1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j Clin Cancer Res. Author manuscript; available in PMC 2023 November 15.

Published in final edited form as:
Clin Cancer Res. 2023 May 15; 29(10): 1952-1968. d0i:10.1158/1078-0432.CCR-22-3350.

Reversal of lactate and PD-1-mediated macrophage
Immunosuppression controls growth of PTEN/p53-deficient
prostate cancer

Kiranj Chaudagar?, Hanna M. Hieromnimon®*, Rimpi Khurana?”, Brian Labadiel, Taghreed
Hirz345, Shenglin Mei38, Raisa Hasan’-8, Jordan Shafran, Anne Kelley!, Eva Apostolov’8,
Ghamdan Al-Eryani’8, Kate Harvey’, Srikrishnan Rameshbabu?l, Mayme Loyd?, Kaela

Bynoel, Catherine Drovetsky!, Ani Solanki®, Erica Markiewicz10, Marta Zamoral?, Xiaobing
Fanl10, Stephan Schirer?11 Alex Swarbrick’8, David B. Sykes345, Akash Patnaik?!

1Section of Hematology/Oncology, Department of Medicine, University of Chicago, Chicago, IL,
USA.

2Department of Pharmacology, Miller School of Medicine, University of Miami, Miami, FL, USA.

SCenter for Regenerative Medicine, Massachusetts General Hospital Cancer Center, Boston, MA,
USA.

4Harvard Stem Cell Institute, Cambridge, MA, USA.

SDepartment of Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA, USA.
5Department of Biomedical Informatics, Harvard Medical School, Boston, MA, USA

“Garvan Institute of Medical Research, Darlinghurst, NSW 2010, Australia.

8St Vincent's Clinical School, Faculty of Medicine and Health, UNSW Sydney, Kensington, NSW
2052, Australia.

9Animal Resource Center, University of Chicago, Chicago, IL, USA.

10Department of Radiology, University of Chicago, Chicago IL, USA.

Corresponding Author:Akash Patnaik, M.D., Ph.D., M.M.Sc., Knapp Center for Biomedical Discovery, 7152, 900 East 57th Street,
Chicago, IL 60637, Tel: (773) 734-3519, apatnaik@bsd.uchicago.edu.

Equal Contribution of Authors
Author’s contributions:
K. Chaudagar: Conceptualization, data curation, formal analysis, validation, investigation, visualization, methodology, supervision,
project administration, writing—original draft, writing-review and editing. H. M. Hieromnimon: Conceptualization, data curation,
formal analysis, validation, investigation, visualization, methodology, writing—original draft, writing-review and editing. R. Khurana:
Data curation, formal analysis, validation, investigation, visualization, methodology, writing-review and editing. B. Labadie: Data
curation, visualization, writing-original draft, writing-review and editing. T. Hirz: Methodology, writing-review and editing. S. Mei:
Data curation, formal analysis, validation, investigation, visualization and methodology. R. Hasan: Data curation, formal analysis,
validation, investigation, visualization and methodology. J. Shafran: Data curation, visualization, writing-original draft, writing-
review and editing. A. Kelley: Formal analysis, validation, methodology, writing-review and editing. E. Apostolov: Methodology.
G. Al-Eryani: Methodology. K. Harvey: Methodology. S. Rameshbabu: Methodology, writing-review and editing. M. Loyd:
Methodology. K. Bynoe: Methodology. C. Drovetsky: Methodology, writing-review and editing. A. Solanki: Methodology. E.
Markiewicz: Methodology. M. Zamora: Methodology. X. Fan: Data curation, methodology, writing-review and editing. S. Schurer:
Resources and funding acquisition. A. Swarbrick: Resources, writing-review and editing. D. B. Sykes: Resources and editing. A.
Patnaik: Conceptualization, data curation, resources, funding acquisition, supervision, project administration, writing—original draft,
writing-review and editing.

Author conflict of interest: Dr. Patnaik has received research funding from Bristol Myers Squibb.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudagar et al. Page 2

11gylvester Comprehensive Cancer Center, Miller School of Medicine, University of Miami, Miami,
FL, USA.

Abstract

Purpose: PTEN loss-of-function occurs in ~50% of metastatic, castrate-resistant prostate
cancer (MCRPC) patients, and associated with poor prognosis and responsiveness to standard-of-
care therapies and immune checkpoint inhibitors. While PTEN loss-of-function hyperactivates
P13K signaling, combinatorial PI3K/AKT pathway and androgen deprivation therapy (ADT)

has demonstrated limited anti-cancer efficacy in clinical trials. Here, we aimed to elucidate
mechanism(s) of resistance to ADT/PI3K-AKT axis blockade, and to develop rational
combinatorial strategies to effectively treat this molecular subset of mCRPC.

Experimental design: Prostate-specific PTEN/p53-deficient genetically engineered mice
(GEM) with established 150-200 mm?3 tumors, as assessed by ultrasound, were treated with either
ADT (degarelix), PI3K inhibitor (copanlisib), or anti-PD-1 antibody (aPD-1), as single agents or
their combinations, and tumors were monitored by MRI and harvested for immune, transcriptomic
and proteomic profiling, or ex vivo co-culture studies. Single-cell RNAseq on human mCRPC
samples was performed using 10X Genomics platform.

Results: Co-clinical trials in PTEN/p53-deficient GEM revealed that recruitment of PD-1-
expressing tumor-associated macrophages (TAM) thwarts ADT/PI3Ki combination-induced tumor
control. The addition of aPD-1 to ADT/PI3Ki combination led to TAM-dependent ~3-fold
increase in anti-cancer responses. Mechanistically, decreased lactate production from PI3Ki-
treated tumor cells suppressed histone lactylation within TAM, resulting in their anti-cancer
phagocytic activation, which was augmented by ADT/aPD-1 treatment and abrogated by

feedback activation of Wnt/B-catenin pathway. Single-cell RNA-sequencing analysis in mCRPC
patient biopsy samples revealed a direct correlation between high glycolytic activity and TAM
phagocytosis suppression.

Conclusions: Immunometabolic strategies that reverse lactate and PD-1-mediated TAM
immunosuppression, in combination with ADT, warrant further investigation in PTEN-deficient
MCRPC patients.

INTRODUCTION

Prostate cancer (PC) is the second most commonly diagnosed cancer in men worldwide,
with an estimated 375,304 deaths each year (1). While androgen deprivation therapy

(ADT) remains the current standard of care for advanced PC, the majority of patients
eventually progress and develop lethal metastatic castration-resistant PC (mMCRPC) (2).
Recent clinical trials have led to the FDA approval of androgen receptor signaling inhibitors
(ARSI, abiraterone, enzalutamide, apalutamide) or docetaxel chemotherapy in combination
with ADT for treatment of metastatic castration-sensitive PC (mCSPC) (3-6). Furthermore,
recent studies have also shown a survival benefit of docetaxel chemotherapy in combination
with AR antagonist darolutamide in mCSPC, relative to docetaxel alone (7). While the
shift of ARSI and chemotherapy from the mCRPC to the mCSPC setting have resulted in
an incremental improvement in overall survival, the majority of patients still progress to
metastatic, castrate-resistant prostate cancer (NCRPC), which is associated with significant
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morbidity and mortality (2, 4, 8, 9). Furthermore, the use of chemohormonal therapies
earlier in the disease continuum has led to the emergence of aggressive-variant prostate
cancers (AVPC), that are associated with genomic loss-of-function (LOF) alterations in
Phosphatase and tensin homolog (PTEN), TP53 and Retinoblastoma (Rb) genes and exhibit
lineage plasticity and neuroendocrine/small cell histopathologic features (10, 11). Therefore,
there is a critical unmet need to develop novel definitive therapies that eradicate AVPC.

