling, as well
as targeting chemokine or growth-factor receptor pathways, could
further enhance the efficacy of immunotherapy in this and perhaps
other refractory cancers.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-08290-3.

1. Beer, T.M. et al. Randomized, double-blind, phase Il trial of ipilimumab versus placebo in
asymptomatic or minimally symptomatic patients with metastatic chemotherapy-naive
castration-resistant prostate cancer. J. Clin. Oncol. 35, 40-47 (2017).

2. Powles, T. et al. Atezolizumab with enzalutamide versus enzalutamide alone in metastatic
castration-resistant prostate cancer: a randomized phase 3 trial. Nat. Med. 28, 144-153
(2022).

3. Martori, C. et al. Macrophages as a therapeutic target in metastatic prostate cancer: a way
to overcome immunotherapy resistance? Cancers 14, 440 (2022).

4.  Koinis, F. et al. Myeloid-derived suppressor cells in prostate cancer: present knowledge
and future perspectives. Cells 11, 20 (2021).

5. Siegel, R. L., Miller, K. D., Wagle, N. S. & Jemal, A. Cancer statistics, 2023. CA Cancer
J. Clin. 73,17-48 (2023).

6.  Scher, H.|. etal. Increased survival with enzalutamide in prostate cancer after chemotherapy.
N. Engl. J. Med. 367, 1187-1197 (2012).

7. Ribas, A. & Wolchok, J. D. Cancer immunotherapy using checkpoint blockade. Science
359, 1350-1355 (2018).

8.  Abida, W. et al. Analysis of the prevalence of microsatellite instability in prostate cancer
and response to immune checkpoint blockade. JAMA Oncol. 5, 471-478 (2019).

9. Mahoney, K. M., Rennert, P. D. & Freeman, G. J. Combination cancer immunotherapy and
new immunomodulatory targets. Nat. Rev. Drug Discov. 14, 561-584 (2015).

10. deAlmeida, D. V. P, Fong, L., Rettig, M. B. & Autio, K. A. Immune checkpoint blockade for
prostate cancer: niche role or next breakthrough? Am. Soc. Clin. Oncol. Educ. Book 40,
€89-e106 (2020).

11.  Binnewies, M. et al. Understanding the tumor immune microenvironment (TIME) for effective
therapy. Nat. Med. 24, 541-550 (2018).

12.  Witkowski, M. T., Kousteni, S. & Aifantis, |. Mapping and targeting of the leukemic
microenvironment. J. Exp. Med. 217, 20190589 (2020).

13.  Stultz, J. & Fong, L. How to turn up the heat on the cold immune microenvironment of
metastatic prostate cancer. Prostate Cancer Prostatic Dis. 24, 697-717 (2021).

14. Ge,R., Wang, Z. & Cheng, L. Tumor microenvironment heterogeneity an important
mediator of prostate cancer progression and therapeutic resistance. NPJ Precis. Oncol. 6,
31(2022).

15.  Escamilla, J. et al. CSF1receptor targeting in prostate cancer reverses macrophage-
mediated resistance to androgen blockade therapy. Cancer Res. 75, 950-962 (2015).

16. Calcinotto, A. et al. IL-23 secreted by myeloid cells drives castration-resistant prostate
cancer. Nature 559, 363-369 (2018).

17.  Lu, X. et al. Effective combinatorial immunotherapy for castration-resistant prostate cancer.
Nature 543, 728-732 (2017).

1216 | Nature | Vol 637 | 30 January 2025

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

Lopez-Bujanda, Z. A. et al. Castration-mediated IL-8 promotes myeloid infiltration and
prostate cancer progression. Nat. Cancer 2, 803-818 (2021).

Autio, K. A. et al. Immunomodulatory activity of a colony-stimulating factor-1 receptor
inhibitor in patients with advanced refractory breast or prostate cancer: a phase | study.
Clin. Cancer Res. 26, 5609-5620 (2020).

Siddiqui, B. A. et al. Immune and pathologic responses in patients with localized prostate
cancer who received daratumumab (anti-CD38) or edicotinib (CSF-1R inhibitor).

J. Immunother. Cancer 11, 006262 (2023).

Cheng, S. et al. A pan-cancer single-cell transcriptional atlas of tumor infiltrating myeloid
cells. Cell 184, 792-809 (2021).

Zheng, L. et al. Pan-cancer single-cell landscape of tumor-infiltrating T cells. Science
374, abe6474 (2021).

Luo, H. et al. Pan-cancer single-cell analysis reveals the heterogeneity and plasticity of
cancer-associated fibroblasts in the tumor microenvironment. Nat. Commun. 13, 6619
(2022).

Tang, F. et al. A pan-cancer single-cell panorama of human natural killer cells. Cell 186,
4235-4251(2023).

Vickman, R. E. et al. Heterogeneity of human prostate carcinoma-associated fibroblasts
implicates a role for subpopulations in myeloid cell recruitment. Prostate 80, 173-185
(2020).

Hirz, T. et al. Dissecting the immune suppressive human prostate tumor microenvironment
via integrated single-cell and spatial transcriptomic analyses. Nat. Commun. 14, 663
(2023).

Jiao, S. et al. Differences in tumor microenvironment dictate T helper lineage polarization
and response to immune checkpoint therapy. Cell 179, 1177-1190 (2019).

Kfoury, Y. et al. Human prostate cancer bone metastases have an actionable
immunosuppressive microenvironment. Cancer Cell 39, 1464-1478.e8 (2021).

He, M. X. et al. Transcriptional mediators of treatment resistance in lethal prostate cancer.
Nat. Med. 27, 426-433 (2021).

Guo, C. et al. Targeting myeloid chemotaxis to reverse prostate cancer therapy resistance.
Nature 623, 1053-1061(2023).

Ramos, R. N. et al. Tissue-resident FOLR2* macrophages associate with CD8* T cell
infiltration in human breast cancer. Cell 185, 1189-1207 (2022).

Chen, J. et al. PBMC fixation and processing for Chromium single-cell RNA sequencing.

J. Transl. Med. 16, 198 (2018).

Trovato, R. et al. Immunosuppression by monocytic myeloid-derived suppressor cells in
patients with pancreatic ductal carcinoma is orchestrated by STAT3. J Immunother Cancer
7,255 (2019).

Maire, C. L. et al. Glioma escape signature and clonal development under immune pressure.
J. Clin. Invest. 130, 5257-5271(2020).

Bi, K. et al. Tumor and immune reprogramming during immunotherapy in advanced renal
cell carcinoma. Cancer Cell 39, 649-661(2021).

Zhang, L. et al. Lineage tracking reveals dynamic relationships of T cells in colorectal
cancer. Nature 564, 268-272 (2018).

Watson, P. A. et al. Context-dependent hormone-refractory progression revealed through
characterization of a novel murine prostate cancer cell line. Cancer Res. 65, 11565-11571
(2005).

Shen, Y.-C. et al. Combining intratumoral Treg depletion with androgen deprivation
therapy (ADT): preclinical activity in the Myc-CaP model. Prostate Cancer Prostatic Dis. 21,
113-125 (2018).

Foster, B. A., Gingrich, J. R., Kwon, E. D., Madias, C. & Greenberg, N. M. Characterization

of prostatic epithelial cell lines derived from transgenic adenocarcinoma of the mouse
prostate (TRAMP) model. Cancer Res. 57, 3325-3330 (1997).

Chen, W., Bamford, R. N., Edmondson, E. F. & Waldmann, T. A. IL-15 and anti-PD-1 augment
the efficacy of agonistic intratumoral anti-CD40 in a mouse model with multiple TRAMP-C2
tumors. Clin. Cancer Res. 28, 2082-2093 (2022).

Movahedi, K. et al. Different tumor microenvironments contain functionally distinct subsets
of macrophages derived from Ly6C(high) monocytes. Cancer Res. 70, 5728-5739
(2010).

Bill, R. et al. CXCL9:SPP1 macrophage polarity identifies a network of cellular programs
that control human cancers. Science 381, 515-524 (2023).

Augustin, R. C. et al. Next steps for clinical translation of adenosine pathway inhibition in
cancer immunotherapy. J. Immunother. Cancer 10, e004089 (2022).

Vijayan, D., Young, A., Teng, M. W. L. & Smyth, M. J. Targeting immunosuppressive adenosine
in cancer. Nat. Rev. Cancer 17, 709-724 (2017).

Ohta, A. & Sitkovsky, M. Role of G-protein-coupled adenosine receptors in downregulation
of inflammation and protection from tissue damage. Nature 414, 916-920 (2001).

Ohta, A. et al. A2A adenosine receptor protects tumors from antitumor T cells. Proc. Natl
Acad. Sci. USA 103, 13132-13137 (2006).

Young, A. et al. A2AR adenosine signaling suppresses natural killer cell maturation in the
tumor microenvironment. Cancer Res. 78,1003-1016 (2018).

Sidders, B. et al. Adenosine signaling is prognostic for cancer outcome and has predictive
utility for immunotherapeutic response. Clin. Cancer Res. 26, 2176-2187 (2020).

Ferretti, E., Horenstein, A. L., Canzonetta, C., Costa, F. & Morandi, F. Canonical and
non-canonical adenosinergic pathways. Immunol. Lett. 205, 25-30 (2019).

Wang, L. et al. Myeloid cell-associated resistance to PD-1/PD-L1 blockade in urothelial
cancer revealed through bulk and single-cell RNA sequencing. Clin. Cancer Res. 27,
4287-4300 (2021).

Willingham, S. B. et al. A2AR antagonism with CPI-444 induces antitumor responses and
augments efficacy to anti-PD-(L)1 and anti-CTLA-4 in preclinical models. Cancer Immunol.
Res. 6,1136-1149 (2018).

Leone, R. D. et al. Inhibition of the adenosine A2a receptor modulates expression of

T cell coinhibitory receptors and improves effector function for enhanced checkpoint
blockade and ACT in murine cancer models. Cancer Immunol. Immunother. 67,1271-1284
(2018).

