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Targeting IRE1α reprograms the tumor
microenvironment and enhances anti-tumor
immunity in prostate cancer

Bilal Unal1,2, Omer Faruk Kuzu1,2, Yang Jin1, Daniel Osorio3, Wanja Kildal 2,
Manohar Pradhan2, Sonia H. Y. Kung 4, Htoo Zarni Oo 4, Mads Daugaard 4,
Mikkel Vendelbo5, John B. Patterson6, Martin Kristian Thomsen 7,
Marieke Lydia Kuijjer 3,8,9 & Fahri Saatcioglu 1,2

Unfolded protein response (UPR) is a central stress response pathway that is
hijacked by tumor cells for their survival. Here, we find that IRE1α signaling,
one of the canonical UPR arms, is increased in prostate cancer (PCa) patient
tumors. Genetic or small molecule inhibition of IRE1α in syngeneic mouse PCa
models and an orthotopic model decreases tumor growth. IRE1α ablation in
cancer cells potentiates interferon responses and activates immune system
related pathways in the tumor microenvironment (TME). Single-cell RNA-
sequencing analysis reveals that targeting IRE1α in cancer cells reduces tumor-
associated macrophage abundance. Consistently, the small molecule IRE1α
inhibitor MKC8866, currently in clinical trials, reprograms the TME and
enhances anti-PD-1 therapy. Our findings show that IRE1α signaling not only
promotes cancer cell growth and survival but also interferes with anti-tumor
immunity in the TME. Thus, targeting IRE1α can be a promising approach for
improving anti-PD-1 immunotherapy in PCa.

The endoplasmic reticulum (ER) is the largest organelle in the cell. It is
themajor site for proper protein folding, processing and trafficking of
membrane-bound and secreted proteins. In addition, ER is the major
site for Ca2+ storage and functions as a stress sensor responding to
increased demand for protein production and folding under both
physiological and pathological conditions. ER stress initiates a series of
coping mechanisms that are termed the unfolded protein response
(UPR), which restructures the cellular transcriptional, translational,
and degradation pathways to help resolve the defects in protein
folding1,2. This is achieved through the activation of three trans-
membrane ER proteins: inositol requiring enzyme 1 alpha (IRE1α),

protein kinase RNA-dependent-like ER kinase (PERK) and activating
transcription factor 6 (ATF6).

IRE1α is both a protein kinase and an atypical site-specific RNase.
Upon activation, IRE1α RNase function activates the translation of
transcription factor X-box protein 1 spliced (XBP1s) by removing an
intron from the XBP1 mRNA; in addition, it depletes select mRNAs
through the process of regulated IRE1α-dependent decay (RIDD)1,2.
XBP1s is involved in gene expression that supports ER-mediatedprotein
folding, as well as ER-associated degradation (ERAD) of misfolded
proteins, whereas RIDD depletes specific ER-targetedmRNAs to relieve
the loadonER, aswell as proteins involved inotherprocesses in the cell.
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Recent studies have implicated IRE1α-XBP1s pathway deregula-
tion in a number of pathological conditions, including metabolic dis-
ease, neurodegenerative disease, and cancer1–3. We have previously
found that IRE1α-XBP1s signaling is significantly increased in prostate
cancer (PCa)4,5. Consistently, genetic or small molecule targeting of
IRE1α resulted in significant inhibition of PCa tumor growth inmultiple
xenograft models in immunodeficient mice. We have shown that this
was due, at least in part, to the inhibition of c-MYC expression driven
by IRE1α-XBP1s signaling5.

IRE1α-XBP1s signaling has also been implicated in immune cell
function (for a review, see ref. 6). In bone-marrow-derived macro-
phages, Toll-like receptor 2 (TLR2) and TLR4 activated IRE1α-XBP1s
signaling to enable production and secretion of cytokines, such as
tumor necrosis factor (TNF), interleukin 1 beta (IL-1β) and IL-67. In
TLR8-activated mouse bone marrow-derived dendritic cells (BMDCs),
IRE1α–XBP1s signaling increased IL-23 expression upon palmitate
exposure8. In dendritic cells (DCs), macrophages and neutrophils that
are exposed to ER stress or stimulated by plasma membrane-bound
TLRs, IRE1α-XBP1s signaling was necessary for normal eicosanoid
metabolism and production of the pain-causing lipid mediator pros-
taglandin E2 (PGE2)9. In natural killer (NK) cells, IRE1α-XBP1s signaling
was required for response to viral infection and tumors10.

In addition to these and other roles of the IRE1α-XBP1s pathway in
normal immune function, recent studies have demonstrated that it is
also involved in antitumor immunity via altering the function of mye-
loid cells, T cells, and NK cells in the tumor microenvironment (TME)
(for a review, see ref. 10). For example, IRE1α–XBP1s signaling was
found to be essential for proliferation of NK cells in mouse melanoma
models11. In metastatic ovarian cancer mouse models, there is sus-
tained IRE1α–XBP1 activation in tumor-associated DCs driving trigly-
ceride biosynthesis and lipid droplet formation, resulting in the loss of
their antigen-presenting capacity12. Similarly, T cells isolated from
human ovarian cancer specimens, either solid tumors or ascites fluid,
had increased IRE1α-XBP1s pathway activity, and this was linked to
decreased intratumoral T cell infiltration and reduced interferon-γ
(IFN-γ) expression13. These findings suggest that inhibiting the IRE1α-
XBP1s pathway may improve the efficacy of immune checkpoint
blockade (ICB) and adoptive T cell immunotherapies in solid tumors
that are refractory to these approaches.

Here, we study the potential effects of IRE1α signaling on the PCa
TME in multiple syngeneic mouse models as well as in an orthotopic
model. We demonstrate that IRE1α signaling in cancer cells reshapes
the TME and pharmacological targeting of IRE1α can enhance the
response to anti-PD-1 blockade therapy. These findings have clinical
implications for treating immunologically ‘cold’ PCa.

Results
IRE1α is upregulated in human PCa specimens
We have previously shown that androgens, which activate a major
signaling pathway implicated in PCa progression, modulate IRE1α-
XBP1s branch of the UPR4. Consistently, inhibition of IRE1α RNase
activity or knockdown of XBP1s strongly interfered with PCa in
multiple preclinical models5. To further delineate the role of IRE1α in
PCa, we first assessed IRE1α expression in human PCa specimens
compared with normal prostate using immunohistochemistry (IHC).
IRE1α expression was significantly increased in PCa samples com-
pared to normal prostate tissue and correlated with a higher Gleason
score (Fig. 1A–C), suggesting that it may have prognostic sig-
nificance. This observation was further confirmed in an independent
PCa cohortwhere IRE1α expressionwas also significantly increased in
PCa samples compared to adjacent normal tissues (Fig. 1D). In addi-
tion, in the Cancer Genome Atlas (TCGA) dataset, IRE1α mRNA
expression is highly correlated with androgen receptor (AR) mRNA
and protein levels (Supplementary Fig. 1A, B). This was consistent
with the IHC data where there were increased nuclear AR levels with

increasing IRE1α expression (Supplementary Fig. 1C, D). Further
analysis of the TCGA dataset, particularly the RPPA (Reverse Phase
Protein Array) data, suggests that the phosphorylation levels of AKT,
mTOR, and ERK are associated with increased IRE1α mRNA expres-
sion (Supplementary Fig. 1E, F). In addition, IRE1α mRNA levels cor-
related with the hypoxia-inducible factor 1 subunit alpha (HIF1A)
mRNA expression (Supplementary Fig. 1G), suggesting that there
may be an interplay between IRE1α signaling and cellular hypoxic
responses in PCa.

Given the central role of IRE1α in UPR signaling, wenext evaluated
UPRactivity acrossdifferent PCadisease stages using thehallmarkUPR
gene signature in publicly available datasets14. In contrast to normal
prostate samples, the UPR score was significantly increased in both
tumor-adjacent normal samples and primary PCa; furthermore, pri-
mary PCa samples displayed higher scores than tumor-adjacent nor-
mal samples, suggesting the induction of UPR in the TME (Fig. 1E). To
further explore whether this difference in UPR signature expression
involves the IRE1α-XBP1s branch of UPR, we determined XBP1s mRNA
levels in the TCGA PCa dataset15 by dividing the patients according to
XBP1s levels (top and bottom 40% expression) (Fig. 1F). Gene set
enrichment analysis (GSEA) showed that genes regulating hallmark
UPR and protein secretion were downregulated in patients with low
XBP1s read counts, as expected (Fig. 1G). Consistent with our previous
findings5, PCa patient tumors exhibiting high XBP1s mRNA levels
showed increased expression of genes that regulate hallmarks of
cancer growth such as androgen response, cancer progression and
transformation, mTORC1 signaling, oxidative phosphorylation and
MYC targets (Fig. 1H). These findings further demonstrate the sig-
nificance of IRE1α-XBP1s signaling in PCa.

Tumor-intrinsic IRE1α loss may influence anti-tumor immunity
in the PCa TME
Activation of the IRE1α-XBP1s branch of the UPR has been associated
with cancer growth and malignancy16. However, the impact of IRE1α
activation in cancer cells on anti-tumor immune responses remains
largely unknown. To investigate this possibility, we used the Myc-CaP
syngeneic mouse PCa model, derived from a transgenic mouse strain
in which human c-MYC oncoprotein expression is specifically targeted
to the prostate17,18. We first generated IRE1α knock-out (KO) Myc-CaP
cell lines using CRISPR-Cas9 mediated genome editing (Supplemen-
tary Fig. 2A, B). Interestingly, IRE1α KO Myc-CaP cells did not display
any changes in cell viability and growth in vitro either at basal levels
(Supplementary Fig. 2C, D) or upon treatment with the UPR activator
thapsigargin (TG) (Supplementary Fig. 2E); this is in contrast to its key
roles in cancer, including PCa (for reviews, see refs. 16,19). In addition,
genetic or pharmacological targeting of IRE1α in Myc-CaP cells in vitro
did notmarkedly affect apoptosis, either in the absence or presence of
TG (Supplementary Fig. 2F-H). Furthermore, the cell cycle was not
consistently affected by the absence of IRE1α, although two of the
three clones showed slight increases in G2 phase (Supplemen-
tary Fig. 2I).