Recently, there has been renewed interest in immunotherapy for the treatment of advanced
PC, partly based on the anti-tumor immune activation that occurs with ADT, and partly
based on the clinical responses to immune checkpoint inhibitors (ICI) targeting CTLA-4
and PD-1/PD-L1 in other cancers (12-14). However, only 10-25% of mCRPC patients
respond to ICI, with a lack of durable benefit in the majority of patients (15, 16). Multiple
mechanisms of immunotherapy resistance have been postulated in PC. These include

a sparse immune infiltrate within the tumor microenvironment (TME), with a paucity

of pre-existing T cells and a relative enrichment of innate immunosuppressive myeloid
cells, such as tumor-associated macrophages (TAM) and myeloid derived suppressor cells
(MDSC) (17-21). Furthermore, prior studies in PC have demonstrated that the release

of immunosuppressive chemokines, such as TGF-f and IL-6, and the downregulation of
MHC Class | expression correlates with reduced survival and increased distant metastasis,
respectively (22, 23).

PTEN LOF alterations, which occur in approximately 50-75% of mCRPC patients,

are associated with poor prognosis and development of metastases (24-26). In

addition to enhanced tumor cell proliferation and survival via hyperactivation of

the phosphatidylinsositol kinase-3 pathway (27), PTEN LOF alterations have been
associated with an immunosuppressive tumor microenvironment, manifested by an increase
in PD-L1 expression in some PTEN-deficient malignancies, increased expression of
immunosuppressive chemokines such as CCL2, VEGF, IL1, decreased infiltration and
function of effector T cells, as well as the enhanced function of regulatory T cells

(18, 28, 29). Co-occurrence of TP53-mutations is present in 56% of PTEN-deficient
MCRPC patients, which also leads to an immunosuppressive TME by increasing TAM/
MDSC infiltration (26, 30). Given the aggressive natural history and poor therapeutic
outcomes of PTEN/p53 mutant advanced PC to standard-of-care hormonal therapies

(24), chemotherapies (31) and ICI (28, 32), a deeper understanding of immune evasion
mechanisms is critical for the discovery of new therapeutic strategies to effectively treat this
molecular subset of AVPC.

One potential strategy to treat PTEN-deficient mCRPC is inhibition of the dysregulated
activity of the PI3K signaling cascade, which drives increased aerobic glycolysis via

the Warburg effect (27) and enhanced proliferation (33), survival (34), and metastasis

(25). However, preclinical and clinical trial data has demonstrated that PI3K inhibitors

are ineffective as single agents in the majority of solid tumor malignancies, independent

of PTEN status (35-38). Furthermore, recent clinical studies have demonstrated that the
combination of ADT, cytochrome (CYP) 17,20-lyase inhibitor abiraterone acetate and AKT
inhibitor ipatasertib has shown modest improvement in progression-free survival (18.5
months in abiraterone/ipatasertib vs. 16.5 months in abiraterone/placebo) in PTEN-deficient
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mMCRPC (39), but the mechanism of intrinsic and/or acquired resistance to this combinatorial
approach remains unknown.

To elucidate the mechanistic basis for limited anti-cancer efficacy of dual PI3BK/AKT

axis and androgen blockade, we performed a pre-clinical trial of degarelix (ADT), with

and without copanlisib (pan-PI3K inhibitor) in the castrate-resistant prostate-specific PTEN/
p53-deficient genetically engineered mouse model (GEMM) (40), which recapitulated the
modest anti-tumor responses observed in mCRPC patients (39). Importantly, we discovered
that the recruitment of PD-1 expressing tumor-associated macrophages (TAM) limits

the phagocytosis mediated-anti-tumor efficacy elicited by ADT/copanlisib combination
treatment. We therefore tested the hypothesis that the addition of a PD-1 blocking

antibody (aPD-1) to the ADT/copanlisib combination could enhance the anti-tumor efficacy
in GEMMs, and observed an ~3-fold enhancement of overall response rate (ORR),

which was abrogated /n vivo by TAM depletion. Mechanistically, decreased lactate
production from copanlisib treated tumor cells resulted in suppression of histone lactylation
(H3K18lac) within TAM, resulting in their phagocytic activation which was augmented by
concurrent ADT/aPD-1. Critically, feedback activation of Wnt/p-catenin signaling observed
in non-responder mice following ADT/PI3Ki/aPD-1 combination treatment, restored lactate-
mediated H3K18lac and suppressed phagocytosis within macrophages. Taken together, our
findings demonstrate that reversal of lactate and PD-1-mediated TAM immunosuppression
by PI3Ki and aPD-1, respectively, in combination with ADT controls tumor growth and
warrants further clinical investigation in PTEN/p53-deficient mCRPC.

MATERIALS AND METHODS

In vivo murine treatment and prostate tumor growth kinetic studies.

Experiments were performed in accordance with NIH guidelines and protocol approved

by the Institutional Animal Care and Use Committee (IACUC) at University of Chicago.
Prostate-specific PTEN/p53-deficient (Pb-Cre; PTENT/!l Trp53fl/fl) mice were screened for
autochthonous prostate tumor development at 16 weeks of age by ultrasound. Following the
development of solid tumors (when the solid tumors reached a long-axis diameter of 5 mm
under ultrasound imaging), the mice were treated with either degarelix (0.625 mg/mouse, sc,
every 28-days, ADT group, MedchemExpress; HY16168A), copanlisib (14mg/kg, /v, every
alternate day, Selleckchem; BAY 80-6946), PD-1 antibody (aPD-1, 200 pg/mouse, /p, every
alternate day, Bristol Myers Squibb; mPD-1-D265A\) single agents or their combinations

(as indicated in Figure legends). Tumors were monitored at baseline and every 14-days
following treatment using 9.4 Tesla small animal MRI scanner (Bruker, Germany) with

11.6 cm inner diameter and actively shielded gradient coils (maximum constant gradient
strength = 230mT/m for all axes). Amira software (RRID:SCR_007353) was used to outline
region of interest and delineate cystic and solid disease components on MRI. A Matlab
(RRID:SCR_001622) script summed over the pixels (1 pixel = 5um3) in these outlined
regions was utilized to compute tumor volume. Solid prostate tumor volume was derived by
subtracting cystic volume from total prostate tumor volume. Mice were considered treatment
responsive if solid tumor volume did not grow >20% (stable disease, SD) at indicated time
point following treatment, relative to baseline. Furthermore, % Partial response (PR) was
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calculated based on a proportion of total mice that exhibited >30% decrease in solid tumor
volume following treatment, relative to baseline. % Overall Response Rate (ORR) was
calculated based on number of responder mice (SD + PR), relative to total mice enrolled in a
specific treatment. Individuals were blind to treatment allocation during volumetric analysis.

Serum testosterone determination:

To demonstrate that chemical castration with degarelix generates castrate levels of
testosterone, Pb-Cre; PTENM/T Trps3f/fl mice were treated with degarelix (0.625 mg, sc,
single dose, 28 days, ADT group) and blood was drawn from tail vein at baseline, 3 and
28-days following treatment. Serum was isolated and analyzed for testosterone level as per
manufacturer ELISA protocol (Enzo Life Sciences; ADI-900-176).

Cell lines and culture conditions:

For in vitro experiments on tumor cells, PTEN/p53-deficient prostate GEMM tumor
derived cancer cell lines, AC1 (adenocarcinoma type, authenticated by Kathleen Kelly
group at NCI) and SC1 (sarcomatoid type, authenticated by Kathleen Kelly group at

NCI) were cultured in prostate epithelial growth media (PrEGM, Lonza; CC-3166) in the
absence (AC1 medium) and presence (SC1 medium) of 10% fetal bovine serum (FBS,
Gemini; 100500), respectively (41). AC1 and SC1 cells were confirmed to be mycoplasma
free using PCR-based testing kit (ATCC; 30-1012K). PrEGM was generated by adding
necessary supplements to Prostate Epithelial Basal Media (PrEBM, Lonza; CC-4177), as
per manufacturer’s protocol. To mimic /n vivo ADT condition, AD-PrEGM was generated
from PrEBM by adding all supplements, except hydrocortisone, a known androgen receptor
agonist (42). This was labeled as AD-AC1 medium, whereas AD-SC1 medium had 10%
charcoal stripped FBS (CSS, Gibco; 12676029) in AD-PrEGM.