Fong, L. et al. Adenosine 2A receptor blockade as an immunotherapy for treatment-
refractory renal cell cancer. Cancer Discov. 10, 40-53 (2020).


https://doi.org/10.1038/s41586-024-08290-3

54.

55.

56.

57.

58.

59.

60.

Mittal, D. et al. Antimetastatic effects of blocking PD-1and the adenosine A2A receptor.
Cancer Res. 74, 3652-3658 (2014).

Beavis, P. A. et al. Adenosine receptor 2A blockade increases the efficacy of anti-PD-1
through enhanced antitumor T-cell responses. Cancer Immunol. Res. 3, 506-517 (2015).
LaMarche, N. M. et al. An IL-4 signalling axis in bone marrow drives pro-tumorigenic
myelopoiesis. Nature 625, 166-174 (2024).

Zhang, L. et al. Single-cell analyses inform mechanisms of myeloid-targeted therapies in
colon cancer. Cell 181, 442-459 (2020).

Masetti, M. et al. Lipid-loaded tumor-associated macrophages sustain tumor growth and
invasiveness in prostate cancer. J. Exp. Med. 219, 20210564 (2022).

Alonso-Gordoa, T. et al. A phase Il study (AARDVARC) of AZD4635 in combination with
durvalumab and cabazitaxel in patients with progressive, metastatic, castration-resistant
prostate cancer. ESMO Open 9, 103446 (2024).

Matthews, E. et al. Down-regulation of TGF-f31 production restores immunogenicity in
prostate cancer cells. Br. J. Cancer 83, 519-525 (2000).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

™ 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature | Vol 637 | 30 January 2025 | 1217


http://creativecommons.org/licenses/by/4.0/

Article

Methods

scRNA-seq of samples derived from patients with prostate cancer
Tumour tissues were obtained from baseline biopsies of patients par-
ticipatingin clinical trials for localized prostate cancer (NCT03821246),
de novo oligometastatic prostate cancer (NCT03007732) and meta-
static mCRPC (NCT03248570). Viable cryopreserved tumour tissue
samples were digested in Roswell Park Memorial Institute (RPMI)
medium containing Collagenase I and Il (0.1 mg mI™, Thermo Fisher
Scientific) and DNase I (Thermo Fisher Scientific), minced and then
subjected to 1 h digestion using the gentleMACS system (Miltenyi
Biotec). Live cellisolation was done using MACS LS columns (Miltenyi
Biotec). The 10x Genomics Chromium Controller was used to gener-
ate GEM bead emulsions using the Single Cell 5’ Library & Gel Bead Kit
(10x Genomics), followed by cDNA synthesis and amplification, and
subsequent library preparation steps using 10x Genomics kits. Library
sequencing was done by the University of California, San Francisco
(UCSF) Institute for Human Genetics core on a NovaSeq 6000 (Illu-
mina), targeting a median read depth of 150,000 reads per cell for
total gene expression libraries and 60,000 reads per cell for CITE-seq
libraries. Allantibodies were obtained from BioLegend unless otherwise
indicated. This work was done with informed consent obtained fromall
humanresearch participants, and the sample procurement and analysis
were approved by the institutional review board committees at UCSF.

Human scRNA-seq analysis

Theraw datafrom10x sequencing were processed using the Cell Ranger
pipeline (v.3, Genome build, GRCh38). The raw gene-expression matri-
ceswere subjected to processing by CellBender (v.0.1.0)® to eliminate
ambient RNAs. The filtered gene-expression matrices thenunderwent
doublet detection using the package DoubletDetection (https://doi.
org/10.5281/zenodo.2678041) with default parameters. The results
were analysed through the SCANPY pipeline®’. To ensure the reten-
tion of high-quality cells, the following filters were applied: first, cells
with less than 10% mitochondrial genes were retained; second, the
number of detected genes per cell was set between 100 and 2,500
genes; third, genes expressed in at least three cells were kept; and
finally, platelets (PF4, unique molecularidentifier (UMI) > 0), red blood
cells (HBB, UMI >1) and doublets were removed. The gene-expression
matrix was log,-transformed with the addition of 1 and normalized
t0 10,000 counts per cell, followed by highly variable gene selection
using default parameters with the SCANPY function. The resulting
matrix was corrected by regressing out total UMI counts and mito-
chondria percentage, followed by scaling to a mean of 0 and a vari-
ance of 1. Principal component analysis was performed using the top
50 principal components, followed by sample-wise batch correction
using the SCANPY-implemented Harmony®. Leiden clustering (default
resolution =1.0) and UMAP plotting were performed, with aresolu-
tion of 1.0 applied for both T cell and myeloid cell clustering. Differ-
ential expression analysis identified the top-ranked genes that were
upregulated in each individual cluster relative to the combination of
all other cells, as determined by the SCANPY function tl.rank_genes_
groups. Annotation of each unbiased population was achieved through
manual inspection of the top-ranked genes of each cluster. Analysis of
cell density on the UMAP was carried out using the SCANPY function
tl.embedding_density, and boxplots were generated to represent cell
population frequencies for each cell type. Gene scores were computed
using the SCANPY function tl.score_genes with curated gene lists pro-
vided. To calculate gene scores at the sample level, scores were com-
puted for each cell and subsequently combined at the sample level by
using the median score of cells within a given sample.

Mice
FVB/NJand C57BL/6) male mice (fromtheJacksonLaboratory) were used
in the experiments at 6-10 weeks of age. The STOCK Tg(Spp1-EGFP)

PD43Gsat/Mmucd (Spp1-EGFP)%* mouse strain was sourced from
the Mutant Mouse Resource & Research Centers at the University
of California, Davis. All mice were housed in a pathogen-free facility
under standardized environmental conditions, including a controlled
12 h:12 hlight:dark cycle, humidity of 30-70% and a temperature range
of 20-26 °C. For experiments, a total of 1 x 10° cells (murine prostate
cancer cell line MyC-CaP (CRL3255, American Type Culture Collec-
tion (ATCC)) or TRAMP-C2 (CRL-2731, ATCC)) were resuspended in
sterile PBS and transplanted subcutaneously in the right flank of either
FVB/NJ or C57BL/6) mice, respectively. The identities of MyC-CaP and
TRAMP-C2 were authenticated using the Mouse Cell STR Profiling
Service (137-XV, ATCC), and mycoplasma contamination was tested
before each injection using a mycoplasma PCR detection kit (G238,
abm). Sample size was determined using preliminary data and previ-
ous publications to ensure reproducibility of the experiment. Tumour
volume = (L x Wx W)/2 (mm?), withlength (L) and width (W) being the
longest diameter and shortest diameter, respectively. Allexperimental
procedures were approved by the Institutional Animal Care and Use
Committee at UCSF.

The model for CRPC was established by subcutaneously engraft-
ing 1 x 10° MyC-CaP cells into the right flank of male FVB/NJ mice
6-10 weeks old. When the tumour size reached 100-200 mm?®, each
mouse was injected subcutaneously with 1.875 mg degarelix (Firmagon)
in100 pl PBS, followed by a maintenance dose of 0.625 mg degarelix
in 100 pl PBS every 28-30 days to induce CRPC. The development of
CRPC was defined as a tumour volume that regressed after degarelix
treatment and then grew back to 100-200 mm?®. Subsequently, the
mice were randomized and treated with the indicated antibodies and/
orinhibitors.

Cellline culture

MyC-CaP and TRAMP-C2 cells were cultured in complete DMEM
medium comprising Dulbecco’s Modified Eagle Medium supplemented
with10% fetal bovine serum (FBS, Omega Scientific) and 1x penicillin/
streptomycin (10,000 ml streptomycin sulfate and 10,000 units ml™
penicillin G). All reagents were obtained from the UCSF Cell Culture
Facility, unless otherwise indicated.

Flow cytometric analysis
Mouse organs were collected and processed as follows. Spleens were
mechanically dissociated with FACS wash buffer (PBS supplemented
with 2% (v/v) FBSand 0.5 mM EDTA (Teknova)). Tumours were sequen-
tially digested three times with 12 ml of a cocktail of 2 mg mlI™ (w/v)
collagenase type IV and 100 Kunitz units per ml DNase I (both from
Sigma-Aldrich) for 12 min for each digest. All single-cell suspensions
were filtered using 70-pm filters (Fisher Scientific) and subjected to
red-blood-cell lysis using ACK Lysing Buffer (Quality Biological). Cells
were immunostained by incubating at 4 °C for 30 min with the fluo-
rescently labelled antibodies below (all antibodies were purchased
from BioLegend unless otherwise indicated). After staining, cells were
washed once or twice in FWB and resuspended in FWB or FWB con-
taining 1 pg ml™ propidium iodide (PI, BioLegend) to assess viability.
All flow cytometric data were acquired using an LSRFortessa X-50
flow cytometer operated with FACSDiva software (BD Biosciences).
Post-acquisition data analysis was performed using FlowJo (v.10.10.0,
Tree Star). Allantibodies used in this study are commercially available
and have been validated by the manufacturer or through published lit-
erature. Onreceipt, laboratory testing was conducted with known posi-
tive and negative controls to confirm the reliability of each antibody.
For mouse lymphoid staining, we used anti-mouse CD3-Brilliant
Ultraviolet 395 (563565, Clone 145-2C11, BD Biosciences, 1:200),
CD4-Brilliant Violet 711 (100447, GK1.5, 1:200), CD8-Brilliant Ultra-
violet 805 (612898, 53-6.7, BD Biosciences, 1:200), NK-1.1-Alexa Fluor
647 (108719, PK136,1:200), CD38-PE/Cyanine7 (102717, 90, 1:200),
CD39-Brilliant Violet 421 (567105, Y23-1185, BD Biosciences, 1:200),
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CD45-Brilliant Violet 785 (103149, 30-F11, 1:200), CD279 (PD-1)-PE/
Dazzle 594(109115, RMP1-30, 1:200) antibodies were used. For mouse
myeloid staining, anti-mouse CD11b-Brilliant Violet 605 (101257, M1/70,
1:200), CD39-Brilliant Violet 421 (567105, Y23-1185, BD Biosciences,
1:200), CD73-PE (12-0731-82, eBioTY/11.8 (TY/11.8), Invitrogen, 1:200),
CX3CRI1-PE/Cyanine7 (149015, SAO11F11, 1:200), F4/80-Alexa Fluor
647 (565853, T45-2342, BD Biosciences, 1:200), I-A/I-E-Alexa Fluor 700
(107621, M5/114.15.2,1:200), Ly-6G-APC/Cyanine7 (127623,1A8,1:200),
Podoplanin-PerCP/Cyanine5.5 (127421, 8.1.1, 1:200), Siglec-F-Brilliant
Violet421or Brilliant Ultraviolet 395 (562681 or 740280, E50-2440,BD
Biosciences, 1:200) antibodies. The relevant isotype-matched anti-
bodies (eBRG1, RTK2758, RTK4530 and SHG-1) were used as controls.