To gain insight into the global transcriptomic changes upon loss
of IRE1α, we performed RNA-seq, which revealed a strong correlation
(r >0.56) among the three different IRE1αKOclones, suggesting a high
degree of similarity in their gene expression profiles (Supplementary
Fig. 3A). Analysis of significantly deregulated genes identified 240
genes that were consistently downregulated across all three indepen-
dent IRE1αKO clones (Supplementary Fig. 3B) (Supplementary Data 1).
As expected, GSEA of these genes demonstrated enrichment of UPR
and UPR-related pathways, including IRE1α-activated chaperones,
protein processing in the ER, and asparagine N-linked glycosylation
(Supplementary Fig. 3C). In addition, hallmark UPR gene expression
was significantly downregulated in IRE1α KO cells (Supplementary
Fig. 3D). Thesedata are consistentwith knownpathway connections of
IRE1α signaling1,2.
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We next investigated the functional role of IRE1α-XBP1s signaling
in the PCa TME. To explore the tumor cell-intrinsic effect of IRE1α
activation on PCa tumor growth, we injected the IRE1α WT and the
three KO clones of Myc-CaP cells into FVB mice and monitored tumor
growth. Loss of IRE1α dramatically reduced tumor growth (Fig. 2A, B).
Consistent with these results, the growth of IRE1α KOMyc-CaP tumors
was significantly hindered in the orthotopic setting compared to wild
type Myc-CaP tumors (Supplementary Fig. 3E, F). To evaluate whether

the reduction in tumor growth was attributable to the IRE1α-XBP1s
signaling axis, we ectopically expressed XBP1s in Myc-CaP IRE1α KO
#1 cells, which showed the greatest reduction in tumor growth. XBP1s
overexpression in IRE1α KO cells rescued the expression of IRE1α-
XBP1s target genes (Edem1, p58IPK, and Pdia6) in vitro indicating its
functionality (Supplementary Fig. 3G). Importantly, ectopic XBP1s
expression rescued the growth of IRE1α KO tumors in vivo (Supple-
mentary Fig. 3H).
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To evaluate whether the decreases in IRE1α KO Myc-CaP tumor
growth were due to protective anti-tumor immunity, we conducted a
xenograft experiment in nudemice that had a greatly reduced number
of T lymphocytes. As opposed to dramatic regression in tumor growth
observed in immunocompetent FVB mice, loss of IRE1α in Myc-CaP
cells in nude mice only mildly affected tumor growth at later time
points (Fig. 2C). These data suggest that anti-tumor immunitymay play
a role in mediating the IRE1α effects in tumor growth in FVB mice.

To explore the potential mechanisms of tumor regression upon
IRE1α targeting, we performed RNA-seq from IRE1α WT and the three
independent KO tumors. GSEA on the RNA-seq data confirmed the
downregulation of UPR target genes (Supplementary Fig. 4A) and
classical IRE1α target pathways, such as the expression of chaperones
and proteins involved in N-linked glycosylation (Fig. 2D) (Supple-
mentary Data 1). Consistent with human PCa patient tumors that
exhibit low XBP1s and IRE1α mRNA levels (Fig. 1H and Supplementary
Fig. 1E–G), there was downregulation of genes that control hallmarks
of cancer growth in IRE1α KO tumors such as hypoxia, oxidative
phosphorylation, and mTORC1 signaling (Supplementary Fig. 4B–E).
Interestingly, the loss of IRE1α also significantly increased immune-
related gene expression in the tumors (Fig. 2E). Among the top enri-
ched pathways for upregulated genes were IFN response-related
pathways followed by various aspects of immune function, such as
innate and adaptive immunity, T and NK cell-mediated immunity and
their activation (Fig. 2E–G). Altogether, these results indicated that
IRE1α-XBP1s signaling in cancer cells may alter protective immunity in
the PCa TME.

IRE1α loss in cancer cells augments IFN-γ signaling response in
the PCa TME
It is noteworthy that while hallmark UPR genes were downregulated in
IRE1α-deficient tumors, there was a significant increase in the expres-
sion of the genes involved in IFN- α or -γ transcriptional responses
(Fig. 3A, B). The roles of IFN-γ in anti-tumor immune responses, par-
ticularly in the context of T and NK cell-mediated immunity, as well as
antigen presentation, are well established20,21. Although IFN-γ tran-
scriptional response genes were upregulated in IRE1α KO tumors
in vivo, their expression was not changed in KO cells in vitro (Fig. 3C).
Altered expression of ER stress and IFN-γ response genes in IRE1 KO
tumors were validated by qPCR analysis (Fig. 3D).

To obtain additional insight into the characteristics of Myc-CaP
tumor TME upon IRE1α loss, we performed proteomics analysis on
tumor samples from IRE1α KO clones #2 and #3 (no tumor material
was left for this analysis for clone #1). We detected 6505 proteins in
IRE1α WT and KO tumors (Supplementary Data 2). Among these, 202
were upregulated and 378 were downregulated (absolute fold-change
≥ 1.2 and p <0.05,WT vs KO) (SupplementaryData 2). Analysis of these
data revealed that proteins modulating the immune system, comple-
ment system, and notably IFN-α and -γ responses, were significantly
upregulated and enriched in the TME upon loss of IRE1α (Fig. 3E, F). In
contrast, proteins regulating hallmarks of cancer growth and survival,
such as UPR, mTORC1 signaling, MYC targets, glycolysis, oxidative
phosphorylation, and hypoxia were all significantly enriched among

the downregulated proteins in IRE1α KO tumors, consistent with the
RNA-seq data (Fig. 3F and Supplementary Fig. 4). Coordinate analysis
of differentially regulated genes from both RNA-seq and proteomics
data revealed 182 upregulated and 192 downregulated common genes
(Fig. 3G and Supplementary Data 2) that displayed significant changes
for IFN-γ response (e.g. HELZ2, ZBP1, PML, etc.) and UPR target gene
expression (e.g. DNAJC3, MTHFD2, PDIA6, etc.), respectively (Fig. 3H).
Thesefindings suggest that loss of IRE1α inMyc-CaP cells enhances the
IFN transcriptional responsewithin the TME,which is essential for anti-
tumor immunity.

Loss of IRE1α in cancer cells reprograms the PCa TME landscape
To explore the molecular and cellular mechanisms that underlie the
enhanced IFN response in IRE1α KO tumors, we conducted a new
experiment where WT and IRE1α KO Myc-CaP tumors were subjected
to single-cell RNA-sequencing (scRNA-seq). Consistent with previous
data (Fig. 2), the loss of IRE1α led to significant tumor regression in FVB
immunocompetent mice (Supplementary Fig. 5A, B). Furthermore,
loss of IRE1α in cancer cells resulted in significantly extended survival
of tumor-bearing mice (Supplementary Fig. 5C). After quality filtering,
we obtained data from 11071 and 8434 single cells fromWT and IRE1α
KO tumors, respectively. Upon scRNA-seq clustering analysis, we
annotated 8 distinct cell type clusters in addition to the tumor cells
(Fig. 4A–C and Supplementary Fig. 5D). In contrast to WT Myc-CaP
tumors, the abundance of pericytes, tumor-associated macrophages
(TAMs), and cancer associated fibroblasts (CAFs) were markedly
reduced (50-75%) in IRE1α KO tumors. Sub-clustering of NK Cells + T
Cells revealed three different T cell subtypes in addition to NK cells
subtypes (Supplementary Fig. 5E). Interestingly, the abundance of
immunosuppressive regulatory T cells (Tregs) (expressing Foxp3,
Ctla4 and Pd-1) were markedly reduced in IRE1α KO tumors (Fig. 4C
and Supplementary Fig. 5E). There was also a slight increase in the
abundance of CD8+ T cells, whilewe observed amarked increase in NK
cells (Fig. 4C).

Among the different cell types in the TME other than cancer cells,
TAMs were the most abundant cell type that constituted around 9% of
the tumors. Sub-clustering of TAMs revealed five different clusters
expressing distinct genemarkers (Fig. 4D and Supplementary Fig. 6A).
Based on the marker gene expression profile reported in a recently
published study22, we annotated four clusters as Regulatory TAMs
(Reg-TAMs), Inflammatory TAMs (Inflam-TAMs), Proliferating TAMs
(Prolif-TAMs), and IFNprimedmonocytes/macrophages (IFN-Mo/Mϕ).
The fifth cluster, which showed expression of cancer cell markers
(likely due to doublets), was subsequently omitted from further ana-
lysis. Reg-TAMs constituted the main TAM subtype accounting for
approximately 40% of all TAMs in WT tumor samples (Fig. 4E). Similar
to the other TAM subtypes, their abundance was markedly decreased
in IRE1α KO tumors (Fig. 4E).

To investigate the origin of the augmented IFN response observed
in the TME of IRE1α KO tumors, we conducted GSEA on each specific
cell type annotated within the scRNA-seq data. Genes associated with
IFN-α and -γ responseswere significantly enriched in all identified TAM
subtypes, as well as in cancer cells and dendritic cells (DCs) (Fig. 4F).