Western blot analysis:

For in vivostudies, established prostate tumors from Pb-Cre; PTENT/fl Trp53f/fl mice were
harvested following treatment, lysed in T-PER buffer (ThermoFisher; 78510) and 10 ug of
total protein extracts for each sample underwent sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), followed by Western Blot analysis. For in vitro studies, AC1
or SC1 cells were treated with indicated drug(s) under normal AC1/SC1 or AD-AC1/SC1
media conditions, respectively. Cells were lysed in RIPA buffer (ThermoFisher; 89900) and
10 pg of total protein extracts underwent SDS-PAGE followed by Western blotting, and
probed for pAKT-S473 (Cell Signaling Technology; 4060S), pAKT-T308 (Cell Signaling
Technology; 2965S), total AKT (Cell Signaling Technology; 4691S), active-B-catenin (Cell
Signaling Technology; 8814S), H3K18lac (PTM biolabs; PTM-1406RM) or GAPDH (Cell
Signaling Technology; 2118S) as indicated in Figure legends. Bands were quantified using
Image J software (RRID:SCR_003070).

Flow cytometric analysis.

Pb-Cre; PTENT/fl Trp53f/fl mice were treated with the indicated drug(s), and harvested
tumors were digested using liberase (Sigma; 5401020001), and filtered through a 70 ym
cell strainer. The resulting cell suspension was centrifuged and incubated for 2 minutes in
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1 mL of Ammonium-Chloride-Potassium (ACK) solution to lyse red blood cells. ACK was
neutralized with 10 mL of PBS and the cell suspension was centrifuged at 1800 rpm for 5
minutes. The cell pellet was resuspended at density of 1x10° cells/mL in PBS containing
either myeloid or lymphoid antibody cocktails. Myeloid antibody cocktails were prepared
by resuspending 10 uL of anti-CD45 (Biolegend; 103138), CD11b (Biolegend; 101257),
CD11c (Biolegend; 117339), Ly6c (Biolegend; 128006), Ly6g (Tonbo Biosciences; 80—
5931-U100), MHC-II (Biolegend; 107631), F4/80 (Biolegend; 123147), CD206 (Biolegend;
141708), PD-1 (Biolegend; 135228), PD-L1 antibodies (Invitrogen; 25-5982-82) and 1

pL of Ghost-viability dye (Tonbo Biosciences; 13-0870-T100) in 1 mL PBS. Lymphoid
antibody cocktails were prepared by resuspending 10 pL of anti-CD45, CD3 (Biolegend;
100216), CD4 (Biolegend; 100451), CD8 (Biolegend; 100748), CD19 (Biolegend; 115541),
PD-1, PD-L1 antibodies and 1 pL of Ghost-viability dye in 1 mL PBS. After 30 minutes

of incubation, stained single cell suspensions were washed with PBS and incubated with fix/
perm buffer (Biolegend; 421401) for 15 minutes. Following fixation, single cell suspensions
of samples incubated with myeloid antibody cocktail were washed and resuspended in PBS
for flow cytometry run whereas lymphoid antibody cocktail-stained cells were incubated
overnight with 1 mL perm buffer (Biolegend; 421402) containing 10 pL of anti-FoxP3
(Biolegend; 126408) and Ki67 (Biolegend; 652404) antibodies for intracellular stains.
Following completion of staining, cells were washed, resuspended in PBS and flow
cytometry was performed for lymphoid markers. Flow cytometry data were gated for
myeloid and lymphoid subsets and their activation status using FlowJo v 10.7 software
(RRID:SCR_008520).

For ex vivosingle cell reconstitution studies and immune profiling, established prostate
tumors were harvested from Pb-Cre; PTENT/f Trp53f/fl mice, digested using liberase
(Sigma; 5401020001) and filtered through a 70 um cell strainer. The resulting single cell
suspensions were treated with the indicated drug(s) and analyzed by flow cytometry, as
described above.

Proliferation and apoptosis assays:

AC1/SC1 cells were treated with copanlisib (100 nM), aPD-1 (10 pg/mL) and their
combinations in presence of AC1/SC1 or AD-AC1/SC1 media for indicated time points.
Adherent cells were digested with trypsin and total number of cells per well counted using
hemocytometer. Proliferation rate was calculated by dividing the number of cells at a given
time point with the seeding density. For apoptosis assay, tumor cell suspensions were further
stained with anti-Annexin V antibodies and propidium iodide (Pl, DNA marker dye) as

per protocol supplied with kit (BD biosciences; 556547). Flow cytometry analysis was
performed for annexin V+/PI- (apoptotic) and annexin V+/PI+ (necrotic) cells. % cell death
was defined as the sum total of both apoptotic and necrotic cells frequencies.

TAM isolation:

To elucidate functional relevance of TAM and their activation states within the TME
following treatment, established prostate tumors of GEMM mice were harvested, and
single cell suspensions were prepared using liberase digestion method. Following ACK
treatment, single cell suspensions were stained with anti-CD45, CD11b, F4/80 antibodies
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(1:100 dilution for each) and Ghost-viability dye (1:1000 dilution) in 1 mL SC1 media.
TAM (CD45*CD11b*F4/80* cells) were sorted using FACS. Furthermore, MHC-11 and
PD-1 antibodies (1:100 dilution for each) were added in staining cocktails to isolate the
following TAM subsets using FACS: MHC-11M/PD-1!°, MHC-11Ni/PD-10i, MHC-11'°/PD-11°,
and MHC-I1'°/PD-1M.

CM collection:

Established prostate tumors from untreated Pb-Cre; PTENT/fl Trp53f/fl mice were harvested,
and single cell suspensions were prepared using liberase digestion method. Cells were plated
at density of 3x108 cells per P100-culture dish. These suspensions were treated ex vivo with
copanlisib (100 nM), aPD-1 (10 pg/mL) and their combinations under AC1 or AD-AC1
media conditions as indicated in Figure legends. Supernatants were collected following
treatment, named as an ex vivo CM and utilized for proteomic, metabolic and TAM
functionality experiments. For in vitro CM, supernatants were collected following treatment
of AC1/SC1 cells with copanlisib (100 nM), aPD-1 (10 pg/mL) and their combinations in
presence of AC1/SC1 or AD-AC1/SC1 media, as described in Figure legends.

BMDM generation:

To perform in vitro macrophage functionality assay, bone marrow progenitors were extracted
from femur of male Cre™’~ GEMM mice by flushing twice with cold PBS buffer. Progenitors
were cultured for 7 days in M-CSF (30 ng/mL, PeproTech; 315-02) containing DMEM
media (Corning; 17-205-CV) supplemented with 10% FBS, 1% non-essential amino

acid and 1% penicillin/streptomycin, to enable differentiation into bone marrow derived
macrophages (BMDM, (43)), which were utilized for downstream functional studies.

Ex vivo phagocytosis assay:

TAM or their subsets were sorted from untreated PTEN/p53-deficient established prostate
tumors using FACS and utilized for three distinct phagocytosis assay approaches. (i) AC1
and SC1 cells were stained with CTV dye (1:2000 dilution in PBS, ThermoFisher; C34571)
and co-cultured with TAM subsets at a 2:1 ratio of tumor cells:TAM. These co-cultures
were treated ex vivo with copanlisib (100 nM), aPD-1 (10 pg/mL) or their combinations for
24 hours in AC1/SC1 and AD-AC1/AD-SC1 media, to mimic conditions with and without
androgen, respectively. (ii) TAM were either pre-treated ex vivo directly with copanlisib
(100 nM), aPD-1 (10 pg/mL), or their combinations in presence of normal AC1/SC1 and
AD-AC1/SC1 media or (iii) indirectly with CM (as described in above subsection) for 24
hours to dissect mechanism of TAM activation/phagocytosis. To investigate role of lactate
on macrophage suppression, FACS-sorted TAM or BMDM were pre-treated for 24 hours
with ex vivo or in vitro CM, in the presence or absence of lactate (Sigma; L7022), which
was added at a final concentration of either 50 or 100 nmol/uL. After these pre-treatments,
TAM were co-cultured with CTV dye stained AC1/SCL1 cells at Tumor cells:TAM ratio

of 2:1 for 2 hours. At the end of phagocytosis, cells were then washed twice with PBS

and stained with anti-CD45, MHC-11 (M1-anti-tumor/activated macrophage marker), PD-1,
(1:100 dilution for each), H3K18lac antibodies (1:100 dilution for each) and Ghost-viability
dye (1:1000 dilution) in 1 mL PBS. Phagocytic activity and histone lactylation status of each
TAM subset (MHC-11"/PD-1'°, MHC-11hi/PD-1N, MHC-11'°/PD-1'°, and MHC-11'9/PD-1Ni
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TAM) was calculated by normalizing MFI of CTV dye and H3K18lac staining, relative to
untreated groups, respectively. Baseline phagocytic activity of TAM subsets was normalized
relative to untreated MHC-11'°PD-10 TAM.