Forintracellularimmunostaining of proteins, single-cell suspensions
were labelled with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (L34957,
Invitrogen, 1:1,000) and then treated with eBioscience Foxp3/Transcrip-
tion Factor Staining Buffer Set (Invitrogen), according to the manufactur-
er’s protocol designed forintracellular (cytoplasmic) proteins. Cellswere
then stained with fluorescently labelled antibodies against anti-mouse
CD3; Brilliant Ultraviolet 395 (563565, 145-2C11, BD Biosciences, 1:200),
CD8-Brilliant Ultraviolet 805 (612898, 53-6.7, BD Biosciences, 1:200),
CD11b-Brilliant Violet 605 (101257, M1/70, 1:200), CD45-Brilliant Vio-
let 785 (103149, 30-F11,1:200), IFN-y-PE/Cy7 (505825, XMG1.2,1:100),
and TNF-a-Brilliant Violet 421 (506327, MP6-XT22,1:100). The relevant
isotype-matched antibodies (RTK2071) were used as negative controls.

Invitro co-culture of purified myeloid cells with T cells

Complete RPMI cell culture medium was made up of RPMI1640 supple-
mented with10% FBS (Omega Scientific), 1x B-mercaptoethanol (Gibco,
55 uM), 1x glutamine (29.2 g I"* L-glutamine, 200 mM), 1 mM sodium
pyruvate (11g I sodium pyruvate), 1x MEM non-essential amino acids,
1x penicillin/streptomycin (10,000 pg ml™ streptomycin sulfate and
10,000 units mI™? penicillin G). All reagents were obtained from the
UCSF Cell Culture Facility, unless otherwise indicated.

For enrichment of mouse CD8" T cells, single-cell suspensions of
spleens from CRPC-bearing mice were labelled with BD Violet pro-
liferation dye 450 (Fisher Scientific) and subsequently negatively
enriched using the MojoSort Mouse CD8 T cellisolation kit, according
to the manufacturer’s instructions. For isolation of specific myeloid
subsets, single-cell suspensions from CRPC developed in SppI-EGFP
mice were incubated with the LIVE/DEAD Fixable Aqua Dead Cell Stain
Kit (L34957, Invitrogen, 1:1,000), anti-mouse CD11b-Brilliant Violet
605 (101257, M1/70,1:200), CX3CR1-PE/Cyanine7 (149015, SAO11F11,
1:200), F4/80-Alexa Fluor 647 (565853, T45-2342, BD Biosciences,
1:200), I-A/1-E-Alexa Fluor 700 (107621, M5/114.15.2,1:200), Ly-6 G-APC/
Cyanine7 (127623,1A8,1:200), Podoplanin-PerCP/Cyanine5.5 (127421,
8.1.1,1:200) and Siglec-F-Brilliant Violet 421 (562681, BD Biosciences,
1:200) antibodies. After immunostaining, cells were washed twice in
FWB and resuspended in FWB containing 1 ug ml™ propidium iodide
to assess viability. The cells of interest were FACS-purified using BD
FACSAria Fusion operated with FACSDiva software (BD Biosciences).

To determine whether TAM cells, including SppI"™-TAMs, CX3CR1"-
TAMs and CD163"-TAMs, mediate immunosuppression, 1 x 10* CD8*
Tcells, labelled with BD Violet Proliferation Dye 450 (BDB562158, Fisher
Scientific, 1:1,000) and stimulated with 1 x 10* Dynabeads Mouse
T-Activator CD3/CD28 (Gibco) were cultured in the presence or absence
of purified myeloid subsetsatal:1,5:1or10:1ratio, respectively,in 200 pl
complete RMPI medium in round (U)-bottom 96-well plates at 37 °C,
5% CO, for 3 days. T cell proliferation was assessed by flow cytometry.

To determine whether SppI"-TAMs suppress T cell activation, 1 x 10*
CD8T cells, labelled with BD Violet Proliferation Dye 450 (Fisher Scien-
tific) and activated with 1 x 10* Dynabeads Mouse T-Activator CD3/CD28
(Gibco), were cultured with or without purified SppI"-TAMs at a1:1 ratio
in200 pl complete RMPI medium in round (U)-bottom 96-well plates
at 37 °C, 5% CO, for 3 days. The cells were subsequently restimulated
with 1x eBioscience Cell Stimulation Cocktail (plus protein transport

inhibitors, Invitrogen) for 5 h. After washing, cells were stained for
intracellularimmunostaining of proteins. T cell activation was assessed
by flow cytometry.

To determine whether SppI™-TAM-mediated T cell suppression
requires adenosine signalling, 1 x 10* CD8" T cells, labelled with BD
Violet Proliferation Dye 450 (BDB562158, Fisher Scientific,1:1,000) and
activated with1 x 10* Dynabeads Mouse T-Activator CD3/CD28 (Gibco),
were cultured with or without purified SppI"-TAMs at a1:1ratio in 200 pl
complete RMPImediuminthe presence of ciforadenant (10 pM, Corvus
Pharmaceuticals) or /nVivoMAD anti-mouse CD73 (10 pg mi™?; TY/23,
BioXCell) inround (U)-bottom 96-well plates at 37 °C, 5% CO, for 3 days.
Tcell proliferation was assessed by flow cytometry and compared with
cellstreated with the equivalent amount of DMSO or isotype-matched
control antibodies (2A3, BioXCell).

To determine whether IL-1R signalling is involved in SppI"-TAM-
mediated T cell suppression, 1x10* CD8* T cells, labelled with BD
Violet Proliferation Dye 450 (BDB562158, Fisher Scientific, 1:1,000)
and activated with 1 x 10* Dynabeads Mouse T-Activator CD3/CD28
(Gibco), were cultured with or without purified SppI"-TAMs at a1:1 ratio
in 200 pl complete RMPI medium in the presence of either purified
invivo GOLD functional grade anti-mouseIL-1R (10 pg mI™,JAMA-147) or
therelevantisotype-matched control antibody (PIP, both from Leinco
Technologies) in round (U)-bottom 96-well plates at 37 °C, 5% CO, for
3 days. T cell proliferation was assessed by flow cytometry.

Extracellular adenosine detection

SppI"-TAMs and MDSCs (both 1 x 10° cells) were isolated from the
same CRPC and platedin 250 pl complete RMPImediuminflat-bottom
48-well plates at 37 °C, 5% CO,. After 24 h, supernatants were collected
and adenosine levels were measured using an adenosine assay kit (Flu-
oreometric,ab211094, Abcam) following the manufacturer’s protocol.
Fluorescence was measured using a GluoMax plate reader (Promega;
Ex/Em =535/587 nm), and the concentration of accumulated extracel-
lular adenosine was calculated by subtracting the baseline adenosine
levels from medium without cells.

Transwell assays

Transwell assays were performed as previously reported®. In brief,
FACS-isolated SppI"-TAMs or enriched CD8" T cells labelled with BD
Violet Proliferation Dye 450 (BDB562158, Fisher Scientific, 1:1,000),
from CRPC developedin mice or their spleens respectively, were plated
intothe top or bottom chambers of Transwell plates containing 6.5 mm
cell culture inserts with 0.4 pm pore polyester membrane (CLS3379,
Corning), as depicted in Extended Data Fig. 6e. In the top chamber of
theinserts, 1x10* CD8" T cells alone or those stimulated with 1x 10*
Dynabeads Mouse T-Activator CD3/CD28 (Gibco) were plated, andinthe
bottom chamber, 6 x 10* SppI"-TAMs or 6 x 10* CD8* T cells with or with-
outanti-CD3/28 stimulation at al:1ratio were plated, each with 100 pl
or 600 pl complete RMPImedium, respectively. After 3 days of culture,
T cell proliferation in each chamber was assessed by flow cytometry.

Invivo treatment of antibodies or inhibitors

To determine whether SppI"-TAMs are resistant to CSFIR blockade,
mice were randomly divided into two groups when they developed
CRPC (tumour volume of 100-200 mm?®) and were administered intra-
peritoneally 1 mganti-mouse CSF1R (AFS98, BioXCell) or the respective
isotype-matched control (2A3, BioXCell) antibodies in 200 pl PBS.
Amaintenance dose of 0.5 mgin200 pl PBSwas given after 5 days. The
myeloid composition was analysed by flow cytometry 2 days after the
final injection.

For immune checkpoint inhibition, mice with established CRPC
(tumour volume of 100-200 mm?) were randomly divided into four
groups and subjected to intraperitoneal injection with these anti-
bodiesin200 plPBS every 3 days for atotal of three injections: 200 pg
anti-mouse CTLA-4 (24H2)® alone; 400 pg anti-mouse PD-1 (17D2)%’
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alone; a combination of anti-mouse CTLA-4 and PD-1; or the respec-
tiveIgG2a, k isotype-matched control. Tumour burden was measured
every 2-3 days after theinitial injection until it reached 750 mm?, unless
otherwise indicated.