Fig. 1 | IRE1α signaling is activated in human PCa. A IRE1α expression was
examined by IHC in normal prostate (n = 22) and PCa samples (n = 117); repre-
sentative images, including low (n= 66) and high (n = 51) IRE1α expression are
shown. Images are presented from Vancouver cohort. B IHC quantification from A.
C IRE1α expression scores from B were stratified according to Gleason scores
[Gleason 6 (n = 31) and 7–10 (n = 65)] as indicated. Among the 64 grade 7 to 10
tumor samples analyzed, approximately 47% (30 samples) exhibited high IRE1α
expression (H-score > 5).D IRE1α IHC analysis results from the Oslo cohort (n = 20)
matched to adjacent normal tissue (n = 20). E UPR gene expression is dysregulated
in PCa. Hallmark UPR gene expression score in primary (n = 499), castration resis-
tant PCa (CRPC) (n = 183), or neuroendocrine PCa (NEPC) (n = 23) samples

compared with normal prostate tissue from the GTEX (n = 119) or tumor adjacent
normal TCGA (n = 52) datasets. Data analyzed by One-way Anova. F TCGA PCa
samples were split into two groups as low (N = 200) or high (N = 200) based on
normalized XBP1s splicing read counts and used in GSEA and immune cell infil-
tration analyzes.GGSEA plots for Hallmark UPR and protein secretion in the TCGA
PCa dataset, where samples were split based on XBP1s read counts. H As in G, but
different Hallmarks are interrogated.Mean ± standard error by unpaired two-tailed
Mann Whitney t-test is presented for figure (B, C), C (p =0.0235), E (p =0.0001),
and F; two-tailed paired Wilcoxon signed-rank test was used for D (p =0.0002).
*p <0.05, ***p <0.001, ****p <0.0001.
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Therewere no significant differences in IFN-α and -γ responses in other
cell types (Supplementary Fig. 6B). On the other hand, genes respon-
sible for protein secretion were significantly enriched among down-
regulated in IRE1αKO cancer cells, consistent with the proteomics and
total RNA-seq data presented earlier (Figs. 2D and 3F). Taken together,
these results indicate that the activation of IRE1α signaling in cancer
cells could remodel the TME.

A small molecule inhibitor of IRE1α inhibits tumor growth in
syngeneic PCa mouse models
To assess whether pharmacological inhibition of IRE1α could inhibit
PCa growth in a syngeneic setting, we first tested the effect of IRE1α
RNase inhibitor MKC8866 on Myc-CaP tumors. Myc-CaP cells were
injected into FVB mice, which were either left untreated or treated
with MKC8866, and tumor growth was monitored (Fig. 5A).
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MKC8866 treatment dramatically reduced Myc-CaP tumor growth
(Fig. 5B, C).

To model advanced PCa, which commonly involves MYC
amplification and PTEN loss in patient tumors23–25, we generated a
PTEN KO Myc-CaP cell line by CRISPR-Cas9 genome editing. As
expected, the loss of PTEN dramatically accelerated tumor
growth in vivo (Fig. 5D, E). Moreover, the expression of immune
checkpoint ligands PD-L1 and B7-H3 was increased in PTEN KO cells
(Fig. 5F), consistent with previous studies26,27. Notably, the expres-
sion of these ligands was correlated with higher IRE1α mRNA
expression in the TCGA PCa dataset (Fig. 5G). In this model,
MKC8866 also effectively suppressed tumor growth, demonstrat-
ing its potential translational relevance in advanced PCa as well
(Fig. 5H, I, and K).

To further validate our results, we employed RM-1 cells as another
syngeneic mouse PCa model, which expresses Ras and Myc
oncogenes28. Although, RM-1 tumors grew even faster than Myc-CaP
PTEN KO tumors, MKC8866 was also effective in inhibiting their
growth (Fig. 5H, J, and L). Taken together, these findings demonstrate
that inhibition of IRE1α signaling by MKC8866 significantly reduces
tumor growth across various syngeneic PCa mouse models, high-
lighting its translational potential as an effective therapeutic option
for PCa.

MKC8866 synergizes with anti-PD-1 immune checkpoint block-
ade therapy
Cancer immunotherapy has recently revolutionized therapeutic
approaches for various cancer types. For example, immune check-
point inhibitors have been highly successful in patients with meta-
static melanoma, renal cell carcinoma, head and neck cancer, and
non-small cell lung cancer29; however, these therapies have thus far
failed to provide significant clinical benefit for PCa30–33. Given the
significant effect of MKC8866 and activation of the immune
microenvironment as exemplified by the augmented IFN
response in IRE1α KO Myc-CaP tumors, we investigated whether
MKC8866 could increase responsiveness to anti-PD-1 therapy. We
treated Myc-CaP tumor-bearing mice either with MKC8866 (at a
suboptimal dose) alone, an anti-PD-1 antibody alone, or their com-
bination (Fig. 6A). Treatment with either MKC8866 or the anti-PD-1
antibody alone modestly impaired tumor growth, whereas the
combination therapy led to a dramatic inhibition of tumor growth
(Fig. 6B, C).

We repeated this experiment in the Myc-CaP PTEN KOmodel and
observed similar results (Fig. 6D–F). In the RM-1 model, MKC8866
modestly inhibited tumor growth, whereas the anti-PD-1 antibody
treatment had no significant effect; in contrast, the combination
therapy exhibited significantly greater efficacy than MKC8866 treat-
ment alone (Fig. 6G–I). In all PCa mouse models tested, no significant
changes in the body weight of mice were observed across the three
different mouse models (Fig. 6J), suggesting that treatments did not
cause any apparent toxicity. Taken together, these data suggest that
IRE1α inhibition can enhance the therapeutic efficacy of anti-PD-1-
based ICB in PCa.

Combination therapymodulates TAMs andboosts infiltration of
CD8+T and NK cells into the TME
To date, ICB therapy has largely failed as a potential treatment option
in PCa, except for partial responses in the minority of patients whose
tumorshave highmutational burden34,35. This has prompted significant
efforts to discover the underlying reasons for this resistance and to
develop therapeutic approaches to sensitize PCa to ICB therapy. To
explore the mechanisms that underlie the significant therapeutic
responses induced by MKC8866 + anti-PD-1 combination therapy, we
performed scRNA-seq on tumors from the Myc-CaP PTEN KO experi-
ment described in Fig. 6D–F. We observed notable changes in various
cell populations under different treatment conditions (Fig. 7A, B, and
Supplementary Fig. 7A). Treatment with either MKC8866 or anti-PD-1
alone resulted in a marked increase in the abundance of CD8+ T cells
and NK cells (Fig. 7B). Remarkably, combination therapy further
boosted the representation of these cells in the TME (Fig. 7B). Analysis
of differentially expressed genes in the CD8+T cell cluster revealed
that combination therapy increased the expression of T cell activation
markers such as Gzmb, Prf1, and Nkg7 (Fig. 7C). Expression of Ccl5, a T
cell activation marker and chemoattractant for T and NK cells36,
increasedmore than32-fold inCD8+T cells upon combination therapy
compared to control tumors (Fig. 7C). These findings underscore the
potential of MKC8866 + anti-PD-1 combination therapy to enhance
immune cell infiltration and activation within the TME.

In Myc-CaP IRE1α KO tumors there was significantly increased
expression of IFN response genes, especially in TAMs and dendritic
cells (Figs. 3 and 4); we therefore investigated whether MKC8866 also
augments the IFN response in the TME. GSEA indicated thatMKC8866
or anti-PD-1 treatments induced the expression of genes involved in
IFN-α and IFN-γ signaling response in select immune cell types, such as
dendritic cells and some TAM subtypes, whereas combination treat-
ment significantly upregulated both pathways, in almost all immune
cell types (Fig. 7D). MKC8866 alone increased the abundance of cer-
tain TAM subtypes such as Reg-TAMs and IFN-Mo/Mϕ in the TME;
however, the overall abundance of TAMs was reduced with combina-
tion therapy (Supplementary Fig. 7B, C). The exception was for IFN-
Mo/Mϕ subset, which exhibited higher expression levels of MHC-II
component genes (H2-aa, H2-Eb1, H2-ab1, and Cd74) (Supplementary
Fig. 7D), characteristic of M1-like macrophages37. Interestingly, the
combination therapy shifted the transcriptional profile of all TAM
subtypes towards an M1-like phenotype by upregulating the expres-
sion of genes involved in MHC-II components, IFN responses (ligp1,
Gbp2b, and Cxcl9), and inflammatory response and activation
(AW112010, Nos2, Cd86) (Fig. 7E and Supplementary Fig. 7E). However,
the expression of genes associated with M2 macrophages such as
Cd63, Spp1, Lyz2, and Pf4 was downregulated in the TAMs upon
combination therapy (Fig. 7E and Supplementary Fig. 7F).