In vitro phagocytosis checkpoint analysis:

AC1/SC1 cells were treated with copanlisib (100 nM), aPD-1 (10 pg/mL) and their
combinations in normal AC1/SC1 and AD-AC1/SC1 media conditions for 24 hours, to
mimic conditions with and without androgen, respectively. Following trypsinization, cells
were stained with anti-CD47 (Biolegend; 127530) and PD-1 antibodies, and analyzed by
flow cytometry.

Lactate determination:

To dissect mechanism of anti-tumor response with indicated drug combinations,
quantification of lactate was performed using colorimetry kit (Biovision; K627-100) on
both ex vivoand in vitro CM, as described above.

Single cell RNA sequencing and bioinformatic analysis.

All human samples were obtained following written informed consent and the studies were
conducted in accordance with Declaration of Helsinki ethical guidelines. Bone metastatic
PC samples were procured as per protocol approved by the Institutional Review Board
(Dana Farber/Harvard Cancer Center protocol 13-416 and Partners protocol 2017P000635/
PHS). Following consent and verification of inclusion/exclusion criteria, spine metastatic
PC patients underwent tumor specimen extraction procedure as described previously

(44). Tumor specimens were enzymatically dissociated to single cells, treated with ACK
lysis buffer to remove erythrocytes and suspended in Media 199 supplemented with 2%
FBS. Single cells suspensions were sequenced for RNA by Chromium Controller as per
manufacturer protocol (10x Genomics). FASTQ files were processed using CellRanger
(RRID:SCR_017344) and human genome-hg19 was considered as the reference genome

to generate the matrix files containing cell barcodes and transcript counts. Cells with total
UMI exceeding 600 were further included in the downstream analysis. Quality control and
data exploration were done by Pagoda2 (RRID:SCR_017094). Cells were annotated using
Conos tutorial. A gene set signature score was used to measure cell states in different

cell subsets and conditions. Signature scores were calculated as average expression values
of genes in a given set. Specifically, normalized gene signature score of each cell were
calculated as an average normalized (for cell size) gene expression magnitude for; 1) aerobic
glycolysis activity (ALDOA, BSG, ENO1, ENO2, ENO3, GPI, HK1, LDHA, LDHB, PFKL,
PFKM, PFKP, PGAM1, PGAMZ2, PGK1, PKLR, PKM, SLC16A1, SLC16A3, SLC2A1,
TPI1; (45)) in tumor cells and 2) non-phagocytic suppressive phenotypes (ATAD1, B2M,
FCGRL1, IGHM, IL4, MFF, STAP1, SYNEL,; (46)) of TAM.

For metastatic lymph nodes of PC patients, baseline biopsies were collected and processed
as mentioned in the investigator-initiated, IRB-approved clinical trial (University of
Chicago, NCT03572478) of rucaparib in combination with nivolumab, co-sponsored by
Clovis Oncology and Bristol Myers Squibb. Briefly, single cell suspensions were prepared in
RPMI-1640 supplemented with 10% FBS, followed by enzymatic digestion and incubation
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in ACK lysis buffer. RNA sequencing, data processing and quality control were done as
previously described for bone metastatic PC patients (44). Seurat (RRID:SCR_007322)

was used to annotate cell subsets and calculate normalized gene score (44) of aerobic
glycolysis (45) in tumor cells and M1-macrophage polarization status (AK3, APOL1,
APOL2, APOL3, APOLS6, ATF3, BCL2A1, BIRC3, CCL5, CCL15, CCL19, CCL20, CCR7,
CHI3L2, CSPG2, CXCL9, CXCL10, CXCL11, ECGF1, EDN1, FAS, GADD45G, HESX1,
HSD11B1, HSXIAPAFL1, IGFBP4, IL6, IL12B, IL15, IL2RA, IL7R, IL15RA, INDO,
INHBA, IRF1, IRF7, OAS2, OASL, PBEF1, PDGFA, PFKFB3, PFKP, PLA1A, PSMAZ2,
PSMB9, PSME2, PTX3, SLC21A15, SLC2A6, SLC31A2, SLC7AS5, SPHK1, TNF, TRAIL;
(47)) of myeloid cells.

In vivo macrophage depletion studies:

To elucidate a role for macrophages in driving anti-tumor responses /17 vivo, Pb-Cre;
PTENM/M Trps3fl/fl mice with established prostate tumors were treated concurrently with
clodronate (200 pug/mouse, /p, once weekly, Encapsula Nano Sciences; SKU-CDL8909),
which is known to deplete macrophages /7 vivo, and combinations of degarelix (0.625
mg/mouse, sc, single dose) + copanlisib (14 mg/kg, /v, every alternate day) + aPD-1 (200
ug/mouse, ip, every alternate day) for 28 days. Prostate tumor growth kinetics and immune
profiling were done, as described in relevant subsections.

Ex vivo cytokine array:

Ex vivo CM were collected and analyzed using proteome profiler mouse XL cytokine array
kit (R&D systems; ARY028). Each blot was normalized using internal positive control and
% change in cytokine secretion was calculated relative to untreated group.

In vivo transcriptomic and pathway enrichment analysis:

Pb-Cre; PTENT/f Trp53f/fl mice with established prostate tumors were treated with
degarelix (0.625 mg/mouse, sc, single dose) + copanlisib (14 mg/kg, /v, every alternate
day) + aPD-1 (200 ug/mouse, /p, every alternate day) combination for 28 days. Prostate
tumors were harvested following treatment and RNA isolated using RNeasy plus micro
kit (Qiagen; 74034). Paired end sequencings were performed for 30 million reads on
mRNA using NovaSeq 6000 platform (RRID:SCR_016387). FASTQ raw files were
generated by the sequencer, further pre-processed to discard the adaptor sequences using
Cutadapt (RRID:SCR_011841), and low-quality reads were eliminated. We utilized a
previously described pipeline to process the reads (48, 49), and filtered reads were
mapped to mouse genome-mm9 using STAR aligner (RRID:SCR_004463). STAR counts
were used for differential expression analysis using DESeq (RRID:SCR_000154) and
Bioconductor package (RRID:SCR_006442). Pathway enrichment analysis was performed
using Reactome tool (RRID:SCR_003485) on DEG datasets to discover mechanisms for
anti-tumor response and resistance to treatment (50).

Data analysis.

Data was analyzed using GraphPad Prism (RRID:SCR_002798). All experiments were
replicated as indicated in figure legends. Statistical analysis was performed using one-way
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analysis of variance (ANOVA) and Bonferroni post-test with p<0.05 level of significance.
Bioinformatic data were analyzed using Wilcoxon ran-sum test. Chi-square test was
performed to compare % ORR and % partial response.

Data and materials availability.

The authors declare that the data and materials supporting the findings of this study are
available within the Article and its Supplementary Information. RNA-sequencing data have
been deposited in NCBI Gene Expression Omnibus (GEO) database under accession number
GSE225074.