To determine whether SppI"-TAMs contribute to resistance to ICls
invivo, mice with developed CRPC (tumour volume 0f100-200 mm?)
were randomly divided into three groups. They were administered
with: a combination of anti-mouse CTLA-4 and PD-1in 200 pul PBS
injected intraperitoneally along with intratumoral injection of 1 x 10°
SppI"-TAMs purified from digested CRPC (more than 350 mm?®) of a
mouse from the same cohortin 50 pl PBS; acombination of anti-mouse
CTLA-4 and PD-1in 200 pl PBS injected intraperitoneally along with
50 pl of PBS intratumorally; or the respective isotype-matched con-
trolantibodyin200 plPBSinjected intraperitoneally along with 50 pl
PBS intratumorally. Antibodies were administered every 3 days for a
total of three injections, and SppI™-TAMs were adoptively transferred
every 5 daysforatotal of twoinjections. Tumour growth was measured
every 2-3 days after theinitial injection until it reached 750 mm?, unless
otherwiseindicated. The lymphoid composition was analysed by flow
cytometry one day after the final injection.

Forblockade of adenosine receptors (A2ARs), mice with established
CRPC (tumour volume, 100-200 mm?) were randomly divided into
two groups. Ciforadenant (10 mg per kg, Corvus Pharmaceuticals) or
DMSO vehicle control (Sigma-Aldrich) in 200 pl of injection solution
was administered once daily through oral gavage for 10 consecutive
days. The injection solution consisted of 10% ciforadenant (or DMSO
medium) and 90% corn oil (MedchemExpress). Tumour growth was
measured every 2-3 days after the initial injection.

To determine whether A2AR blockade enhances immunotherapy
efficacy, mice with established CRPC (tumour volume, 100-200 mm?®)
were randomly divided into two groups. Ciforadenant (10 mg per kg,
Corvus Pharmaceuticals) or DMSO vehicle control (Sigma-Aldrich) in
200 pl of injection solution described above was administered once
daily by oral gavage for 10 consecutive days. Simultaneously, mice
were injected intraperitoneally with 400 pg anti-mouse PD-1 or the
respective isotype-matched control antibodies in 200 pl PBS every
3 days for a total of three injections. Tumour growth was monitored
every 2-3 days after the initial injection. The lymphoid and myeloid
compositions were analysed by flow cytometry 1-2 h after the eighth
injection of ciforadenant (1 day after the final anti-mouse PD-1 anti-
bodyinjection).

All comparisons within experiments were carried out using
age-matched mice (6-10 weeks old) engrafted with the same stock of
MyC-CaP throughout the study.

scRNA-seq of prostate cancer mouse samples

For the single-cell assessment of MyC-CaP, a cohort of FVB/NJ] mice
bearing MyC-CaP were injected subcutaneously with either degarelix
(n=3) or PBS (n=3), as described above. HSPC or CRPC tissues were
collected onreachingatumour volume of more than 350 mm?®. Tumours
were processed and single-cell suspensions were prepared as described
above. For the cell-surface protein staining, cells were incubated with
CD45.1-Brilliant Violet 510 (A20) for 30 min at 4 °C. Afterimmunostain-
ing, cells were washed twice in FWB and resuspended in FWB contain-
ing 1 pg ml™ propidium iodide for viability assessment. Cells were
then sorted into CD45" and CD45™ populations using FACSAria (BD
Biosciences). Each population was transferred into separate 75 mm
flow-cytometry tubes, centrifuged for 5 min at 250g at 4 °C and the
supernatant was discarded. Cells were then resuspended in 100 pl Fc
blocking buffer, consisting of 95 ul FWB + 5 pl of 0.5 mg ml anti-mouse
CD16/32 antibody (2.4G2, Cytek Biosciences), followed by a10-minute
incubationat4 °C.CD45" cells were subsequently stained directly with
2 pl of 0.05 mg ml™ TotalSeq-C hashtag antibodies 2, 4 and 6 (M1/42,
30-F11) without washing, for 40 min at 4 °C. All sorted populations from
eachtissue were then pooled toyield a total of 1x 10 cells and these cells

were stained with 100 pl of a cocktail of TotalSeq-C surface antibodies
(CD11c (N418),CD163 (S15049I), F4/80 (BM8) and Ly-6G (1A8), each at
a concentration of 2.5 ug ml™) for 30 min at 4 °C. After staining, cells
were washed with1 ml complete RPMI medium and filtered through a
70 pm cell strainer. Cell viability and counting were reassessed and the
volumes were adjusted for 10x chromium chip input at a concentration
0f 1.29 x 10¢ cells per ml. For scRNA-seq of TRAMP-C2, single-cell sus-
pensions wereinitially labelled with LIVE/DEAD Fixable Dead Cell Stain
Kit (Near-IR; Invitrogen) for 10 min at 4 °C. Subsequently, cells were
stained with anti-mouse CD16/32 antibody (2.4G2) and CD45-Brilliant
Violet 570 (30-F11) antibodies for 30 min onice. Afterimmunostaining,
cells were washed with FWB and sorted into CD45" and CD45™ popula-
tions usinga FACSAria2 (BD Biosciences). Each sorted population was
transferred into separate 75 mm flow-cytometry tubes, centrifuged
for5minat250gat4 °Cand the supernatant was discarded. Cells were
thenresuspended in 100 pl Fc blocking buffer as above, followed by a
10-minuteincubationat4 °C. Cells were then stained directly with 2 pl
0f 0.05 mg ml™ TotalSeq-C hashtag antibodies 1and 2 (M1/42, 30-F11) for
40 minat4 °Cwithout washing. Equal proportions of cells labelled with
hashtags were pooled together, and three individual reactions, each
containingatotal of 6 x 10* cells, were washed with 1 ml complete RPMI
mediumand filtered through a 70 um cell strainer. After reassessing cell
viability and counting, cell concentrations were adjusted t0 1.29 x 10°
cells per ml for loading into the 10x chromium chip. A 10x Genomics
chromium controller was used to create GEM bead emulsions using a
Single Cell 5’ Library & Gel Bead Kit (10x Genomics), followed by syn-
thesis and amplification of cDNA and subsequent library preparation
steps using 10x Genomicskits. The UCSF Institute for Human Genetics
core performed library sequencing on a NovaSeq 6000 (Illumina),
targeting amedian read depth of 150,000 reads per cell for total gene
expressionlibrariesand 60,000 reads per cell for CITE-seq libraries. All
antibodies were obtained from BioLegend, unless otherwise indicated.

Mouse scRNA-seq analysis

The raw data obtained from 10x sequencing were processed through
the Cell Ranger pipeline (v.5, Genome build GRCm38). Subsequent
stepsinthe analysis were the same as those used in human scRNA-seq
until batch correction using Harmony, followed by Leiden clustering
(resolution =1.0) and UMAP plotting. A resolution of 1.0 was applied
for myeloid-cell clustering. Differential expression analysis was done
toidentify the top-ranked genes upregulated in eachindividual cluster
compared with the combination of all other cells. This analysis was
done using the SCANPY function tl.rank_genes_groups. Annotation
of each population was established through manual examination of
the top-ranked genes in each cluster. To analyse cell density on the
UMAP, the SCANPY function tl.embedding_density was used. Box
plots were generated to visually represent cell population frequen-
ciesfor each cell type. Gene scores were computed using the SCANPY
function tl.score_genes with curated gene lists provided. Gene scores
were computed using the SCANPY function tl.score_genes for each
cell, using curated gene lists. To calculate similarity scores between
myeloid subsetsin humans and mice, a pseudo-bulk analysis was done
toaggregate gene-expression datafromthe cellular level to the sample
level. Z-scores were computed for each gene on the basis of cellsin a
givensample, and the mean was determined as the representative value
for the sample. We then identified the shared genes in both human
and mouse datasets, focusing on the top 50 genes within each subset.

Immunostaining and microscopy

Forimmunostaining of SPPI"-TAMs and CD4* or CD8" T cellsin human
tissues, in situ hybridization was done using RNAscope (Advanced
Cell Diagnostics, ACDBio) on FFPE sections 4 um thick from patients
with either HSPC or mCRPC (NCT03007732, NCT03248570 and
NCT02655822). Tissues were pretreated with target retrieval reagents
and protease to improve target recovery according to the RNAscope



Multiplex Fluorescent ReagentKit v.2 assay protocol (323100, ACD Bio).
Probes for human SPP1 and CD68 mRNA (420101-C2 and 560591-C4,
respectively; ACDBio) were applied at a 1:50 dilution for 2 hat 40 °C.
The probes were then hybridized with Opal 7-Color Manual IHC Kit
(NEL811001KT, PerkinElmer) for the detection of SPP1 and CD68 tran-
scripts using Opal 650 and Opal 690, respectively, at a dilution of 1:700.
Immunofluorescence staining for human CD4 (MA-12259, 4B12, Invit-
rogen) and CD8 (ab60076, YTC182.20, abcam) was then done ata1:100
dilution each. Targets were detected using Alexa Fluor 488-conjugated
donkey anti-mouse IgG secondary antibody (ab150105, abcam) at a
1:100 dilution and Alexa Fluor 555-conjugated goat anti-rabbit IgG
secondary antibody (4050-32, Southern Biotech) at a1:100 dilution.
Tissues were counterstained with 4’,6diamidino-2-phenylindole (DAPI,
ACD Bio) and mounted with ProLong Gold Antifade Mountant (P36930,
Invitrogen). Slides wereimaged at 63x magnification using a Leica SP8
X white-light laser confocal microscope (Leica Microsystems) with mul-
tiple regions of interest from each specimen slide randomly selected
for analysis. No staining was observed using negative control probes
specific for the bacterial dapB gene (321831, ACD Bio) counterstained
with Opal dyes, or with secondary antibodies alone on tonsil tissue.