In addition to these observations, there was significant increase in
the expression of genes involved in antigen processing and presenta-
tion, such as B2m, Cd74, Psmb8, and Psme2 in cancer cells upon
combination therapy (Supplementary Fig. 7G). Interestingly, CellChat
analysis of scRNA-seq data from combination therapy showed that the
NK cells + T cells cluster has substantial interactions with other cell

Fig. 2 | Loss of IRE1α inhibits PCa tumor growth and activates the expression of
anti-tumor immunity-related genes in the TME. A,BMyc-CaP IRE1α KO cell lines
were generated by CRISPR-Cas9 genome editing. Cells were subcutaneously
injected into two flanks of FVBmice.A Tumor sizes weremeasured at the indicated
time points for WT (n = 4mice, 7 tumors) and three independent IRE1α KO clones -
KO1 (n = 4 mice, 7 tumors), KO2 (n = 5 mice, 10 tumors) and KO3 (n = 5 mice, 10
tumors). B Same as in (A) but tumor weights were measured at the end of the
experiment. C IRE1α WT (n = 3 mice, 5 tumors) or KO clones 1–3 (n = 3 mice, 6
tumors per KO clone) of Myc-CaP cells grown as xenografts in nude mice.
D, E Tumor samples were collected at the end of the experiment presented in Fig.
2A, RNA was isolated and subjected to RNA-seq analysis. KO clones (n = 3 mice, 3

tumors per KO clone) were compared with WT (n = 4 mice, 4 tumors) samples.
GSEA for (D) downregulated or (E) upregulated genes in IRE1α KO tumors is pre-
sented. Note that for several processes, the q-value equals 3; this is because the
GSEA tool computes 3 as the maximum possible q-value. F, G Enrichment plots for
the indicated datasets enriched in GSEA analysis related to (F) innate or (G) adap-
tive immunity are presented.Mean± standard error for two-tailed student’s t-test is
presented for Figure (A) (IRE1αWTvs KO#1 (p =0.0008), vs KO#2 (p =0.0007), vs
KO #3 (p =0.003), for Figure (B) (IRE1α WT vs KO #1 (p = 3.4E-05), KO #2
(p =0.001), vs KO #3 (p =0.008), and for Figure C (WT vs KO #3, p =0.87);
**p <0.01, ***p <0.001, n.s, non-significant.
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types, such as cancer cells, macrophages, and dendritic cells, via the
MHC-I signaling pathway (Fig. 7F). Taken together, these data suggest
that combination therapy may enhance anti-tumor immunity by
reprogramming TAMs to a more pro-inflammatory and antigen-
presenting state.

Previous studies have shown that ICB resistance is associatedwith
the upregulation of stress response genes HSPA1A and HSPA1B in

CD4+ /CD8+T cells across various cancer types35,38. Interestingly, we
found that combination therapy reduced the expression of both genes
in CD8+T cells (Fig. 7C and G). Furthermore, in these cells, combina-
tion therapy increased expression of T cell activation markers (Ccl5,
Gzmb, Nkg7, and Prf1) and led to a transcriptional profile resembling
the profile of CD8+ T cells from anti-PD-1 responsive patients with
mCRPC35 (Figs. 7G, H). These findings highlight the potential of

Article https://doi.org/10.1038/s41467-024-53039-1

Nature Communications |         (2024) 15:8895 7

www.nature.com/naturecommunications


MKC8866 + ICB combination therapy in PCa to modulate CD8+T cell
responses by reducing stress response gene expression and enhancing
activation markers.

MYC amplification and PTEN loss have been associated with
mCRPC, with PTEN loss reported to generate a more immunosup-
pressive and ‘cold’ TME, leading to resistance to ICB therapy39–41.
Interestingly, comparing the scRNA-seq data from Myc-CaP WT and
PTEN KO tumors, we observed that PTEN loss reduced the abundance
of CD8+ T and NK cells in the TME (Supplementary Fig. 8A–C). The
abundance of TAMs, especially Reg-TAMs expressing M2-like immu-
nosuppressive markers, such as Arg1, Cd68, Mrc1, and Cd274, mark-
edly increased in PTEN KO tumors (Supplementary Fig. 8D-F).
Moreover, PTEN loss increased the expression of genes involved in
mTOR signaling, protein secretion andUPR, andTNFα signaling viaNF-
κB response in cancer cells (Supplementary Fig. 8G). In addition,
expression of IFN response genes were downregulated in specific TAM
subtypes such as IFN-Mo/Mϕ, Prolif-TAMs, Inflam-TAMs as well as
dendritic cells (Supplementary Fig. 8G). In summary, PTEN loss inMyc-
CaP tumors diminishes cytotoxic immune cell populations such as
CD8+T cells and NK cells, while concurrently fostering an immuno-
suppressive TME, illustrating its complex role in shaping the immune
landscape of PCa.

IRE1α-XBP1s pathway is negatively associated with CD8+ and
NK cell infiltration in human PCa
To determine if the IRE1α-XBP1s pathway affects immune cell infiltra-
tion in the TME, we analyzed the correlation between IRE1α or XBP1s
mRNA expression and CD8+ T cell infiltration in the TCGA PCa dataset.
We found that PCa tumors with high IRE1α expression had less CD8+T
cell infiltration (Supplementary Fig. 9A). Additionally, the expression
of IRE1α-XBP1s target genes, such as DNAJB9 and DNAJC3, was nega-
tively correlated with CD8+T cell infiltration in PCa tumors (Supple-
mentary Fig. 9B, C). Similarly, three different immune cell infiltration
estimation tools suggested that tumors with high XBP1s mRNA levels
had significantly lower T cell infiltration (Supplementary Fig. 9D-G).

Since the abundance of NK cells were increased in the scRNA-seq
data in the tumors of IRE1α KO andMKC8866 treated animals, we also
determined the potential correlation of IRE1α-XBP1s pathway with NK
cell infiltration. NK cell infiltration scores were significantly higher in
patients with PCa with low XBP1s expression (Supplementary Fig. 9H-J).
Taken together, these findings suggest that IRE1α-XBP1s pathway may
play a critical role in modulating the immunemicroenvironment in PCa,
potentially affecting NK and CD8+T cells infiltration.

TAM gene signature is associated with unfavorable PCa
prognosis
To determine the potential clinical relevance of the IRE1α-XBP1s
pathway on TAMs in the TME, we assessed correlation of IRE1α
expression with macrophage markers in the TCGA PCa dataset. IRE1α
expression was positively correlated with the expression of M2

macrophage markers CD163 and MRC1 (Supplementary Fig. 10A).
Validating these observations, IHC analyzes showed significantly
higher CD68+ tumor infiltrating macrophages in IRE1α high samples
(Figs. 8A, B). In linewith these,macrophage levelswere estimated to be
higher in PCa tumors with high XBP1s mRNA levels (Fig. 8C)42.

Through the examination of 147 genes that exhibited significant
downregulation in TAMs between WT and IRE1α KO tumors (Supple-
mentary Data 3), we identified five genes (Apoe, C1qa, Trem2, Pf4, and
Mrc1) (Fig. 8D) with high expressionmainly in the macrophage cluster
(Supplementary Fig. 10B). These genes were combined with TAM gene
markers Arg1 and Cd68, which were among the top gene markers in
Reg-TAMs (Supplementary Fig. 6A), the most abundant TAM subtype
within the TME that also increased in the PTEN KO Myc-CaP TME
compared to wild type tumors (Supplementary Fig. 8E, F). We estab-
lished a scRNA-seq derived “TAM signature” from these 7 genes.
Notably, the expression of TAM signature genes was increased in the
macrophage cluster in PTEN KO tumors (Supplementary Fig. 10C).
Interestingly, in these tumors, combination therapy reduced the
expression of TAM signature genes (Supplementary Fig. 10D), which
were mainly expressed in Reg-TAMs (Supplementary Fig. 10E).
Importantly, the TAM gene signature was elevated in patient samples
with advanced-stage PCa, showed strong positive association with the
Gleason score and negatively correlatedwith progression-free survival
in the TCGA and disease-free survival in MSKCC PCa datasets15,43

(Fig. 8E–G). Collectively, these findings demonstrate a significant
association of the TAM gene signature with an unfavorable out-
come in PCa.

Discussion
During tumor formation, cancer cells hijack thenormal stress response
pathways to adapt to various stressors that impact the TME. Similar to
other solid tumors, PCa cells rely on UPR signaling to survive under
intra- and extra-cellular stress conditions16,19. While the role of UPR in
promoting cancer cell growth and malignancy is documented in var-
ious studies3,16,44–49, the complex relationship between the activation of
UPR in cancer cells, its influence on the TME and the anti-tumor
immune responses remain largely unexplored. In this study, we have
shown that inhibition of the IRE1α signaling in PCa cells remodels the
TME by increasing IFN responses and decreasing the abundance of
immunosuppressive cells. Pharmacological inhibition of IRE1α signal-
ing also increased IFN responses and significantly improved anti-tumor
immunity. These findings are significant since PCa is considered an
immunologically “cold” tumor, with very limited response to immu-
notherapies compared with some other cancer types.

IRE1α loss resulted in significant tumor regression and enhanced
survival in mice harboring Myc-CaP tumors. scRNA-seq analysis
showed that the abundance of immunosuppressive cells in the TME,
such as TAMs and Tregs, were markedly reduced in IRE1α KO tumors
compared to their WT counterparts, while CD8+ T and NK cells were
increased (Fig. 4; for a model, see Fig. 9). This indicates a notable

Fig. 3 | IRE1α loss in cancer cells augments the IFN signaling response in PCa
tumors.TheRNA-seqdata fromFig. 2was analyzed in furtherdetail. AVolcanoplot
indicating the up- anddown-regulated genes in tumors from the three independent
Myc-CaP IRE1αKO clones (based on average gene expression); themost prominent
gene sets, Hallmark UPR and IFN-γ response genes are color coded in blue and red,
respectively. B GSEA plots show the enrichment of IFN-γ and IFN-α responses in
IRE1αKOvsWTcomparison.CTheheatmapdisplays genes differentially expressed
inWTand IRE1αKO (#1-3) tumor samples, aswell as their expression in theRNA-seq
data from in vitro grown cells. UPR and IFN-γ response genes are indicated.
D Expression of specific genes from tumors ofWT (n = 4 tumors, except for p58IPK
and Pkr genes (n = 3 tumors), and IRE1α KO clones (n = 9 tumors, except for genes
Pdia6, Atf3, and Pkr (n = 6 tumors),Mthfd2 andHerpud1 (n = 5 tumors), p58IPK and
Irf9 (n = 7 tumors), and Klrk4 (n = 8 tumors)) were analyzed by qRT-PCR

analysis.Source data and exact p-values are provided as a Source Data for this
figure. E, FTumor samples collected at the end of the experiment fromFig. 2Awere
analyzed by proteomics. E Volcano plot shows upregulated (red) and down-
regulated (blue) proteins in IRE1α KO tumors (n = 3 mice, 3 tumors) compared to
WT (n = 4 mice, 4 tumors) counterparts. F Enrichr results of selected pathways for
up- and down-regulated proteins are indicated. G RNA-seq and proteomics data
were compared in a Venn diagram. H Scatter plot shows high correlation between
proteomics and RNA-seq results for IRE1α KO vs WT comparison. Genes with sig-
nificantly altered expression (p <0.05) in both experiments are indicated in red.
Mean ± standard errorby two-tailed student’s t-test ispresented forfigure (D). Two-
tailed student’s t-test is used for figure A, E, and H. Two-sided Fisher’s exact test is
used for figure F. *p <0.05, **p <0.01. r represents Spearman correlation where
indicated.
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remodeling of the TME upon IRE1α loss in tumor cells. A recent study
in a non-small cell lung cancer (NSCLC)mousemodel found that upon
IRE1α targeting, CD8+T cells were increased and Tregs were
decreased, but without significant effects on TAMs44, suggesting that
there may be both similarities and differences for the influence of
tumor cell IRE1α signaling on the TME in different cancer types.