RESULTS

ADT/PI3Ki combination inhibits tumor growth in PTEN/p53-deficient murine PC model via a
tumor cell-extrinsic mechanism

Prior clinical studies have demonstrated limited ADT responsiveness in patients with
PTEN-deficient AVPC (24). As a first step towards elucidating the combinatorial impact

of ADT with PI3Ki in PTEN/p53-deficient murine PC, 16-20 week old Pb-Cre; PTENfI/fl
Trp5371/fl mice bearing established 100-150 mm3 solid tumors were treated with degarelix
(Luteinizing hormone-releasing hormone (LHRH)-antagonist, chemical castration), singly
and in combination with copanlisib (pan-PI3K inhibitor) for 4 weeks. Tumor growth was
monitored using non-invasive magnetic resonance imaging (MRI). While ADT significantly
decreased serum testosterone levels in all mice to castrate levels (51), the ORR was 16.7%,
thus demonstrating that the majority of mice were de novoresistant to ADT (Fig. 1A

and Supplementary Fig. SLA-C). Copanlisib, either as a single-agent or in combination
with ADT, completely inhibited the PI3K pathway and demonstrated an increased ORR of
37.5% and 25%, respectively, relative to untreated control (Fig. 1A and Supplementary Fig.
S2A-C). While the degarelix/copanlisib combination did not induce a significantly higher
ORR relative to corresponding single agents, a partial response (PR)/tumor shrinkage was
observed with degarelix/copanlisib combination treatment (12.5%) relative to single agents
(0%) (Fig. 1A and Supplementary Fig. S2A-C), which corroborates published clinical trial
data showing modest improvement in PFS with dual targeting of PI3K/AKT-pathway axis
and androgen blockade (52).

As ADT/PI3Ki combination controlled tumor growth in small subset of Pb-Cre; PTENT/fl
Trp5371/fl GEMM mice, we next asked whether this combination abrogated proliferation

and survival of tumor-derived cancer cell lines. Interestingly, copanlisib treatment with or
without androgen depleted media (AD, which mimics ADT /n vivo) had no effect /n vitroon
cell proliferation and survival in PTEN/p53-deficient murine prostate GEMM tumor derived
cell lines from 4-month (adenocarcinoma, AC1, (53)) and 7-month old (sarcomatoid, SC1,
(53)) mice, respectively (Supplementary Fig. S3A-C). In contrast, tumor extracts harvested
after 7 days of ADT/copanlisib combination treatment revealed a 2.3-fold decrease in Ki67+
tumor cells (a marker of proliferation measured by flow cytometry) in the TME relative to
single agents and untreated controls (Fig. 1B). Since we did not observe any changes in
proliferation or apoptosis of tumor-derived AC1 and SC1 cell lines /n vitro, these findings
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suggest that ADT/PI3Ki combination exerts its anti-cancer activity via a tumor cell-extrinsic
mechanism in PTEN/p53-deficient prostate GEMM.

ADT/PI3Ki combination increases frequency of activated macrophages in PTEN/p53-
deficient murine PC

To elucidate the tumor cell extrinsic anti-cancer mechanism for ADT/PI3Ki combination
within the TME, we performed unbiased immune profiling of prostate tumors derived from
Pb-Cre; PTENT/fl Trp53f/fl mice following 7 days of treatment with degarelix, singly and
in combination with copanlisib. The TME of untreated PTEN/p53-deficient prostate tumors
were enriched with tumor associated-macrophages (TAM, 25% of total CD45* cells, Fig.
1C) and granulocytic-myeloid derived suppressive cells (Gr-MDSC, 38% of total CD45*
cells, Supplementary Fig. SAE), with a relative paucity of T cells (CD4-expressing, 3%
and CD8-expressing, 1% of total CD45™" cells, Supplementary Fig. S4F, S41). We observed
a 1.4-fold increase in the frequency of total TAM in PTEN/p53-deficient tumor bearing
mice treated with degarelix, relative to untreated control, which was not enhanced with
concurrent copanlisib (Fig. 1C). Furthermore, degarelix/copanlisib combination treatment
led to a significant 3-fold increase of PD-1 expressing TAM, relative to untreated controls
and copanlisib alone (Fig. 1D). Importantly, copanlisib treatment led to a 2.3-fold increase
in frequency of activated (MHC-11") TAM, which was significantly enhanced to 3.6-fold
in combination with ADT, relative to untreated control (Fig. 1E). The single agents or
their corresponding combinations did not significantly alter PD-L1, CD206, Argl and
CD86 expression on TAM (Supplementary Fig. S4A-D). Furthermore, ADT or copanlisib,
singly and in combination showed a significant 1.6-fold decrease in the frequency of
Gr-MDSCs (Supplementary Fig. S4E) but no significant increase in CD4*/CD8*T cells
(Supplementary Fig. S4F, S41) within the TME. Additionally, ADT/PI3Ki combination did
not alter exhaustion or activation status of CD4/8-T cells (Supplementary Fig. S4G, S4H,
S4J, S4K).

Consistent with the significant increase observed in MHC-I1 and PD-1 expression on TAM
following ADT/PI3Ki combination treatment /n vivo (Fig. 1D-E), our ex vivo reconstitution
studies using PTEN/p53-deficient tumor-derived single cell suspensions demonstrated ~6-
fold and ~20-fold increase in MHC-I1 and PD-1 expression, respectively, following ADT/
P13Ki combination treatment, relative to untreated controls (Supplementary Fig. S4L—M). In
addition, we observed no significant alteration in PD-L1, but a significant ~2.6-fold increase
in CD86 expression following ADT/PI3K:i treatment of our ex vivo PTEN/p53-deficient
GEMM tumor-derived single cell suspensions, relative to untreated controls (Supplementary
Fig. S4N-0). Furthermore, there was no change in T cell frequency or exhaustion markers
following ADT/PI3Ki treatment ex vivo (not shown). Collectively, these data demonstrate
that the ADT/PI3Ki combination induces a significant upregulation of MHC-11 and PD-1 (/n
vivo and ex vivo) and CD86 (ex vivo only), but not PDL1 (in vivo and ex vivo) on TAM
relative to untreated controls, not observed with corresponding single agents.

As ADT/PI3Ki combination increased frequency of both MHC-11 and PD-1 expressing TAM
relative to untreated control, we focused on the role of MHC-11"/10 and PD-1Ml0 TAM
subsets in tumor growth control and found that activated TAM (MHC-11"/PD-1!° and MHC-

Clin Cancer Res. Author manuscript; available in PMC 2023 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudagar et al.

Page 12

11Ni/PD-1h) were positively correlated with ORR (r=0.98 and 0.9, respectively), whereas a
negative association was observed between immunosuppressive MHC-111°/PD-1!° and MHC-
11'°/PD-1M TAM and ORR (r=-0.97 and —0.45, respectively, Fig. 1F-G). Furthermore,

the positive correlation was significant with MHC-11"/PD-1!°TAM (p=0.02), but not with
MHC-11"/PD-1NTAM (p=0.09, Fig. 1G). Collectively, these data demonstrate that TAM
activation maximally correlates with an anti-tumor response, which is attenuated by PD-1
expression within TAM.

AD/PI3Ki combination enhances phagocytosis of PTEN/p53-deficient murine prostate
tumor cells via activated TAM

As a first step towards elucidating a mechanism by which activated (MHC-11"/PD-1!° and
MHC-11"/PD-1M) TAM control tumor growth in Pb-Cre; PTEN/T Trp53f/fl mice following
degarelix/copanlisib treatment, we examined the effects of copanlisib in combination

with androgen depletion (AD, mimicking /n vivo degarelix treatment) on TAM-mediated
phagocytosis of PTEN/p53-deficient GEMM-tumor derived PC cell lines, AC1 and SC1.
We first performed co-culture experiments to determine the relative phagocytic activity of
sorted TAM subsets (MHC-11"/10 and PD-1h10 TAM) co-cultured with AC1/SC1 cells at
baseline (Supplementary Fig. S5A). Consistent with the TAM subset/ORR correlation data
(Fig. 1G), the activated MHC-11"/PD-1!° TAM exhibited the highest phagocytic activity,
with a 14.5-fold increase in uptake of AC1/SC1 cells relative to the MHC-11'/PD-1M TAM.
In contrast, the MHC-11M/PD-1hi and MHC-11'9/PD-1!° TAM populations demonstrated

an 8.5-fold and 2.5-fold increase in phagocytosis of AC1/SC1 cells, relative to the MHC-
11'°/PD-1M TAM (Supplementary Fig. S5B). Importantly, activated (MHC-11") TAM had
significantly lower levels of PD-L1 and CD206 expression relative to the inactivated (MHC-
11'°) TAM population, independent of PD-1 status. Furthermore, CD206 expression was
higher in inactivated MHC-11'9/PD-1" TAM, relative to their inactivated MHC-11'°/PD-1!°
counterparts, when co-cultured with either AC1 or SC1 cells (Supplementary Fig. S5C and
D). Collectively, these data demonstrate that PD-1 expression within TAM enhances their
immunosuppressive phenotype and suppresses their phagocytic activity, independent of their
activation status.