Immunostaining of PD-L1 expression on EpCAM" cells and CD68*
cellsinhumantissues was done on FFPE tissue sections 4 pm thick from
responders and non-responders in clinical trial NCT02655822. This
staining was done using a Ventana DISCOVERY ULTRA automated slide
stainer and Ventana DISCOVERY ULTRA reagents (Roche Diagnostics),
according to the manufacturer’s instructions (UCSF Protocol 3612),
unless otherwise indicated. After deparaffinization, antigen retrieval
was performed with cell conditioning 1 solution for 64 min at 97 °C.
Primary antibodies for human CD68 (PG-M1; Agilent), PD-L1and EpCAM
(EIL3N and D9S3P, respectively, Cell Signaling Technology) were applied
at1:200,1:100 and 1:50 dilutions for 32 min, respectively, at 36 °C. Goat
Ig Block Ventana (760-6008) was applied for 4 min before the secondary
antibodies (OmniMap anti-Ms for the anti-CD68 antibody and OmniMap
anti-Rb for the anti-PD-L1and anti-EpCAM antibodies) were incubated
for 12 min. A stripping step between each primary was done with cell
conditioning 2 solution at 97 °C for 8 min between primary antibod-
ies. Endogenous peroxidase was inhibited using DISCOVERY Inhibitor
RUO Ventana (760-4840) for 12 min. The CD68 was visualized using
DISCOVERY Rhodamine 6G Kit Ventana (760-244), PD-L1 was visual-
ized with DISCOVERY Cy5Kit (760-238) and EpCAM was visualized with
DISCOVERY FAMKit (RUO) (760-243) for 8 min each. Finally, slides were
counterstained with spectral DAPI (FP1490, Akoya) for 8 min. Slides
were scanned using an AxioScan.Zlinawhole-slide scanner (Zeiss) with
aPlan-Apochromat20x/0.8 M27 objective lens. Images were captured
using an Orca-Flash 4.0 v.2 CMOS camera (Hamamatsu).

Immunostaining of mouse tissues was done on 5-pm acetone-fixed
cryosections following standard protocols, as previously described®®.
Sections were immunostained with the following antibodies:
anti-mouse F4/80-Alexa Fluor 647 (565853, T45-2342, BD Biosciences)
atal:200dilution, and Spp1-EGFP was amplified using chicken anti-GFP
antibody (ab13970, abcam) at a1:2,000 dilution, followed by donkey
anti-chicken IgY(IgG)-DyLight 405 (703-475-155, Jackson ImmunoRe-
search) ata1:500 dilution. After staining, slides were washed, stained
with DAPI to detect nuclei and mounted with ProLong Gold Antifade
Mountant (P36930, Invitrogen). Images were obtained on a Leica DMi8
microscope witha 63x/1.32 oil objective lensand a LeicaDFC9000 GTC
digitalmicroscope camera, with LAS X software (v.3.5.7.23225). Images
were processed using ImageJ (v.2.14.0/1.54 f) for fluorescent channel
overlays and uniform exposure adjustment.

Statistical analysis

Statistical analyses were done using Prism (v.10, GraphPad Soft-
ware). Normality was determined with the D’Agostino & Pearson or
Shapiro-Wilk tests, chosen according to sample size. Statistical sig-
nificance was determined using two-sided unpaired Student’s ¢-tests

for normally distributed data or the non-parametric Mann-Whitney
test, two-sided paired Student’s ¢t-tests, one sample ¢-tests, ordinary
one-way ANOVA with Sidak correction for normally distributed data
or the non-parametric Kruskal-Wallis test with Dunn’s correction,
ordinary two-way ANOVA with Sidak correction, simple linear regres-
sion analyses, Wilcoxon tests with Benjamini-Hochberg correction,
or log-rank tests, as indicated in the figure legends.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Thedatagenerated in this study are availablein the article and its sup-
plementary data files. The human and mouse scRNA-seq data have
been depositedinthe Gene Expression Omnibus database under acces-
sion number GSE274229. The human and mouse genome assemblies,
GRCh38 and GRCm38, were obtained from the NIH National Library of
Medicine website. Source data are provided with this paper.
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Extended DataFig.1|Single-cell analysis of prostate cancer patient
biopsiesidentifies diverse cell typesincluding multiple myeloid subsets.
(a-b) Bubble plots showing the relative expression levels of signature genes for
(a) theindicated major cell types and (b) myeloid subsets. (c-d) (c) UMAP plot
showing the enrichment scores for published FOLR2" macrophage signatures
and (d) heatmap depicting the normalized expression levels of FOLR2, SELENOP,
and SLC40AlIintheindicated myeloid subsets. (e) Representative RNAscope
images of HSPC and mCRPC patient biopsy samples. Immunostaining for

SPPI"-TAMs (SPPI; white, CD68; turquoise, and DAPI; blue) is presented. Scale
bars, 30 um. (f) Quantitative comparison of MDSC (P=0.004) and SPPI"-TAM
(P=0.34) frequency between scRNA-seq analysis versus tissue imaging. Bars
show mean + SEM; symbols represent individual patients. (g) Bubble plot
showing the relative expression levels of signature genes associated with
immunosuppression. Statistical significance was determined by (f) two-sided
paired Student’s t-tests; P-values: **P < 0.01. ns, not significant.
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Extended DataFig.2|CDS8"T cells exhibit significant exhaustioninmCRPC,
coincidingwithanotableincrease in the abundance of SPPI"-TAMs.

(a-b) UMAP plots showing (a) distinct T-cell subsets and (b) the relative expression
levels of CD4 and CD8transcripts across T cellsin human prostate cancer.
(c-d) Bubble plots depicting the relative expression levels of signature genes
for (c) theindicated T-cell subsets and (d) exhaustion states in CD4* or CD8*
Tcellsacross different disease stages, asindicated. (e-f) Quantification of
enrichmentscores for () CD8" T-cell exhaustion and (f) SPPI"-TAMs across
different disease stages, indicated by localized disease (n =13), HSPC (n =24),

and mCRPC (n=6)ingray, blue,and red, respectively. Boxes denote inter-quartile
range (IQR), whilebars denote 25%-1.5x IQRand 75% + 1.5 x IQR, with outliers
exceeding1.5xthe QR beyond lower and upper quartiles.In (e), P=0.96,0.03,
and 0.049 for localized vs. HSPC, localized vs. nCRPC, and HSPC vs. nCRPC,
respectively.In(f), P=0.51,0.16,and 0.01for localized vs. HSPC, localized vs.
mCRPC, and HSPCvs. mCRPC, respectively. (g) UMAP plots showing therelative
expression levels of CSFIR and MRCI transcripts across myeloid cellsin human
prostate cancer. Statistical significance was determined by (e, f) ordinary
one-way ANOVA with the Sidak correction; P-values: *<0.05. ns, not significant.
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Extended DataFig. 3 | Single-cell analysis of mouse prostate cancer reveals proteinlevels of F4/80,CD163, CD11c, and Ly-6G (bottom) across myeloid cells.

diverse cell typesincluding multiple myeloid subsets. (a) Bubble plot (c) Bubble plot depicting the relative expression levels of signature genes for
showing therelative expression levels of signature genes for theindicated theindicated myeloid subsets. (d) UMAP plots showing the relative expression
major cell types in mouse prostate cancer. (b) UMAP plots showing the relative levels of Csf1rand Mrc1 transcripts across myeloid cells.

expression levels of Cd68, Cd163, Itgax, and Csf3rtranscripts (top) and the
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Extended DataFig. 4 |See next page for caption.




Extended DataFig. 4 |Flow cytometry analysis of the myeloid composition
inMyC-CaP-derived HSPCand CRPC developed in SppI-EGFP mice, and
single-cell assessment of the myeloid landscapein TRAMP-C2.

(a) Experimental schematic depicting the evaluation of the myeloid compartment
in CRPC developed in SppI-EGFP mice following degarelix treatment.

(b) Representative sequential gating schemes for evaluation of the indicated
myeloid subsets in mice bearing CRPC. Theinitial plotis pre-gated onlive,
singlet, myeloid (CD11b") cells. Sequential gating isindicated by arrows.

(c-d) Quantification of the (c) number and (d) frequency of the indicated myeloid
subsets from MyC-CaP engrafted into mice treated with degarelix (CRPC; red;
n=10) or PBS control (HSPC;blue;n=8).In(c),P=0.70,0.02,0.36,0.02,and
0.84 for eosinophil, MDSC, CD163"-TAM, CX3CR1"-TAM, and SppI"-TAM,
respectively.In(d), P=0.11,0.02,0.70, 0.049, and 0.01 for eosinophil, MDSC,
CD163"-TAM, CX3CR1"-TAM, and SppI"-TAM, respectively. Barsrepresent the
mean +SEM from 4 independent experiments; symbols represent individual
mice from each experiment. (e-f) (e) Representative flow cytometry plots and
(f) quantification of cell surface CX3CR1 (left) or intracellular SppI (right)
expression levels of the indicated macrophage subsets from CRPC (n =11).
Isotype control stains arein gray. In (f), P< 0.001 for all comparisons, except for
SppI-EGFP MFlbetween CD163"-TAM and SppI"-TAM, where P= 0.002. Bars
representthe mean + SEM from thesame experimentsasin(c, d); symbolsrepresent
individual mice from each experiment. (g) Bubble plot showing the relative
expression levels of signature genes associated withimmunosuppression.

(h) Experimental schematic depicting 10x Genomics 5’ scRNA-seqonimmune
(CD45%) and non-immune (CD45) cells isolated from mice subcutaneously

engrafted with mouse prostate cancer, TRAMP-C2, followed by treatment
with anti-PD-1or isotype antibodies. (i) Graph shows the cumulative growth
of TRAMP-C2 engrafted into healthy wild-type mice, where blue and gray
represent groups treated with anti-PD-1antibody (n = 6) and isotype antibody
(n=23), respectively. Symbols represent mean +/- SEM from 2 independent
experiments. (j) UMAP plots showing major cell types (left) and distinct myeloid
subsets (right) in TRAMP-C2. (k-1) Quantification of (k) signature scores for
SPP1"-TAMs across macrophages and monocytes (n=9,460 cells) and (1) the
frequency of Spp1"-TAMs in TRAMP-C2 engrafted in mice treated with either
anti-PD-1orisotype control antibodies. In (k), P < 0.001for all comparisons
between SppI"-TAMvs. eachindicated subset. Boxes denote IQR, while bars
denote 25%-1.5xIQRand 75% +1.5x IQR, with outliers exceeding 1.5 x the IQR
beyond lower and upper quartiles. In (I), bars show mean + SEM; symbols
representindividual mice (P=0.93). Thered lineindicates the median score
of Spp1"-TAMs. (m-n) (m) UMAP and (n) bar plots showing the quantification
of immunosuppression gene signature scores among macrophages and
monocytesin TRAMP-C2 (n=9,460 cells). In (n), P<0.001for all comparisons
between SppI"-TAM vs. eachindicated subset. Boxes denote IQR, while bars
denote 25%-1.5xIQRand 75% +1.5x IQR, with outliers exceeding 1.5 x the IQR
beyondlower and upper quartiles. The red line indicates the median score of
Spp1"-TAMs. Statistical significance was determined by (c, d, I) two-sided
unpaired Student’s t-tests, (f) repeated measures one-way ANOVA with the
Sidak correction, (i) alog-rank test, and (k, n) Kruskal-Wallis tests with the
Dunn’s correction; P-values: *<0.05, **P < 0.01, ***<0.001. ns, not significant.
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Extended DataFig. 5|See next page for caption.