IFNs are cytokines that help the immune system eradicate
pathogens and cancer cells. They activate immune cells such as NK
cells, cytotoxic T cells, and macrophages, and enhance anti-tumor
immunity by increasing MHC antigen presentation20,50–54. Genetic or
pharmacological inhibition of IRE1α led to marked increases in IFN
signaling in multiple cell types in the TME, especially in antigen-

Article https://doi.org/10.1038/s41467-024-53039-1

Nature Communications |         (2024) 15:8895 9

www.nature.com/naturecommunications


presenting cells such as TAMs and DCs. It is possible that targeting
IRE1αmay promote immunogenic cell death and production of IFNs in
DCs to convert them into inflammatory cells, which then can stimulate
T and NK cell infiltration resulting in anti-tumor immunity, similar to
what has been observed for the PERK arm of UPR in melanoma cells53.
Further work is required to assess this possibility.

Similar to other immunologically ‘cold’ and immunotherapy
unresponsive tumor types, PCa has a strong immunosuppressive TME,
which contains scarce but high PD-1-expressing tumor infiltrating
lymphocytes55–58. In addition, they can have high levels of Tregs, TAMs
and myeloid derived suppressor cells (MDSCs) all of which are linked
to disease progression and death55,56,58,59. Notably, PTEN deletion in
Myc-CaP cells led to a more immunosuppressive and ‘cold’ TME,
characterized by diminished IFN responses, lower infiltration of
CD8+T cells and NK cells, and a higher abundance of TAMs, especially
M2-like macrophages with immunosuppressive marker gene expres-
sion. Remarkably, these effects were reversed by MKC8866 combined
with anti-PD-1 therapy in Myc-CaP PTEN KO syngeneic mouse PCa
model. Thus, our data highlight the impact of targeting IRE1α to
reprogram the TME and enhance the efficacy of anti-PD-1 immu-
notherapy in this advanced PCa model.

Previous reports have linked HSPA1A and HSPA1B expression in
CD4+ /CD8+T cells to ICB therapy resistance in various cancers35,38.
Interestingly, MKC8866 + anti-PD-1 therapy reduced HSPA1A and
HSPA1B expression in CD8+T cells and increased the expression of T
cell activationmarkers. It is important to highlight that withMKC8866 +
anti-PD-1 therapy, CD8+T cells also begin to increase the expression of
various inhibitory immune checkpoint receptors such as Lag3, Pdcd1,
Havcr2 (Figs. 7G, H), suggesting chronic antigen stimulation and CD8+T
cell exhaustion in the TME60. Given ongoing clinical trials exploring dual
combinations targeting LAG3, TIM-3, and PD-1/PD-L1 immune check-
points andbispecific antibodies that simultaneously target LAG3/PD-1 or
TIM-3/PD-1, combinatorial inhibition of IRE1α and LAG3 or TIM-3, with
or without PD-1/PD-L1 inhibition could significantly reprogram the TME
and augment the efficacy of bispecific antibodies61,62. Thus, it would be
valuable to investigate whether coupling MKC8866 to anti-PD-1 or bis-
pecific ICB antibody therapies can enhance the efficacy of ICB therapy
and reverse resistance in the clinical setting, not only for PCabut also for
other cancer types.

Over the past decade, the success of immunotherapies has
transformed the landscape of cancer treatment for certain cancer
types. However, despite sipuleucel-T being the first ever-approved
cancer vaccine and thefirst immunotherapy licensed for PCa in 2010, it
demonstrated limited success in the clinic and no other immu-
notherapies have been approved for PCa to date. The data we present
herehighlight the potential of targeting IRE1α as a therapeutic strategy
to enhance anti-PD-1 immunotherapy in PCa. SinceMKC8866 is now in
clinical trials (NCT03950570) in patients with advanced cancer, our
results suggest that new clinical trials can be designed for PCa where
immunotherapy approaches are coupled to IRE1α targeting. Recent
work has shown that targeting IRE1α signaling increased ICB efficacy in

ovarian, breast, and colon cancer models, but not with a small mole-
cule inhibitor in clinical trials63–65; in addition, the molecular mechan-
isms appear to be different then we present here. Further work will be
required to evaluate if MKC8866 would also synergize with ICB in
other cancer types.

In addition to therapeutic implications, the TAM gene signature
that we have identified has significant prognostic power in patients
with PCa and is reduced by the MKC8866 + anti-PD-1 combination
therapy; this suggests that it can potentially be useful in predicting
disease course and thereby adjusting therapy options. For example,
the TAM gene signature may help in stratifying patients with PCa for
anti-PD-1 immunotherapy. Further work is necessary to assess these
possibilities.

Previous studies have shown that IRE1α, beyond its role in splicing
XBP1, has other catalytic and non-catalytic functions. These include
RIDD activity, which degrades specific target mRNAs and microRNAs,
and serving as a structural determinant of mitochondria-associated
membranes66,67. In cancer, RIDD activity can influence tumor pro-
gression and response to therapy47,68. We attempted to assess RIDD
activity upon genetic or pharmacological inhibition of IRE1α in our
RNA-seq datasets. When we analyzed our data using two different
RIDD activity gene signatures, developed for multiple myeloma and
glioblastoma47,69, the results were inconsistent, suggesting that these
signatures maybe context dependent and their applicability to PCa
might be limited. On the other hand, in IRE1α KO tumors or upon
MKC8866 treatment, there was significant downregulation of genes
that regulate oxidative phosphorylation, which could be due to dis-
ruptedmitochondrial Ca2+ levels (Fig. 3F, Supplementary Figs. 4D, 7D).
Further functional studies are required to investigate whether RIDD or
the non-catalytic functions of IRE1α have implications in PCa.

In summary, our findings demonstrate that activation of IRE1α
signaling in cancer cells not only has a pivotal role in cancer growth
and survival, but it also reprograms the TME bymodulating anti-tumor
immune responses. This opens up the possibility that targeting IRE1α
may be a potential approach to improve immune therapy options for
PCa, as well as for other cancer types.

Methods
Our research adheres to all applicable ethical guidelines. All animal
studies were performed according to the experimental protocol
(mouse strain, animal sex, age, number of animals allowed, and
housing) that was approved by University of Oslo Institutional Animal
Care and Use Ethical Committee (FOTS ID 27414) and the Danish
Animal Experiments Inspectorate (license no. 2020-15-0201-00711).
The maximal tumor size/burden was not exceeded maximum tumor
size of 1 or 2 cubic centimeters for orthotopic and subcutaneous tumor
models, respectively. All patient specimenswere obtainedwithwritten
informed consent and the approval from University of British Colum-
bia Clinical Research Ethics Board (REB number: H21-03722) and the
Norwegian Regional Committees for Medical Research Ethics South-
East region (REK number S-07443a).

Fig. 4 | scRNA-seq analysis reveals changes in the TME landscape upon loss of
IRE1α in PCa cells. A, B scRNA-seq was performed from WT and IRE1α KO (clone
#2) tumors (six tumor samplesper groupwerepooled for scRNA-seq) and cell types
were clustered and annotated based on the marker genes expressed in each cell
type. A The dot plot displays the marker genes that define each cell type that were
annotated. The color intensity and size of the dots represent average gene
expression and percentage expression of the specified marker genes within the
respective cell type population, respectively. B UMAP plots show clustering of
single cells from WT (11,071 cells) and IRE1α KO (8,434 cells) single cells, with cell
types represented bydifferent colors.CThe table shows thepercentage abundance
of each indicated cell type within the TME, along with the observed percentage
changes between WT and IRE1α KO tumors. D The UMAP plots demonstrate

subtypes of TAMs in WT and IRE1α KO tumors. Different TAM subtypes are
represented by distinct colors, based on the markers presented in Supplementary
Fig. 6A. The fifth cluster, exhibiting cancer cell markers (likely resulting from
doublets), was excluded from the further analysis. E Percentage abundance of the
TAM subtypes is indicated, along with the observed percentage changes in IRE1α
KO compared to WT tumors. The percentage of each TAM sub-type in the total
TAM population in WT tumors are indicated in parentheses. F The dot plot illus-
trates the results of the GSEA conducted on the indicated cell types using scRNA-
seq data. It represents the normalized enrichment score (NES), with up- and down-
regulated pathways color-coded in red and blue, respectively. The size of each dot
corresponds to the -log10 (p-value) of the indicated pathway for the respective cell
types. For the details of statistical test used for figure (F)92.
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Cell culture
Myc-CaP (#CRL-3255) and RM-1 (#CRL-3310) cells were purchased
fromATCC and cultured inDMEMsupplementedwith 10% fetal bovine
serum (FBS), penicillin and streptomycin. Cells were maintained in a
humidified incubator at 37 °C with 5% CO2. Lack of Mycoplasma con-
tamination was regularly confirmed.