Next, we examined the impact of AD, singly and in combination with copanlisib on
phagocytic uptake of AC1 and SC1 cells ex vivo, across the 4 TAM subsets described
above (Fig. 2A). Whereas AD resulted in a striking increase in phagocytosis of AC1

and SC1 cells by MHC-11"/PD-1!° TAM (19.6-fold and 3.8-fold, respectively), relative to
untreated controls, it did not alter the phagocytic activity of MHC-11"/PD-1" TAM relative
to untreated group (Fig. 2B and C), suggesting a suppressive effect of PD-1 expression

on ADT-induced phagocytosis. In contrast, single-agent copanlisib treatment showed an
increase in phagocytosis of AC1 and SC1 cells by both MHC-11"/PD-1!° TAM (11-fold and
3-fold, respectively) and MHC-11"/PD-1N TAM (12-fold and 7-fold, respectively), relative
to untreated controls. Importantly, AD/copanlisib combination resulted in a 32-fold and
9-fold increase in phagocytosis of AC1 and SC1 cells, respectively, by MHC-11"/pD-1!°
TAM, relative to untreated controls. The combination also resulted in a 20.4-fold and
11.8-fold increase in phagocytosis of AC1 and SC1 cells, respectively, by MHC-11hi/pPD-1Ni
TAM, relative to untreated controls (Fig. 2B and C). Neither AD/copanlisib combination
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or corresponding single agent treatments altered phagocytic activity of MHC-11'°/PD-1!° or
MHC-11'°/pD-1M TAM, relative to untreated controls (Fig. 2B and C). Collectively, these
data demonstrate that AD and P13Ki have differential effects on activated TAM subsets
and their phagocytosis of PTEN/p53-deficient prostate tumor cells, resulting in enhanced
effects with the combination relative to single-agents. Furthermore, AD/PI3Ki mediated
phagocytosis is significantly suppressed in inactivated TAM subsets.

The addition of PD-1 blockade to AD/PI3Ki enhances phagocytic capacity of suppressive
PD-1M macrophages.

Given our findings that baseline and AD/P13Ki-induced phagocytosis of PTEN/p53-
deficient GEMM tumor-derived cells is attenuated by high PD-1 expression in the activated
TAM subset (Supplementary Fig. S5B & 2B), we next evaluated the impact of aPD-1

on TAM-mediated phagocytosis of AC1/SC1 cells either alone or in combination with
copanlisib, with or without AD (Fig. 3A). We observed a significant increase in the
phagocytic activity of fluorescence-activated cell sorting (FACS)-isolated suppressive MHC-
11'°/PD-1N TAM towards AC1/SC1 cells following treatment with AD/copanlisib/aPD-1
combination, relative to AD/copanlisib combination (2.7- and 2.1-fold, respectively), aPD-1
monotherapy (9.3- and 3.9-fold, respectively) and untreated controls (28- and 11.7-fold,
respectively, Fig. 3B and C). This was accompanied by an increase in MHC-11 expression on
suppressive MHC-11'°/PD-1" TAM following AD/copanlisib/aPD-1 combination treatment,
relative to untreated control, indicating TAM reprogramming by AD/copanlisib/aPD-1
combination (Supplementary Fig. S6A and B). Given the higher baseline phagocytic activity
of the MHC-11"/PD-1N TAM subpopulation, the relative increase with aPD-1 addition is
more modest relative to the MHC-11'°/PD-1Ni subpopulation, as demonstrated by the AD/
copanlisib/aPD-1 combination showing a partial increase in phagocytosis of AC1/SC1 cells,
relative to AD/copanlisib combination (1.4 and 1.1-fold, respectively), aPD-1 monotherapy
(12.8- and 4.8-fold, respectively) and untreated controls (32- and 12-fold, respectively, Fig.
3B and C). As anticipated, the addition of aPD-1 did not alter the phagocytic capacity of
MHC-11"/PD-1!° and MHC-11'%/PD-1!° TAM subpopulations, relative to their corresponding
controls without aPD-1 (Supplementary Fig. S7A and B). Consistently, AD/copanlisib
combination increased MHC-11 expression in the MHC-11'°/PD-11° subset relative to the
untreated, but this was not accentuated by addition of aPD-1 (Supplementary Fig. S6A and
B). These data suggest that blockade of PD-1 in the suppressive PD-1" TAM overcomes

the immunosuppressive effects of PD-1 on phagocytosis of tumor cells within the PTEN/
p53-deficient TME.

The addition of aPD-1 in combination with AD resulted in a 7.4- and 5.7-fold increase

in the phagocytosis of AC1 and SC1 cells, respectively, by MHC-11"/PD-1" TAM subset,
relative to AD controls. Interestingly, AD/aPD-1 combination was insufficient to enhance
phagocytosis in the MHC-11'9/PD-1N TAM, relative to AD alone, likely related to the higher
threshold of activation in this immunosuppressive TAM subset (Fig. 3B and C). As expected,
the AD/aPD-1 did not enhance phagocytosis of the MHC-11"/PD-1!° and MHC-11'°/PD-110
TAM subset, relative to AD alone group (Supplementary Fig. S7A and B). Copanlisib/aPD-1
did not increase phagocytic activity of MHC-11"/PD-1hi and MHC-11'°/PD-1" TAM towards
AC1 or SC1 cells, relative to copanlisib monotherapy (Fig. 3B and C). Taken together,
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these data demonstrate that the addition of aPD-1 to AD or AD/copanlisib combination (not
copanlisib alone) enhances phagocytic activity of PD-1" activated TAM.

We also analyzed CD47 and PD-1 expression by flow cytometry to explore the impact of
AD/copanlisib/aPD-1 combination treatment on the expression of phagocytosis inhibitory
checkpoints on tumor cells (54). None of the treatment groups had an impact on expression
of these checkpoints on AC1/SC1 cells (Supplementary Fig. S8A and B). Collectively, these
data demonstrate that concurrent AD/copanlisib/aPD-1 blockade significantly enhances both
activation and phagocytosis of MHC-11"i TAM when co-cultured with PTEN/p53-deficient
tumor cells, relative to corresponding singlet and doublet treatments.

Direct treatment of activated TAM with AD, not PI3Ki, enhances phagocytic capacity

To understand how AD impacts the functionality of TAM, we pre-treated FACS-sorted
TAM with AD, PI3K:i or their combination and then performed phagocytosis experiments
using PTEN/p53-deficient GEMM tumor-derived AC1 and SC1 cells as target populations
(Fig. 4A). Interestingly, AD demonstrated a 6.5-fold increase in the phagocytic capacity of
MHC-11Ni/PD-1!° TAM, relative to untreated control, which was not enhanced by concurrent
copanlisib and/or aPD-1 blockade. Critically, MHC-11"/PD-1" TAM required the addition
of aPD-1 to achieve a similar induction of phagocytosis (Fig. 4B and C). AD/aPD-1
combination did not alter phagocytic activity of MHC-11'°/PD-1!° TAM and MHC-11'%/
PD-1N" TAM (Supplementary Fig. S9A and B). Consistent with the observed phagocytic
data (Fig. 4B and C), AD activated TAM directly, which was not accentuated with
concurrent copanlisib or aPD-1 (Supplementary Fig. S10A and B). Taken together, these
data demonstrate that AD facilitates an antitumor immune response in PTEN/p53-deficient
PC by increasing total TAM infiltration and MHC-11"/PD-1'° TAM subset activation/
phagocytic activity, with enhanced phagocytosis of MHC-11"/PD-1" activated TAM subset
requiring concurrent PD-1 blockade.