Extended DataFig. 5| Functional assays demonstrating theimmune
suppressive activity of myeloid cellsin CRPC, and asignificantincreasein
exhausted CD8' T cells following the transfer of Spp1"-TAMs combined
with CTLA-4 and PD-1blockade in vivo. (a) Representative flow cytometry
plots showing the purity of each myeloid subset after FACS sorting. Myeloid
subsets were gated based on the strategy shown at the top, with sequential
gatingstrategies indicated by arrows. (b) Quantification of the frequency of
proliferating CD8" T cells 3 days after co-culture with either MDSC (P=0.04) or
CX3CRI"-TAMs (P=0.03and 0.14 for E:T =1:1and 1:5, respectively) FACS-isolated
from CRPCattheindicated ratios. Results were normalized to cultures with
activated T cells alone. Bars show the mean + SEM from 4 independent
experiments, eachindicated by adistinct color; symbols represent averages of
2-3technical replicate wells. Red lines indicate the normalized mean frequency

ofactivated CD8" T cells cultured alone. (c) Representative flow cytometry
plotsshowingadecreaseinthe frequency of polyfunctional (IFN-y'TNF-a)
CD8* T cells 3 days after co-culture with SppI"-TAMs at al:1ratio from the same
experimentsasinFig.3e. (d) Graph depicting the cumulative growth of CRPC
following treatment with anti-CTLA-4 +/- anti-PD-1antibodies (P=0.33,0.49,
and 0.04 forisotype vs. anti-CTLA-4, anti-PD-1, and anti-CTLA-4 + anti-PD-1,
respectively). (e) Representative flow cytometry plots showing anincreased
frequency of exhausted (CD38'PD-1") CD8' T cells following the transfer of
SppI"-TAMs in combination with anti-CTLA-4 and anti-PD-1antibodies, from
the same experiments as in Fig. 3i. Statistical significance was determined by
(b) onesample t-tests, and (d) log-rank tests; P-values: *<0.05, ***<0.001. ns, not
significant.
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Extended DataFig. 6 | Evaluation ofgenesignaturesrelated to adenosine
signaling pathways across multiple cell types, including SPPI"-TAMs, in
human and mouse prostate cancers, and functional validation of therole
of soluble factorsin SPPI"-TAM-mediated immunosuppression. (a) UMAP
plots showing enrichmentscores for the “Hypoxia” gene signatures across
myeloid cellsinbothhuman and mouse prostate cancers. (b) Heatmaps depicting
the normalized expression levels of ADORA2A and ADORA2B transcriptsin the
indicated CD8" T cells and NK cells across different disease stages in patients.
(c) UMAP plots showing enrichment scores for the “Adenosine Signaling Sig”
genesignatures across myeloid cellsin both human and mouse prostate cancers.
(d) Plots depict the correlations between enrichment scores for the gene
signatures “cDC1” (left) or “EEFIAI"-TAMs” (right) and enrichment scores for
“Adenosine Signaling Sig” across different disease stagesin patient samples.
Localized disease, HSPC,and mCRPC arein gray, blue, and red, respectively.
Thebest-fitlinesare displayed, and individual patient samples are represented
by circles. (e) Schematicillustration of transwell assays in which CD8* T cells,
with or without a-CD3/28 stimulation, are cultured in the presence or absence
of FACS-isolated SppI"-TAMs in opposite chambers to determine whether
SppI"-TAMs suppress T-cell proliferation via soluble factors. (f) Quantification

of T-cell proliferationin the red-indicated chamber 3 days after culture initiation
(P=0.02,0.002,and <0.001for comparisons between the left vs. middle,
middlevs.right, and left vs. right, respectively, as showninthe schematicin (e)).
Results were normalized to the proliferation of activated T cells cultured alone
inthe top chamber of the inserts within each experiment. Bars show the

mean +SEM from 3independent experiments, eachindicated by adistinct
color; symbolsrepresent averages of 2-3 technical replicate wells. Red lines
indicate the normalized mean of activated CD8" T cells cultured alone. (g) UMAP
plotshowingenrichmentscores for the “Adenosine Signaling Sig” gene signatures
across major cell types in patients. (h) Heatmap depicting the normalized
expression levels of ENTPDI, NTSE, and CD38transcriptsin the indicated major
celltypesin patients. (i) Heatmaps depicting the normalized expression levels
of CD38transcriptsin the indicated myeloid subsets bothin humansand mice.
(j) Heatmaps depicting the normalized expression levels of ENTPDI and NTSE
transcriptsintheindicated tumor-associated macrophages across different
disease stagesin patients. Statistical significance was determined by (d) simple
linear regression analyses, and (f) arepeated measures one-way ANOVA with
the Sidak correction; P-values: *<0.05,**P < 0.01, ***<0.001. ns, not significant.
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Extended DataFig.7| Assessment of CD39 and CD73 levelsin SppI"-TAMsin
mouse prostate cancer, and investigation of the role of the IL-1R pathway in
immunosuppression mediated by SPPI"-TAMs both in humans and mice.
(a) Heatmap depicting the normalized expression levels of Entpdl and NtSe
transcriptsintheindicated tumor-associated macrophages and monocytes
across different disease stagesin mice. (b-c) (b) Representative flow cytometry
plotsand (c) quantification of fold changes in the levels of cell surface CD73
expressed on SppI™-TAMs from CRPC relative to HSPC. HSPC, CRPC, and
isotype control stains areshadedinblue, red, and gray, respectively in (b).
In(c), P=0.35,0.01, and 0.01 for CD163"-TAM, CX3CR1"-TAM, and SppI"-TAM,
respectively. Barsrepresent the mean + SEM from 4 independent experiments,
eachindicated by adistinct color; symbolsrepresentindividual mice fromeach
experiment. Thered lineindicates afold change of 1. (d) Pathways associated
withinflammation, significantly enriched in SPPI"-TAMs compared to other
myeloid cellsinboth human (red) and mouse (gray) prostate cancers, were
identified using the Enrichr bioinformatics tool with GO Biological Process
2023 gene sets. (e) UMAP plots showing enrichment scores for the “Tumor-
promoting Inflammation” gene signatures across myeloid cellsinboth human

and mouse prostate cancers. (f) Plot depicting the correlation between
enrichment scores for the gene signatures “SPPI"-TAMs” and enrichment scores
for “Tumor-promoting Inflammation Sig” across different disease stagesin
patientsamples. Localized disease, HSPC,and mCRPCareingray, blue, and red,
respectively. The best-fitlineis displayed, and individual patient samples are
represented by circles. (g) Bar plots showing decreased suppression of activated
splenic CD8" T cells when co-cultured with SppI"-TAMs in the presence of an
anti-IL-IR antibody (10 pg/ml) compared toisotype-treated cultures (P=0.01).
Barsshow mean + SEM from 3independent experiments, eachindicated bya
distinct color; symbolsrepresent averages of 2-3 technical replicate wells.

(h) Bar plots showing the percentage change in suppression of activated splenic
CD8' T cells mediated by SppI"-TAMs in the presence of either ciforadenant
(aA2ARinhibitor; 10 pM), anti-IL-IR antibody, or acombination of both. Bars
showmean - SEM from 3 independent experiments, eachiindicated by adistinct
color; symbolsrepresent averages of 2-3 technical replicate wells. Statistical
significance was determined by (c, g) two-sided one sample t-tests, (d) Fisher’s
exacttestsor the hypergeometric tests with the Benjamini-Hochberg correction,
and (f) simplelinear regression analysis; P-values: *<0.05. ns, not significant.
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Extended DataFig. 8| Evaluation of the lymphoid and myeloid compartments
in CRPCtreated with ciforadenant or DMSO control. (a) Quantification of
the frequency (left) ornumber (right) of CD8" T cellsin CRPC developed in mice
treated with ciforadenant (10 mg/kg; n = 6) or DMSO vehicle control (n = 5) from
the same experiments asin Fig. 5b. (b-c) (b) Representative flow cytometry plots
and (c) quantification of the frequency of CD8" T cells exhibiting exhaustion
states (CD38'PD-1") from the same experiments as in Fig. 5b (P = 0.01).