CRISPR-Cas9 genome editing
To generate the IRE1α and PTEN knock-out (KO) Myc-CaP cell lines, a
guide RNA (gRNA) (5’-GCTTGCATGCTGTTAGCAAG-3’) targeting IRE1α
or (5’-GCTAACGATCTCTTTGATGA-3’) PTEN were cloned into the
PX458 plasmid which expresses green fluorescent protein (GFP) as a
marker70–72. Cells were transfected in 6-well plates using Lipofectamine
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3000 (ThermoFisher Scientific). After 72 h, GFP-positive cells were
FACS sorted into 96-well plates as single-cell per well. Growing cells
were transferred into 24-well plates and further grown to verify their
identity by assessing IRE1α and XBP1s expression.

Lentivirus production and ectopic Xbp1s expression
HEK293T cells were transfected with pMD2.G (Addgene plasmid
#12259), psPAX2 (Addgene plasmid #12260), and either pLV[Exp]-
Puro-EF1A > EGFP (Vectorbuilder # VB010000-9483amc) or pLV[Exp]-
EGFP-EF1A>mXbp1s (Vectorbuilder # VB900142-6935cag) using Lipo-
fectamine 3000 (Thermo Fisher Scientific) following the manu-
facturer’s instructions. After 12 h, the growth media was replaced.
Lentiviral particles were harvested at 48 and 72 h post-transfection,
filtered through a 0.2 µM filter, and stored at –80 °C. Myc-CaP IRE1α
WT and KO (clone #1) cells were infected with the lentiviral particles,
and GFP-positive cells were FACS sorted into 96-well plates as single-
cell per well. Individual colonies with similar levels of GFP expression
were selected, and overexpression of XBP1s and its target genes
expression were validated using qRT-PCR analysis.

Cell viability and colony formation assay
Myc-CaP IRE1αwild type (WT) and knock-out (KO) clones were seeded
into 96-well plates. After 72 h, cell viabilitywasdetermined by theCCK-
8 assay. For thapsigargin (TG) sensitivity, where indicated, cells were
treated with 100nM TG for the indicated times and cell viability was
determined using the CCK-8 assay. For the colony formation assay,
cells were trypsinized and seeded into 6-well plates. After 4 days, cells
were fixed with methanol and stained with 0.4% crystal violet and
visualized.

Apoptosis and cell cycle assay
Apoptosis assay was performed as described previously with some
minor changes73. Briefly, Myc-CaP IRE1α WT and KO clones were see-
ded into 6 well plates. Cells were left untreated or treated with TG
(100nM) for 12 h. Alternatively, Myc-CaP cells were either treated with
TG (100 nM) orMKC8866 (10 µM) alone, or their combination for 12 h.
After 12 h, cells were trypsinized and washed with cell staining buffer
(Biolegend # 420201). 100 µl of cells in Annexin V binding buffer
(Biolegend # 422201) were stained with 3 ul of 7-AAD viability staining
solution (Biolegend #420404) and Annexin V (Biolegend #640953) for
15min at room temperature. Cells were analyzed using BD LSR II Flow
Cytometer. Data were analyzed using Kaluza Analysis Software
(Beckman Colter Life Sciences).

Cell cycle assay was performed as described previously with some
minor changes74. Briefly, cells were resuspended by adding –20 °Cpre-
cooledmethanol drop by drop while gently vortexing. Cells were fixed
overnight at–20 °C inmethanol.Next day,fixedcellswerewashedwith
PBS and resuspended in staining buffer (PBS containing 1.5 µg/ml
Hoechst 33258 and 100 µg/ml RNase A). Cells were analyzed using BD
LSR II Flow Cytometer. Data were analyzed using Kaluza Analysis
Software (Beckman Colter Life Sciences).

Mouse studies
Briefly, 1 × 106 Myc-CaP cells were mixed 1:1 with matrigel (BD Bios-
ciences) and the mixture was inoculated subcutaneously into 4-week-
oldmale FVB/NRj (Janvier Labs) or nudemice (BALB/cNu/Nu, in-house
breeding) in both hind flanks. For the nude mice experiments, three
animals per group was used as less variability observed in tumor
growth. For MKC8866 treatment, 1 × 106 Myc-CaP cells or 0.5 × 106

Myc-CaP PTEN KO cells were injected into FVB mice as described
above. For RM-1 cells, 0.5 × 106 cells were injected into 4-week-oldmale
C57BL/6j (Janvier Labs) as described above. When the tumors were
palpable, mice were randomized and either treated with vehicle (0.5%
w/v hydroxypropyl-methylcellulose dissolved in water plus 0.2% v/v
Tween-80, adjusted to pH 4.0) or MKC8866 (300mg/kg) by oral
gavage every other day (Myc-CaP model) or daily (Myc-CaP PTEN KO
and RM-1 models) until the end of the experiment. For anti-PD-1 and
MKC8866 combination treatment, 1 × 106 Myc-CaP cells were injected
into FVB mice as described above. When the tumors were palpable
(after 7 days of post-injection), mice were randomized and either
treated with vehicle or MKC8866 (150mg/kg) by oral gavage every
other day. After 3 days of initial MKC8866 treatment, mice were
treated weekly with either 10mg/kg of anti-PD-1 (ichorbio #
ICH1132UL) or anti-IgG isotype control (ichorbio # ICH2244UL) anti-
bodies by intraperitoneal injection (IP). In PTEN KO and RM-1 models,
tumor-bearing mice were treated daily with MKC8866 (300mg/kg)
along with anti-IgG or anti-PD-1 antibodies administered every three
days or every two days, respectively as described above. Tumors were
measuredwith a caliper at the indicated time points and volumes were
calculated using the following formula V =W2 × L ×0.5 (V, volume; W,
width; L, length). Tumors were harvested at the end of the experiment
and weights were determined. For survival experiments, the tumor
bearing mice were euthanized when the tumor sizes reached to max-
imum ethically allowable limit.

For the orthotopic Myc-CaP model, 0.5 × 106 cells were injected
into the anterior prostatic lobe of FVBmice in 2/3 PBS and 1/3Matrigel
gel (Sigma #E6909). Scans were performed using a T1 weighted MRI
scan before termination to evaluate the tumor volume as described
previously75.

RNA-sequencing
RNA-sequencing (RNA-seq) was performed on Myc-CaP IRE1αWT and
KO cells, as well as corresponding tumor samples from FVB mice.
Briefly, RNA was isolated from the cells grown in vitro or the tumor
samples using Trizol and purified using RNeasy columns (Qiagen).
After RNA isolation, TruSeq stranded RNA-seq libraries were prepared
according to manufacturer instructions (Illumina) and 50bp paired-
end sequencing was performed using Illumina NovaSeq (Illumina, Inc)
at the NorSeq Sequencing Core (Ullevål).

RNA-seq and gene set enrichment analysis
RNA-Seq data was processed through nf-core rnaseq pipeline (version
3.6)76. Briefly, readswere trimmedusingTrimgalore (version0.6.7) and

Fig. 5 | MKC8866 inhibits PCa tumor growth in syngeneic PCa mouse models.
A–CMyc-CaP cells were subcutaneously injected into FVB mice. A Schematic view
of MKC8866 treatment. Mice were randomized and treated orally with vehicle
(n = 7mice, 14 tumors) orMKC8866 (300mg/kg) (n = 7mice, 14 tumors) onceevery
two days. B Tumor volumes at indicated days and (C) tumor weights at the end of
experiment. D–F Validation of Myc-CaP PTEN KO cell line by western analysis
(inset). WT and PTEN KO cells were subcutaneously injected into FVB mice.
D Tumor volumes are presented for WT and PTEN KO tumors (n = 5 mice each, 9
tumors per each group). E PTEN KO tumor weights were measured at day 16–18
when WT tumors were maximum 0.1 g, as indicated. F Myc-CaP WT and PTEN KO
(n = 2 biological replicates per group) cells were subjected to qRT-PCR. G Associa-
tion of PD-L1 and B7-H3mRNA expression with IRE1αmRNA low (n = 160) and high

(n = 129) samples in the TCGAPCa dataset.HMKC8866 treatment strategy forMyc-
CaP PTENKOor RM-1models. Tumor volume for (I)Myc-CaP PTENKO (vehicle and
MKC8866, n = 8 mice each, 16 tumors per group) and (J) RM-1 (vehicle and
MKC8866, n = 7 mice each, 14 tumors per group) models. Same as in (I and J), but
tumor weights were measured at the end of the experiment for (K) Myc-CaP PTEN
KO and (L) RM-1 models. Mean ± standard error by two-tailed student’s t test is
presented for figure (B,C),C (p =0.007),D (p = 1-06E-05 for day 16),E (p = 8.7E-07),
I, K (p =0.005), J, and L (p = 1.4E-05); unpaired two-tailed Mann Whitney t-test is
used for figure (G); **p <0.01, ***p <0.001, ****p <0.0001. Source data and exact
p values are provided as a SourceData for figures (B, I, and J). In box-plots, whiskers
represent 10–90percentile andmiddle lines indicatemedian of the data. Figures 5A
and 5H were created in BioRender. Unal, B. (2023) BioRender.com/u75i711.
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then mapped to Grcm38 using STAR RNA-Seq aligner (version 2.6.1d).
The reads were then quantified via Salmon (version 1.5.2) using
Ensemble81 as a reference transcript database. Readswerenormalized
via DeSeq normalization77. Gene set enrichment analysis (GSEA) tool
and Enrichrweb serverwere used to infer pathways andgene networks
of differentially expressed genes78–81.