PI3Ki enhances phagocytic capacity of activated TAM by inhibiting histone lactylation

As direct treatment with copanlisib did not directly alter the activation status and phagocytic
capacity of activated TAM (Fig. 4B—C and Supplementary Fig. S10A-B), we hypothesized
that copanlisib contributes to anti-cancer immunity by overcoming the immunosuppressive
secretome of PTEN/p53-deficient PC cells, and /indirectly enhancing TAM activation/
phagocytosis. To test this hypothesis, we performed ex vivo conditioned media (CM)
experiments (Fig. 5A), and observed a 4.5-fold increase in the phagocytic capacity of
activated MHC-11"/PD-1'° and MHC-11"/PD-1" TAM (Fig. 5B), but not inactivated MHC-
11'°/PD-1!° and MHC-11'°/PD-1Ni TAM, in response to CM collected from single cell
suspensions of tumors following treatment with copanlisib (Supplementary Fig. S11A and
B). Since the PI3K pathway is a pivotal driver of glucose metabolism and lactate production
by cancer cells (55), we next assessed the impact of copanlisib on lactate release in the ex
vivo CM. We observed a 18.1% decrease in lactate levels in response to copanlisib, relative
to untreated controls (Supplementary Fig. S12). Corroborating this finding, we observed

a similar decrease in lactate production from AC1/SC1 cells in response to copanlisib
(Supplementary Fig. S12). Given recent findings that histone lactylation (lactylation of
lysine 18 on histone-3, H3K18lac) can drive immunosuppression within TAM (56), we
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tested the hypothesis that a decrease in lactate content in the ex vivo CM was accompanied
by reduced histone lactylation within activated TAM. Importantly, we observed a significant
decrease in H3K18lac specifically with MHC-11"/PD-1!° and MHC-11M/PD-1" TAM
subsets (Fig. 5C), suggesting that PI13Ki-induced lactate suppression within tumor cells

and reduced histone lactylation within activated TAM enhances phagocytosis of tumor cells.
To specifically address this hypothesis, we tested the impact of exogenous lactate addition
to the ex vivo CM on phagocytic capacity of activated TAM (Fig. 5A). Interestingly, we
observed an abrogation of copanlisib-induced enhanced phagocytosis of AC1/SC1 cells by
activated MHC-11"/PD-1'° and MHC-11"/PD-1" TAM (Fig. 5B), which was accompanied
by restoration of histone lactylation within these TAM subsets (Fig. 5C). Importantly, direct
treatment with copanlisib did not alter the histone lactylation status of TAM (Supplementary
Fig. S13). Collectively, these data demonstrate that copanlisib treatment decreases lactate
production from treated PTEN/p53-deficient PC cells and secondary histone lactylation
within MHC-11* TAM subsets, resulting in enhanced TAM activation/phagocytosis within
the TME.

To validate our preclinical findings demonstrating a mechanistic link between aerobic
glycolytic activity i.e. lactate production from tumor cells, and macrophage phagocytosis/
activation in advanced human PC, we performed single cell RNA sequencing (scRNAseq)
of bone metastatic PC patient samples, BMET-1 and BMET-2. We observed significantly
higher aerobic glycolytic activity in cancer cells and a correspondingly higher suppression
of TAM phagocytosis in BMET-2 vs BMET-1 (Fig. 5D). In parallel, we also conducted
scRNA-seq in mCRPC patients metastatic lymph node samples (LMET-1, -2 and -3).
While the number of TAM were insufficient to perform a phagocytosis gene signature
analysis, we observed an inverse correlation between aerobic glycolytic activity within
tumor cells and M1-polarization status within myeloid cells (Fig. 5E), thus validating a
role for tumor cell intrinsic glycolysis in evading TAM-mediated innate immune phagocytic
response within the metastatic PC microenvironment.

ADT/PI3Ki/aPD-1-induced macrophage activation in vivo controls tumor growth in 60% of
Pb-Cre; PTENf/ Trp53fl/fl mice.

Based on our findings that ADT, aPD-1 and PI13Ki treatment can overcome TAM
immunosuppression via distinct mechanisms across the 4 TAM subsets, we determined
whether ADT/PI3Ki/aPD-1 combination enhances anti-cancer responses in Pb-Cre;
PTENf Trps3f/fl mice, relative to singlet and doublet controls. We treated established
prostate tumor-bearing mice with aPD-1, singly or in combination with copanlisib and/or
ADT, and measured the tumor growth kinetics using MRI. The addition of aPD-1 to
ADT increased the ORR to 33.3% (compared to 16.7% with ADT alone, Supplementary
Fig. S1B) at 28 days (Fig. 6A and Supplementary Fig. S14A-B). No increase in ORR
was observed with the addition of aPD-1 to copanlisib (37.5%), relative to copanlisib
alone (37.5%) (Fig. 6A and Supplementary Fig. S14C), which mirrors our co-culture
phagocytosis data (Fig. 3B and C). Importantly, mice treated with ADT/copanlisib/aPD-1
combination demonstrated a significantly increased ORR of 60% by 28 days, relative to
untreated controls. In contrast, single and corresponding doublet combinations did not
show significant differences in ORR, relative to untreated controls (Fig. 6A, 1A and
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Supplementary Fig. S14A-D). The ORR response data with the triple combination /n

vivo correlated with enhanced phagocytosis within the most highly immunosuppressive
MHC-11"°PD-1N TAM subset, not observed with corresponding single/doublet agents (Fig.
3B and C). This ORR was accompanied by an increase in frequency of activated TAM in
the TME (Fig. 6B). Critically, clodronate co-treatment, which depletes activated (MHC-11"/
PD-1!° and MHC-11"i/PD-1") TAM, completely abolished tumor control induced by ADT/
copanlisib/aPD-1 combination (Fig. 6A-B and Supplementary Fig. SI5A-C). Additionally,
cytokine array analysis demonstrated an increase in pro-inflammatory mediators (IL-1a.,
TNFa, CCL-22, CCL-5, IL-6 and CXCL-16) and a decrease in anti-inflammatory cytokines
(M-CSF and CCL-6) from single cell suspensions of tumors following treatment with ADT
+ copanlisib + aPD-1 (Supplementary Table S1), which supports our primary hypothesis
that activated/repolarized macrophages are largely responsible for the observed anti-tumor
response elicited by the triple combination. Collectively, these data demonstrate that

the triple therapeutic combination (ADT + PI3Ki + aPD-1) drives TAM activation and
substantially increased tumor control /n7 vivo in PTEN/p53-deficient GEMM mice, relative
to the ADT/PI3Ki combination.

Feedback activation of Wnt/g-catenin signaling observed in non-responder Pb-Cre;
PTENM/ Trp53f/fl mice following ADT/PI3Ki/aPD-1 combination treatment, restores lactate-
mediated histone lactylation (H3K18lac) and suppresses macrophage phagocytosis.

To elucidate the mechanism of resistance to ADT/PI3Ki/aPD-1 combination therapy in

the non-responder mice, RNAseq analysis was performed on tumors from non-responder
mice and compared to responder and untreated mice. Pathway enrichment analysis
revealed upregulation of the Wnt pathway and down-regulation of immune responses in
non-responder tumors, relative to untreated and responder tumors (Fig. 6C). Consistent
with this data, Western blot analysis on tumor extracts demonstrated an increase in active
[B-catenin expression and restoration of H3K18lac in non-responder tumors relative to
responder mice across all treatment groups (Fig. 6D). /n vitro western blot analysis of
PTEN/p53-deficient tumor-derived AC1/SCL1 cells demonstrated a concomitant increase

in active p-catenin expression in AC1/SC1 cells following copanlisib + aPD-1 treatment
under AD conditions for 72 hours, relative to 24-hour treatment. This feedback activation
of Wnt/B-catenin signaling was accompanied by an increase in lactate production at 72
hours, following an initial decrease with acute copanlisb/AD/aPD-1 combination treatment
in vitro (Fig. 6E—F and Supplementary Fig. S16A-C). Critically, treatment of BMDM with
in vitro CM collected at 72 hours following AD/copanlisib/aPD-1 combination treatment
demonstrated an abrogation of phagocytic activity and an increase in H3K18lac, relative to
24 hours CM treatment. (Supplementary Fig. S17A-B). Taken together, these data suggest
that Wnt-p-catenin pathway activation and restoration of tumor cell/TAM cross-talk via
lactate secretion and histone lactylation drive resistance to ADT/PI3Ki/aPD-1 combination
therapy (Fig. 6G).