(d) Quantification ofthe number of the indicated major myeloid subsets from
thesame experiments asin Fig. 5b. (e) Representative immunofluorescent
images of SppI"-TAMs in CRPC developed in either SppI-EGFP negative (left)

or positive mice treated with either DMSO (middle) or ciforadenant (right).
Immunostaining for F4/80 (turquoise), SppI (magenta), and DAPI (blue) is shown.
Scalebars,10 pm. White arrows indicate SppI"-TAMs. (f) Quantification of the

SPP1"-TAM enrichment score

frequency of SppI"-TAMs in CRPC developed in mice treated with ciforadenant
or DMSO vehicle control (P < 0.001). (g) Quantification of the number of the
indicated macrophage subsetsin CRPC developed in mice treated with
ciforadenant or DMSO vehicle control from the same experiments as in Fig. 5b.
(h) UMAP plot showing enrichment scores for the “AdenoSig” gene signatures
across myeloid cellsin human prostate cancer. (i) Plot depicts the correlations
between enrichment scores for the gene signatures “SPPI"-TAMs” and “AdenoSig”
in patientsamples. Localized disease, HSPC,and mCRPC arein gray, blue, and
red, respectively. The best-fitlineis displayed, and individual patient samples
arerepresented by circles. Bars represent the mean + SEM throughout this
figure; symbols representindividual mice. Statistical significance was
determinedby (a, c,d, f,g) two-sided unpaired Student’s t-tests, and (i) asimple
linear regression analysis; P-values: *<0.05, ***<0.001. ns, not significant.
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Extended DataFig.9|Assessment of lymphoid and myeloid compartments
in CRPCfollowing treatment with ciforadenant +/-anti-PD-1antibody.
(a-b) (a) Representative flow cytometry plots and (b) quantification showing an
increasein the frequency of polyfunctional (IFN-y*'TNF-a) CD8" T cells following
ciforadenant treatment with or without anti-PD-1antibody, from the same
experimentsasinFig. 5j. (c-d) Quantification of the frequency of (c) CD4" T cells,
CD8" T cells, NK cells, and (d) SppI"-TAMs in CRPC developed in SppI-EGFP mice
treated with ciforadenant +/-anti-PD-1antibody. Treatment groups areindicated
asfollows: DMSO +isotype antibody (gray; n=3), DMSO +anti-PD-1antibody

(blue; n=2), ciforadenant +isotype antibody (olive green; n =3), and ciforadenant +
anti-PD-1antibody (red; n =3) (P=0.049,0.03, and 0.99 for comparisons
between DMSO +isotype vs. ciforadenant +isotype, DMSO +isotype vs.
ciforadenant +anti-PD-1, and ciforadenant +isotype vs. ciforadenant + anti-PD-1,
respectively). Bars represent the mean + SEM throughout this figure; symbols
representindividual mice. Statistical significance was determined by (d)
ordinary one-way ANOVA with the Sidak correction; P-values: *<0.05. ns, not
significant.



Median Age (years) 68.0 le()(r:l:dﬁ;am leoradena?rt1 :Zﬁt)ezollzumab
Median Prior Treatments (range) 3.0 (1-6)
Androgen blockade 13/35 (37%) . AnyGrade  Grade3/4 [ AnyGrade — Grade 3/4
Fatigue 3(27.3) 1(9.1) 10 (41.7) 0
Chemotherapy 1/35 (3%) Nausea 3(273) 0 3(125) 0
And blockade and chemoth 21 9 ) ’
ndrogen blockade and chemotherapy 135 (60%) Anermia 1(01) 0 3(125) 142)
Metastasis Burden Pruritus 1(9.1) 0 2(8.3) 0
Node only 13/35 (37%) Arthralgia 0 0 5(20.8) 0
Visceral only 3/35 (9%) Back pain 0 0 2(8.3) 0
Node and bone 4135 (11%) Chills 0 0 2(83) 0
Bone and/or node and visceral 15/35 (43%) Headache 0 0 3(12.5) 0
Prior Anti-PD-(L)1 Exposure Myalgia 0 0 2(83) 0
) o Pyrexia 0 0 2(8.3) 0
Naive 33/35 (94%) 2(83
Resistant/refractory 1135 (3%) Rash 0 0 (8.3) 0
Missing 1/35 (3%) At least 5% of any grade
in any treatment
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Extended DataFig.10|Clinical characteristics of the trial evaluating EpCAM (green), PD-L1(magenta), CD68 (yellow), and DAPI (blue) is presented.
adenosinereceptor blockade with ciforadenant +/- PD-L1blockade using Scalebars, 200 um. (d) Representative images of SPPI"-TAMs in the same samples

atezolizumabinmCRPCpatients, and assessmentofbiopsiesfromresponders  asin (c). Immunostaining for CD4 (red), CD8 (light green), SPPI1 transcripts
and non-responders. (a) Patient characteristics fromthe clinical trialasshown  (white), CD68transcripts (turquoise), and DAPI (blue) is presented. Scalebars,
inFig. Sk. (b) Treatment emergent adverse effects observedin the patients. 30 pm. (c) and (d) represent data from oneresponder and two non-responders,
(c) Representativeimmunofluorescentimages of baseline biopsy samples which were the only samples available from this trial.

fromresponders and non-respondersin the clinical trial. Immunostaining for
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Extended Data Table 1| Details of prior treatments and genomic testing results for responders from the clinical trial
evaluating ciforadenant and atezolizumab

Combination 71 ABIRATERONE/PREDNISONE, BICALUTAMIDE, OLAPARIB, SIPULEUCEL-T

Combination 68 ABIRATERONE, PREDNISONE MSS, TMPRS-ERG fusion
Combination 68 ABIRATERONE/PREDNISONE, ASN007, CABAZITAXEL, CARBOPLATIN, DOCETAXEL, ENZALUTAMIDE| MSS, TMB 3, BRAF-K601, TMPRS-ERG fusion
Single Agnet 73 CABAZITAXEL, DOCETAXEL, ABIRATERONE/PREDNISONE

Combination 81 ABIRATERONE/PREDNISONE, ENZALUTAMIDE

Combination 68 ENZALUTAMIDE
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X []

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

O OOX O O [0C

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

X X X
OO0 O

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  single-cell RNA-sequencing (a droplet-based 5’ 10x Genomics platform), flow cytometry: BD FACSDiva (multiple versions due to software
updates)

Data analysis flow cytometry: FlowJo (Tree Star, Inc.; v10, multiple versions due to software updates )
scRNA-seq: Cell Ranger pipeline (v3 for human samples and v5 for mouse samples), CellBender (v0.1.0), DoubletDetection (10.5281/
zenodo.2678041), SCANPY packages (multiple versions due to software updates for each) including Harmony, Leiden, tl.rank_genes_group,
tl.embedding_density, tl.score_genes, and Enrichr (https://maayanlab.cloud/Enrichr/)
statistical testing: Prism (GraphPad Software; v10, multiple versions due to software updates)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data generated in this study are available within the article and its supplementary data files, and source data are provided with this paper. The human and
mouse scRNA-seq data analyzed in this study have been deposited in the Gene Expression Omnibus (GEQO) database under accession number GSE274229. The
human and mouse genome assemblies, GRCh38 and GRCm38, were obtained from the National Institutes of Health (NIH) National Library of Medicine website.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Prostate cancer occurs only in individuals with male sex.

Reporting on race, ethnicity, or The researchers are not reporting on race, ethnicity, or other socially relevant groupings.
other socially relevant

groupings

Population characteristics The patients accrued to the clinical studies had the diagnosis of prostate cancer. Covariates include disease burden and prior
lines of therapy for their prostate cancer.

Recruitment De-identified primary patient samples were obtained from University of California San Francisco (UCSF).

Ethics oversight Sample procurement and analysis were approved by the institutional review board committees at UCSF.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We performed a minimum of 2-3 experiments for each in vitro or in vivo study. The number of experiments was chosen based on our
previous publications, including Pai et al., Immunity, to ensure experiment reproducibility. Moreover we considered relevant literature to
confirm the proper utilization of materials, such as antibodies.

Data exclusions  No data were excluded from the analyses.

Replication At least 2-3 successful independent biological replications were carried out for each experiment.

Randomization  We utilized age-matched FVB/NJ or Tg(Spp1-EGFP)PD43Gsat/Mmucd (Spp1-EGFP) male mice for the engraftment of MyC-CaP cells,
controlling for variations in mouse background and age. Once CRPC was established, the mice were randomly divided into experimental and
control groups. We utilized age-matched C57BL/6) male mice for the engraftment of TRAMP-C2 cells, controlling for variations in mouse
background and age. Once tumor was established, the mice were randomly divided into experimental and control groups.

Patients were screened within oncology clinics at the different institutions and were consented to the clinical study if they met the inclusion

criteria. Patients were sequentially accrued onto the ciforadenant monotherapy group and then onto the ciforadenant + atezolizumab group.

Blinding The investigators were blinded to group allocation during data collection and data analysis.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X |[ ] chip-seq
Eukaryotic cell lines D E Flow cytometry
Palaeontology and archaeology E D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used For mouse lymphoid staining, anti-mouse CD3-Brilliant Ultraviolet 395 (Cat #: 563565; Clone: 145-2C11; BD Biosciences; 1:200), CD4-
Brilliant Violet 711 (100447; GK1.5; 1:200), CD8-Brilliant Ultraviolet 805 (612898; 53-6.7; BD Biosciences; 1:200), NK-1.1-Alexa Fluor
647 (108719; PK136;1:200), CD38-PE/Cyanine? (102717; 90; 1:200), CD39-Brilliant Violet 421 (567105; Y23-1185; BD Biosciences;
1:200), CD45-Brilliant Violet 785 (103149; 30-F11; 1:200), CD279 (PD-1)-PE/Dazzle 594(109115; RMP1-30; 1:200) antibodies were
used. For mouse myeloid staining, anti-mouse CD11b-Brilliant Violet 605 (101257; M1/70; 1:200), CD39-Brilliant Violet 421 (567105;
¥23-1185; BD Biosciences; 1:200), CD73-PE (12-0731-82; eBioTY/11.8 (TY/11.8); Invitrogen; 1:200), CX3CR1-PE/Cyanine7 (149015;
SA011F11; 1:200), F4/80-Alexa Fluor 647 (565853; T45-2342; BD Biosciences; 1:200), I-A/I-E-Alexa Fluor 700 (107621; M5/114.15.2;
1:200), Ly-6G-APC/Cyanine7 (127623; 1A8; 1:200), Podoplanin-PerCP/Cyanine5.5 (127421; 8.1.1; 1:200), Siglec-F-Brilliant Violet 421
or Brilliant Ultraviolet 395 (562681 or 740280; E50-2440; BD Biosciences; 1:200) antibodies were used. The relevant isotype
antibodies (eBRG1, RTK2758, RTK4530 and SHG-1) were used as controls.
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For intracellular immunostaining of proteins, single-cell suspensions were labeled with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(L34957; Invitrogen; 1:1000) and then treated with eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set (Invitrogen)
according to the manufacturer’s protocol designed for intracellular (cytoplasmic) proteins. Cells were then stained with fluorescently
labeled antibodies against anti-mouse CD3-Brilliant Ultraviolet 395 (563565; 145-2C11; BD Biosciences; 1:200), CD8-Brilliant
Ultraviolet 805 (612898; 53-6.7; BD Biosciences; 1:200), CD11b-Brilliant Violet 605 (101257; M1/70; 1:200), CD45-Brilliant Violet 785
(103149; 30-F11; 1:200), IFN-y-PE/Cy7 (505825; XMG1.2; 1:100), and TNF-a-Brilliant Violet 421 (506327; MP6-XT22; 1:100)
antibodies. The relevant isotype antibodies (RTK2071) were used as negative controls.