Quantitative and semi-quantitative PCR
For reverse transcription quantitative PCR (qPCR) analysis, total RNA
was isolated as described above. One μg of RNA was reverse-
transcribed using Superscript II (Thermo Fisher Scientific) and dilu-
ted 1/20 in nuclease-free water. qPCR was performed as described
previously5 from diluted cDNAs with gene specific primers
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(Supplementary Data 4). Relative gene expression was determined by
ΔΔCT method by normalizing mRNA expression values to β-actin.
Semi-quantitative reverse transcription PCR (RT-PCR) was performed
to determine XBP1s mRNA levels. XBP1 specific primers spanning the
XBP1s splicing site were used to detect both XBP1 and XBP1s transcript
levels with distinct PCR products.

Western analysis
Western analysis was performed as described previously5,82. Briefly,
cells were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitor cocktail. 30μg of cleared protein lysate was
resolved by 10% SDS-PAGE. Proteins were transferred onto a PVDF
membrane (Biorad) and blocked for 1 h with 5% skimmilk, followed by
overnight incubation with primary antibodies from Cell Signaling,
IRE1α (#3294S; 1/1000), PTEN (#9559S; 1/1000) and β-Actin (#3700, 1/
20000). Membranes were washed and incubated with secondary
horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG
antibodies at room temperature for 1 h. ECL detection reagents
(Amersham Pharmacia Biotech) were used to visualize the proteins.

IHC tissue microarray of PCa patient samples
A tissue microarray (TMA), containing benign prostate (n = 16) and
prostate cancer (n = 72) samples, was obtained from Vancouver Pros-
tate Center. TMA sections were analyzed for IRE1α, CD68 and AR
immunoexpression using Ventana Discovery Ultra autostainer (Ven-
tana Medical Systems, Tucson, Arizona). In brief, baked and depar-
affinized tissue sections were incubated in Tris-based buffer (CC1,
Ventana) at 95 °C for 64min to retrieve antigenicity, followed by
incubation at room temperature with anti-IRE1α Rabbit mAb (Clone
14C10, #3294; Cell Signaling, 1/50), CD68 Mouse mAb (Clone Kp-1,
#168M-95; Cell Marque, 1/200), and AR (Clone N-20, sc-816, Santa
Cruz, 1/50) for 2 h. Bound primary antibodies were visualized with the
DISCOVERY Anti-Rb HQ/Anti-HQ HRP Detection Kit, DAB MAP Detec-
tion kit, and UltraMap DAB anti-Rb Detection Kit (Ventana) respec-
tively. All stained slides were digitized with Leica scanner (Aperio AT2,
Leica Microsystems; Concord, Ontario, Canada) at magnification
equivalent to 40X. The images were subsequently stored in the Aperio
eSlide Manager (Leica Microsystems) of the Vancouver Prostate Cen-
ter. The IRE1α and AR IHC positive areas and CD68 positive cell counts
were reviewed by a research pathologist. Values on a four-point scale
were assigned to IRE1α and nuclear AR immunostaining. Descriptively,
0 represents no staining, 1 represents low, but detectable degree of
staining, 2 represents clearly positive cases, and 3 represents strong
expression. For IRE1α, IHC was further quantified for staining intensity
(0–3) and percentage of positive cells (0–100%). For each sample, the
H-Score was calculated as staining intensity x percentage of
positive cells.

Proteomics
Whole tumor tissue protein extracts were prepared and subjected to
an in-solution tryptic digest using a modified version of the Single-Pot

Solid-Phase-enhanced Sample Preparation (SP3) protocol83,84. Eluates
were added to Sera-Mag Beads (Thermo Scientific) in 10 µl 15% formic
acid and 30 µl of ethanol and proteins were bound by shaking for
15min at room temperature. SDS was removed by four subsequent
washeswith 200 µl of 70% ethanol. Proteinswere digested overnight at
room temperature with 0.4 µg of sequencing grade modified trypsin
(Promega, #V5111) in 40 µl HEPES/NaOH, pH 8.4 in the presence of
1.25mMTCEP and 5mMchloroacetamide (Sigma-Aldrich). Beads were
separated, washed with 10 µl of an aqueous solution of 2% DMSO and
the combined eluates were dried down. Peptides were reconstituted in
10 µl of ddH2O and reacted for 1 h at room temperature with 40 µg of
TMTpro label reagent (Thermo Scientific) dissolved in 4 µl of acet-
onitrile. Excess TMT reagentwas quenchedby the addition of 4 µl of an
aqueous 5% hydroxylamine solution (Sigma). Peptides were recon-
stituted in 0.1% formic acid, mixed to achieve a 1:1 ratio across all TMT-
channels and purified by a reverse phase clean-up step (OASISHLB 96-
well µElution Plate, Waters #186001828BA).

Peptideswere subjected to anoff-line fractionation under highpH
conditions yielding 12 fractions83. Each fraction was analyzed by LC-
MS/MS on an Orbitrap Fusion Lumos mass spectrometer (Thermo
Scientific). To this end, peptides were separated using an Ultimate
3000 nano RSLC system (Dionex) equipped with a trapping cartridge
(Precolumn C18 PepMap100, 5mm, 300μm i.d., 5μm, 100Å) and an
analytical column (Acclaim PepMap 100. 75 × 50 cmC18, 3mm, 100Å)
connected to a nanospray-Flex ion source. The peptides were loaded
onto the trap column at 30 µl per min using solvent A (0.1% formic
acid) and eluted using a gradient from 2 to 40% Solvent B (0.1% formic
acid in acetonitrile) over 2 h at 0.3 µl per min (all solvents were of LC-
MS grade). The Orbitrap Fusion Lumos was operated in positive ion
mode with a spray voltage of 2.4 kV and capillary temperature of
275 °C. Full scan MS spectra with a mass range of 375–1500m/z were
acquired in profile mode using a resolution of 120,000 (maximum fill
time of 50ms or amaximum of 4e5 ions (AGC) and a RF lens setting of
30%. Fragmentation was triggered for 3 s cycle time for peptide like
features with charge states of 2–7 on the MS scan (data-dependent
acquisition). Precursors were isolated using the quadrupole with a
window of 0.7m/z and fragmented with a normalized collision energy
of 38. Fragment mass spectra were acquired in profile mode and a
resolution of 30,000. Maximum fill time was set to 64ms or an AGC
target of 1e5 ions. The dynamic exclusion was set to 45 s.

Proteomics data analysis
Acquired data were analyzed using IsobarQuant85 and Mascot V2.4
(Matrix Science) using a reverse UniProt FASTA Mus musculus data-
base (UP000000589, downloaded in May 2016, 59.754 entries
including common contaminants). The following modifications were
taken into account: Carbamidomethyl (C, fixed), TMT16plex (K, fixed),
Acetyl (N-term, variable), Oxidation (M, variable) and TMT16plex (N-
term, variable). The mass error tolerance for full scan MS spectra was
set to 10 ppm and for MS/MS spectra to 0.02Da. A maximum of two
missed cleavages were allowed. A minimum of two unique peptides

Fig. 6 | MKC8866 synergizes with anti-PD-1 immunotherapy in syngeneic PCa
mouse models. A–C MKC8866 synergizes with anti-PD-1 treatment in Myc-CaP
model. A Schematic representation of the experiment in the Myc-CaP mouse
model. B Tumor volumes were measured at the indicated days for Vehicle + anti-
IgG or Vehicle + anti-PD-1 (n = 4 mice, 7 tumors) and MKC8866 + anti-IgG or
MKC8866 + anti-PD-1 (n = 4 mice, 8 tumors). C Same as in (B), but tumor weights
were measured at the end of the experiment. D–F MKC8866 synergizes with anti-
PD-1 treatment in Myc-CaP PTEN KO model. D Schematic representation of the
experiment. E Tumor volumes measured at the indicated days are shown for
Vehicle + anti-IgG (n = 6mice, 11 tumors), Vehicle + anti-PD-1 (n = 8mice, 15 tumors),
MKC8866 + anti-IgG (n = 9mice, 18 tumors), and MKC8866 + anti-PD-1 (n = 8 mice,
16 tumors). F Same as in (E) but tumor weights at the end of the experiment are
presented. G–IMKC8866 enhances the efficacy of anti-PD-1 treatment in the RM-1

model.G Schematic representationof the experiment.HTumor volumesmeasured
at the indicated days are shown for Vehicle + anti-IgG (n = 6 mice, 11 tumors),
Vehicle + anti-PD-1 (n = 7 mice, 14 tumors), MKC8866 + anti-IgG (n = 7 mice, 14
tumors), and MKC8866 + anti-PD-1 (n = 6 mice, 12 tumors). I Same as in (H), but
tumor weights at the end of the experiment are presented. J Body weights of the
mice from (B, E, and H) with the specified treatments for Myc-CaP, Myc-CaP PTEN
KO, and RM-1 models respectively. Mean± standard error by two-tailed student’s t
test is presented for figure B, E, F, H, I, and J; unpaired two-tailed Mann Whitney
t-test is used for C; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, n.s, non-
significant. Source data and exact p values are provided as a SourceData for figures
(B, C, E, F, H, I, and J). Figures 6A, 6D and 6G were created in BioRender. Unal, B.
(2023) BioRender.com/u75i711.
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with a peptide length of at least seven amino acids and a FDR below
0.01 were required on the peptide and protein level86.

The raw output files of IsobarQuant (protein.txt–files) were pro-
cessed using the R programming language (ISBN 3-900051-07-0). Only
proteins that were quantified with at least two unique peptides were
considered for the analysis. 6505 proteins passed the quality control

filters. Raw TMT reporter ion intensities (‘signal_sum’ columns) were
first cleaned for batch effects using limma87 and further normalized
using vsn (variance stabilization normalization)88. Proteins were tested
for differential expression using the limma package. The replicate
information was added as a factor in the design matrix given as an
argument to the ‘lmFit’ function of limma. A proteinwas annotated as a
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hit with a false discovery rate (fdr) < 5% and a fold-change of at least
100% and as a candidate with a fdr below 20% and a fold-change of at
least 50%.