For immunostaining of SPP1hi-TAMs and CD4+ or CD8+ T cells in human tissues, in situ hybridization was performed using RNAscope
(Advanced Cell Diagnostics, Inc; ACDBio) on 4 um thick FFPE sections from patients with either HSPC or mCRPC (NCT03007732,
NCT03248570, and NCT02655822). Tissues were pre-treated with target retrieval reagents and protease to improve target recovery
according to the RNAscope Multiplex Fluorescent Reagent Kit v2 Assay protocol (323100; ACD Bio). Probes for human SPP1 and CD68
MRNA (420101-C2 and 560591-C4, respectively; ACDBio,) were applied at a 1:50 dilution for 2 hours at 40°C. The probes were then
hybridized with Opal 7-Color Manual IHC Kit (NEL811001KT; PerkinElmer) for the detection of SPP1 and CD68 transcripts using Opal
650 and Opal 690, respectively, at a 1:700 dilution. Immunofluorescence staining for human CD4 (MA-12259; 4B12; Invitrogen) and
CD8 (ab60076; YTC182.20; abcam) was then carried out at a 1:100 dilution each. Targets were detected using Alexa Fluor 488-
conjugated donkey anti-mouse 1gG secondary antibody (ab150105; abcam) at a 1:100 dilution and Alexa Fluor 555-conjugated goat
anti-rabbit IgG secondary antibody (4050-32; Southern Biotech) at a 1:100 dilution. Tissues were counterstained with
4’,6diamidino-2-phenylindole (DAPI; ACD Bio) and mounted with ProLong Gold Antifade Mountant (P36930; Invitrogen). Slides were
imaged at 63X magnification using a Leica SP8 X white light laser confocal microscope (Leica Microsystems), with multiple regions of
interest from each specimen slide randomly selected for analysis. No staining was observed using negative control probes specific for
the bacterial DapB gene (321831; ACD Bio) counterstained with Opal dyes, or with secondary antibodies alone on tonsil tissue.

Immunostaining of PD-L1 expression on EpCAM+ cells and CD68+ cells in human tissues was performed on 4 um thick FFPE tissue
sections from responders and non-responders in trial NCT02655822. This staining was conducted using a Ventana DISCOVERY ULTRA
automated slide stainer and Ventana DISCOVERY ULTRA reagents (Roche Diagnostics), according to the manufacturer’s instructions
(UCSF Protocol 3612), unless otherwise indicated. After deparaffinization, antigen retrieval was performed with Cell Conditioning 1
(CC1) solution for 64 minutes at 97°C. Primary antibodies for human CD68 (PG-M1; Agilent), PD-L1 and EpCAM (E1L3N and D9S3P,
respectively; Cell Signaling Technology) were applied at 1:200, 1:100, and 1:50 dilutions for 32 mins, respectively, at 36°C. Goat Ig
Block Ventana (760-6008) was applied for 4 minutes before the secondary antibodies (OmniMap anti-Ms for the anti-CD68 antibody
and OmniMap anti-Rb for the anti-PD-L1 and anti-EpCAM antibodies) were incubated for 12 minutes. A stripping step between each
primary was performed with Cell Conditioning 2 (CC2) solution at 97°C for 8 minutes between primary antibodies. Endogenous
peroxidase was inhibited using DISCOVERY Inhibitor RUO Ventana (760-4840) for 12 minutes. The CD68 was visualized using
DISCOVERY Rhodamine 6G Kit Ventana (760-244), PD-L1 was visualized with DISCOVERY Cy5 Kit (760-238), and EpCAM was visualized
with DISCOVERY FAM Kit (RUO) (760-243) for 8 minutes each. Finally, slides were counterstained with Spectral DAPI (FP1490; Akoya)
for 8 minutes. Slides were scanned using an AxioScan.Z1 in a whole slide scanner (Zeiss) with a Plan-Apochromat 20x/0.8 M27
objective. Images were captured using an Orca-Flash 4.0 v2 CMOS camera (Hamamatsu).

Immunostaining of mouse tissues was performed on 5 um acetone-fixed cryosections following standard protocols as previously
described68. Sections were immunostained with the following antibodies: anti-mouse F4/80-Alexa Fluor 647 (565853; T45-2342, BD
Biosciences) at a 1:200 dilution, and Spp1-EGFP was amplified using chicken anti-GFP antibody (ab13970, abcam) at a 1:2000
dilution, followed by donkey anti-chicken IgY(IgG)-DyLight 405 (703-475-155, Jackson ImmunoResearch) at a 1:500 dilution. The
relevant isotype antibodies (Poly29108, BioLegend) were used as controls. After staining, slides were washed, stained with DAPI to
detect nuclei, and mounted with ProLong Gold Antifade Mountant (P36930; Invitrogen). Images were obtained on a Leica DMi8
microscope with a 63x/1.32 oil objective and a Leica DFC9000 GTC digital microscope camera, with LAS X software (v3.5.7.23225).
Images were processed using ImageJ (v2.14.0/1.54f) for fluorescent channel overlays and uniform exposure adjustment.
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Validation All antibodies used in this study are commercially available and have been validated by the manufacturer (BioLegend, BD
Biosciences, abcam, and Invitrogen) or through published literature (Lyu et al., 2020, Blood, Lyu et al., 2023, Nat Commun, and
Arias-Badia et al., 2024, Front Immunol). Upon receipt, laboratory testing was conducted with known positive and negative controls,
such as tonsil tissues, to confirm the reliability of each antibody.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MyC-CaP and TRAMP-C2, sourced from ATCC, are epithelial-like cell lines isolated from the prostate of male mice with
prostate cancer.

Authentication Our MyC-CaP and TRAMP-C2 stocks were authenticated using the ATCC mouse STR Profile, confirming that "The submitted
sample profile is an exact match for the following ATCC cell line(s) in the ATCC mouse STR database: CRL-3255 (MyC-CaP),
CRL-2731 (TRAMP-C2)"
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Mycoplasma contamination We verified the absence of mycoplasma contamination prior to each engraftment.

Commonly misidentified lines  n/A
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For engraftment of MyC-CaP cells, FVB/NJ and Tg(Spp1-EGFP)PD43Gsat/Mmucd (Spp1-EGFP) mouse strains were used. These mice
were 6-10 weeks of age.
For engraftment of TRAMP-C2 cells, C57BL/6J mice were used. These mice were 6-10 weeks of age.

Wild animals No wild animals were used in this study.
Reporting on sex This study does not make any conclusions reporting on sex.
Field-collected samples  No field-collected samples were used in this study..

Ethics oversight All experimental procedures were approved by the Institutional Animal Care and Use Committee at UCSF.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration NCT02655822

Study protocol Details of the clinical protocol were included in a prior report: https://pubmed.ncbi.nlm.nih.gov/31732494/
Data collection Details on data collection were included in a prior report: https://ascopubs.org/doi/10.1200/JC0.2020.38.6_suppl.129
Outcomes PSA and RECIST responses were pre-defined secondary endpoint.
Plants
Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A
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Flow Cytometry

Plots

Confirm that:

E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Organs were harvested and processed as follows: Spleens were mechanically dissociated with FACS wash buffer (FWB: PBS
supplemented with 2% (v/v) FBS and 0.5 mM EDTA (Teknova). Tumors were sequentially digested 3 times with 12 ml of a
cocktail of 2 mg/ml (w/v) Collagenase Type IV and 100 Kunitz U/ml DNase | (both from Sigma-Aldrich) for 12 minutes per
digest. All single-cell suspensions were filtered using 70 um filters (Fisher Scientific) and subjected to red blood cell lysis using
ACK Lysing Buffer (Quality Biological). Cells were immunostained by incubating at 4°C for 30 minutes with fluorescently
labeled antibodies below (all antibodies were purchased from BioLegend, unless otherwise indicated). After staining, cells
were washed 1-2 times in FWB and resuspended in FWB or FWB containing 1 ug/ml propidium iodide (PI; BioLegend) to
assess viability.

LSRFortessa X-50, BD FACSAria Fusion flow cytometers
BD FACSDiva for collection, Tree Star FlowJo for analysis

For enrichment of mouse CD8+ T cells, single-cell suspensions of spleens from CRPC-bearing mice were labeled with BD
Violet Proliferation Dye 450 (Fisher Scientific) and subsequently negatively enriched using the MojoSort™ Mouse CD8 T Cell
Isolation Kit, according to the manufacturer’s instructions. For isolation of specific myeloid subsets, single-cell suspensions
from CRPC developed in Spp1-EGFP mice were incubated with LIVE/DEAD Fixable Dead Cell Stain Kit (Aqua), anti-mouse
CD11b-Brilliant Violet 605 (M1/70), CX3CR1-PE/Cyanine7 (SA0O11F11), F4/80-Alexa Fluor 647 (T45-2342; BD Biosciences), I-A/
|-E-Alexa Fluor 700 (M5/114.15.2), Ly-6G-APC/Cyanine7 (1A8), Podoplanin-PerCP/Cyanine5.5 (8.1.1), and Siglec-F-Brilliant
Violet 421 (BD Biosciences) antibodies. Following immunostaining, cells were washed twice in FWB and resuspended in FWB
containing 1 pug/ml propidium iodide to assess viability. The cells of interest were FACS-purified using BD FACSAria Fusion (BD
Biosciences).

Cells were initially gated based on size (FSC/SSC), followed by size (FSC) to exclude cell doublets. Live cells were then gated
based on viability dye before analysis for cellular markers, as shown in the Extended Data Figures.

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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