Single-cell suspension of tumor samples for scRNA-seq
Freshly dissected tumor samples were washed with PBS and
transferred into GEXSCOPE Tissue Preservation Solution (Single-
ron), and stored on ice. 6 tumor samples from each group were
pooled for scRNA-seq. The tissue samples were then washed with
Hanks balanced salt solution three times and minced into small
pieces which were digested with Tissue Dissociation Solution
(Singleron) at 37 °C for 15 min with agitation. After digestion, cells
were passed through a 40 μm strainer to remove cell debris and
centrifuged at 300 × g for 5 min. The supernatant was removed
and cell pellet was resuspended in 1 ml PBS, followed by red
blood cell lysis using RBC lysis buffer. Next, cells were cen-
trifuged at 500 × g for 5 min and resuspended in PBS. The viability
and cell count were determined by trypan blue staining under
microscope. Cell viability exceeded 80% for each sample.

scRNA-seq library preparation
The single-cell suspension was adjusted to a concentration of 1 × 105 /
ml for library preparation. This was loaded onto microfluidics chips
(GEXSCOPE Single-Cell RNA-seq Kit, Singleron Biotechnologies) and
GEXSCOPE 3´SD scRNA-seq libraries were prepared according to
manufacturer instructions (Singleron Biotechnologies). Individual
libraries were diluted and pooled for next generation sequencing on
Illumina NovaSeq with 150bp paired-end reads.

scRNA-seq data analysis
The sequencing reads were aligned to mouse reference Grcm38
genome and Singleron Celescope tool (https://github.com/
singleron-RD/CeleScope) were used to generate the gene
expression matrices. Gene expression levels were analyzed by
counting the unique molecular indices (UMIs) detected in each
cell. We applied quality control measures to the data. Only cells
with a library size of at least 1,000 counts and falling within the
95 percent confidence interval for the prediction of mitochon-
drial content ratio and detected genes in proportion to the cell’s
library size were retained. In addition, cells with mitochondrial
proportions greater than 10% were removed. To normalize, scale,
and reduce the dimensionality of the scRNA-seq data, Seurat was
used with default functions and parameters, including Principal
Component Analysis (PCA)89. Harmony was used for data inte-
gration, and the top 50 dimensions returned by Harmony were
used to generate UMAP projections of the data90. Cell clustering
was performed using Seurat’s built-in functions, with default

resolution and utilizing the Harmony embedding as the basis for
constructing the nearest neighbor network. Cell identities were
assigned through differential expression analysis and manual
inspection of cell type-specific marker genes. For visualizing
quantitative gene expression and specific gene expression pat-
terns, R packages ggplot2 and Nebulosa were employed91. GSEA
analysis was performed as described previously92.

Cell-cell communication across different experimental condi-
tions was analyzed using the CellChat R package. Initially, a Seurat
object containing all treatment data was integrated to serve as input
for generating a CellChat object, utilizing the count data and asso-
ciated metadata. For reference, the CellChatDB.mouse database
was employed to identify known signaling pathways and interac-
tions relevant to mouse cell communication. The dataset was sub-
setted to align with the reference, enabling the detection of
overexpressed genes and interactions potentially involved in cell
communication. Communication probabilities were calculated at
both the interaction and pathway levels, and interactions involving
fewer than ten cells were excluded to ensure robust results. An
aggregated network of interactions was then constructed and ana-
lyzed to compute centralitymeasures, which identified the key roles
of specific cell types or interactions within the network. This
methodology was applied to multiple subsets of the Seurat object,
each representing distinct experimental conditions. For each
experimental group, bubble plots and heatmaps were generated to
highlight significant interactions. A predefined list of signaling
pathway for “MHC-I” was examined for each experimental condi-
tions. Chord diagrams were created to visualize interactions, pro-
viding a clear depiction of cell-cell communication dynamics under
each experimental scenario.

Bioinformatics analysis
Raw data for PCa RNA-seq were downloaded from the TCGA website.
Raw reads were processed through the nf-core rnaseq pipeline (ver-
sion 3.6)76. Briefly, reads were trimmed using Trimgalore (version
0.6.7), and then mapped to Grch38 using the STAR RNA-Seq aligner
(version 2.6.1d). Finally, XBP1s reads were obtained from the STAR’s
splice junction output file (SJ.out.tab files) using the following coor-
dinates: Chr22:28796128-28796153. XBP1s specific reads were nor-
malized to the total number of mapped read counts. Next, using
normalized spliced XBP1s reads, samples were divided into low
(n = 200) and high (n = 200) expressing groups. GSEA was performed
as previously described78. Immune cell infiltration analysis was per-
formed by downloading the TCGA PCa infiltration estimation data
from the TIMER2.0 website93. Immune cell infiltration estimation
scores of XBP1s low and high expressing PCa were extracted and
analyzed.

Fig. 7 | MKC8866 + anti-PD-1 combination therapy reprograms the TME land-
scape and enhances CD8+T and NK cell infiltration. scRNA-seq was performed
on tumor samples from the experiment presented in Fig. 6D and E (six tumor
samplesper groupwerepooled for scRNA-seq).ADifferent colors in theUMAPplot
represent the assigned cell types identified based on the marker genes in Supple-
mentary Fig. 7 A. B The table displays the percentage abundance of each cell type
within the TME and the observed percentage changes for the different treatments
compared to vehicle.C Volcano plot indicates the up- and down-regulated genes in
the CD8+T cell cluster in the scRNA-seq data from tumor samples of mice treated
withMKC8866 + anti-PD-1 compared with vehicle. Notable up- and down-regulated
genes were highlighted as red and blue, respectively. D The dot plot displays
selectedGSEA results (forhallmark gene sets) fromscRNA-seqdata for thedifferent
treatments compared to vehicle. Significantly up- or down-regulated pathways are
depicted in red and blue, respectively. Dot size corresponds to the -log10 (p-value)
of each pathway for the respective cell type. E Volcano plots indicate the up- and

down-regulated genes in the indicated TAM subtypes for combination therapy vs
vehicle. Notable up- and down-regulated genes are highlighted as red and blue,
respectively. F) Chord plot displaying the result from CellChat analyzes showing
the MHC-I signaling pathway interaction between indicated cell types from tumor
samples of mice treated with combination therapy. G The Venn diagram sum-
marizes the differentially expressed genes (p <0.05) that were significantly altered
in the CD8+T cell cluster from tumors of combination therapy compared to the
differentially expressed genes (p <0.05) in the scRNA-seq data from theCD8+T cell
cluster in pembrolizumab + enzalutamide responsive versus non-responsive
mCRPC patient samples as reported previously35.H The heatmap indicates the log2
fold-change expression of overlapping genes from Figure G in the CD8+ T cell
cluster from tumors of mice for the indicated treatments compared to vehicle
treatment. TheWilcoxon rank-sum test implemented in Seuratwas used for Figures
(C, E, and G).
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Fig. 8 | A TAM gene signature derived from scRNA-seq data is strongly asso-
ciated with poor prognosis in patients with PCa. A Representative images are
shown for IREα and CD68 IHC staining in human PCa specimens.
B Quantification of CD68+ tumor infiltrating macrophages [IRE1α low (n = 54)
and high (n = 49)] is presented for human PCa tumor samples. C Xcell mac-
rophage and M2 macrophage infiltration scores of TCGA PCa tumors divided
according to XBP1s low (n = 200) and high (n = 200) expression similar to in
Fig. 1F. D Volcano plot indicates the up-and down-regulated genes in the
main macrophage (TAMs) cluster in the scRNA-seq data that was shown in
Fig. 4B–E. E TAM gene signature expression in the indicated PCa patients
from the publicly available datasets14. Normal prostate tissue (GTEX): n = 119;
Tumor adjacent normal (TCGA): n = 52; Primary PCa (TCGA): n = 499; CRPC:
n = 183; NEPC: n = 23. F PCa patients with high Gleason score [Gleason 6

(n = 45), 7 (n = 247), 8 (n = 64), 9 (n = 137), and 10 (n = 4)] exhibit an elevated
TAM gene signature score in the TCGA PCa dataset. G Kaplan-Meier plots
illustrate a positive correlation between increased expression of the TAM
signature (depicted as blue) and significantly shorter progression free sur-
vival in the TCGA dataset, and shorter disease-free survival in MSKCC PCa
datasets. Mean ± standard error by unpaired two-tailed Mann Whitney t-test
is presented for B (p = 0.006), (C) (p = 0.002 for left and p = 0.0003 for right
figures), and (E) (Adjacent Normal vs Primary PCa: p = 0.002); one-way Anova
is used for figure (F) (source data and exact p values are provided as a Source
Data); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. In box-plots, whiskers
represent 10–90 percentile and middle lines indicate median of the data. The
Wilcoxon rank-sum test implemented in Seurat was used for D.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
RNA-seq and scRNA-seq data generated in this study have been
deposited in the GEO database with the accession code GSE240383.
Publicly available RNA-seq datasets were used with accession code
GSE141633 and TCGA primary PCa raw data was downloaded from
Genomic Data Commons Data Portal [https://portal.gdc.cancer.gov/].
The mass spectrometry proteomics data generated in this study have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repositorywith the dataset identifier PXD044287. Immune cell
infiltration estimation data for PCa patient samples was downloaded
from TIMER2.0 website [http://timer.cistrome.org/]. The remaining
data are available within the Article, Supplementary Information or
Source Data file. Source data are provided with this paper.
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