DISCUSSION

Immune-based therapies have failed to provide a meaningful benefit in the majority of
mMCRPC patients (15), underscoring the critical need to develop rational 10 combination
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strategy to effectively treat and eradicate mCRPC. PTEN LOF occurs in approximately 50%
of mCRPC patients, and is associated with a poor prognosis, immunosuppressive TME and
resistance to ICI (26, 30, 57). Hyperactivated PI3K signaling in the setting of PTEN LOF
enhances glucose consumption within tumor cells by increasing GLUT-1/4 on the plasma
membrane and activating hexokinase 2, which results in a metabolic switch towards aerobic
glycolysis and increased lactate secretion (27). Lactate can promote M2/MHC-11'°-TAM
polarization by inhibiting vacuolar ATPase mediated HIF2a stabilization and promoting
epigenetic reprograming via histone lactylation (56, 58, 59), and resultant immune evasion
(60). Furthermore, lactate has been shown to have differential metabolic roles within the
TAM subpopulations in the TME. For example, lactate diminishes glycolytic activity in
M1/MHC-11" TAMs, but upregulates the TCA cycle, enhances Argl, NOS2 expressions

in MHC-11'° TAMS, resulting in suppression of T cell proliferation (43). We observed

TAM phagocytosis suppression and decreased myeloid M1 signatures with corresponding
high glycolytic activity in bone and lymph node metastatic PC patients, respectively, thus
validating our mechanistic findings in advanced PC patients. Critically, we discovered that
PI13Ki combination therapy induces MHC-11" TAM activation/phagocytosis by selectively
decreasing lactate production from PTEN/p53-deficient PC cells and resultant histone
lactylation, particularly on H3 at lysine 18 within MHC-11"/PD-1!° and MHC-11"/PD-1hi
TAM, but not in MHC-11'%/PD-1'° TAM and MHC-11'%/PD-1M TAM. Concurrent ADT

and aPD-1 treatment overcomes immunosuppression directly within MHC-11"/PD-1!° TAM
and MHC-11"°/PD-1M TAM, respectively, resulting in the reinvigoration of anti-tumor
macrophage-mediated phagocytic response and sensitization of PTEN/p53 murine PC to
ICI. Collectively, these findings demonstrate that therapeutic suppression of the Warburg
effect within tumor cells, when combined with direct macrophage activation strategies,

can significantly overcome TAM-mediated immunosuppression within the TME of PTEN/
p53-deficient AVPC.

As noted above, the generation of TAM-driven anti-cancer innate immune phagocytic
responses to ADT/PI3Ki/aPD-1 combination treatment were largely driven by the MHC-11h/
PD-1M/1o TAM and MHC-11'°/PD-1M subpopulations. In contrast, the MHC-11'°/PD-1!° TAM
were not reprogrammed by ADT, aPD-1 blockade or PI3Ki-mediated lactate suppression
and were unable to phagocytose tumor cells, thereby contributing to therapy resistance.

To overcome this limitation, the blockade of additional phagocytic checkpoints could be
explored. For example, phagocytosis is negatively regulated by the SIRPa/CD47 (61),
MHC-I/LILRB1 (62) and CD24/Siglec-10 axes (63). We found CD47 expression on PTEN/
p53-deficient PC cells, which has been previously shown to interact with SIRPa. of MHC-
11'° TAM as well as MHC-11" TAM (64), thereby activating SHP-1/-2 and inhibiting
phagocytosis (54, 61). In addition, we observed Wnt/p-catenin pathway activation as

a potential resistance mechanism to ADT/PI3Ki/aPD-1 combination therapy, which has
been previously shown to upregulate CD47 expression on cancer cells by increasing cMyc-
transcriptional activity (65). Our findings provide a mechanistic rationale for exploring
anti-CD47 antibody in combination with ADT/PI3Ki/aPD-1 to further enhance macrophage-
driven anti-cancer responses in aggressive-variant PTEN/p53-deficient PC. Furthermore, our
co-culture phagocytosis assay showed a higher phagocytosis of PTEN/p53-deficient GEMM
tumor-derived AC1 (adenocarcinoma) cells, relative to SC1 (sarcomatoid) cells in MHC-
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11Ni/PD-1!° TAM in response to AD/PI3Ki+/-aPD-1 combination treatment, underscoring
the need to perform high-content CRISPR screening on AC1, SC1 tumor cells or MHC-
11'°/PD-1!° TAM (66), which could shed light on additional unidentified phagocytosis
checkpoints and their contribution to treatment resistance.

We observed a significant enhancement of phagocytosis of PTEN/p53-deficient GEMM
tumor derived AC1 (adenocarcinoma) cells with addition of aPD-1 to AD/PI3Ki
combination, not observed with SC1 (sarcomatoid) cells (Fig. 3B, 3C). One potential
explanation for this differential response stems from the fundamental observation that
MHC-11"/PD-1°TAM have higher baseline phagocytic activity relative to MHC-11"/pPD-1M
MHC-11'°/PD-1!° and MHC-11'"/PD-1NTAM, in both AC1 and SC1 cells (Supplementary
Fig. S5B). In this highly phagocytic MHC-11"/PD-1!° TAM subset, we observed a ~30-fold
and ~12-fold increase in phagocytosis of AC1 and SC1 cells following AD/PI13Ki/aPD-1
treatment, respectively, relative to corresponding untreated groups (Supplementary Fig. STA
& ST7B, left panels). Based on these observations, we posit that a maximum threshold
increase in phagocytosis of AC1 and SC1 cells of ~30-fold and ~12-fold, respectively,

can be theoretically achieved following AD/PI3Ki/aPD-1 treatment within MHC-11'°/PD-1hi
and MHC-11"i/PD-1M TAM subsets, relative to untreated groups. As demonstrated in

Fig. 3, we observed a ~30-fold and ~12-fold increase in phagocytosis of AC1 and SC1

cells, respectively, following AD/PI13Ki/aPD-1 treatment within MHC-11'/PD-1M and MHC-
11Ni/PD-1M TAM subsets. However, AD/PI3Ki doublet combination already achieved a
maximum ~12-fold increase in phagocytosis of SC1 cells following AD/PI3Ki treatment
within MHC-11"/PD-1NTAM (Fig. 3C, right panel), thus the addition of aPD-1 to AD/PI3Ki
treatment did not further enhance phagocytosis of SC1 cells by this TAM subset. In the
context of the MHC-11'"/PD-1" TAM subset, the addition of aPD-1 to AD/PI3Ki resulted in
a non-significant increase of SC1 cell phagocytosis (relative to AD/P13Ki doublet), which
reached the maximum ~12-fold threshold relative to the untreated group (Fig. 3C, left
panel).

Given prior studies demonstrating a reciprocal feedback relationship between AR and

P13K signaling in PTEN-deficient PC, current clinical trials are co-targeting the PI3K/
AKT-pathway and AR-blockade in PTEN-deficient mCRPC patients (37, 38, 52, 67,

68). Ipatasertib (a pan-AKTi), in combination with abiraterone (IPATential-150 trial)

has demonstrated a modest improvement in progression-free survival (rPFS) of PTEN-

loss MCRPC patients (39). Furthermore, capivasertib (a pan-AKT inhibitor)/abiraterone
combination is under clinical investigation for PTEN-deficient metastatic hormone sensitive
PC (NCT04493853, CAPItello-281 trial). Our preclinical mechanistic studies demonstrate
that ADT plus PI3Ki drives tumor cell extrinsic TAM-mediated tumor growth control

in 25% of PTEN/p53-deficient GEMM mice through MHC-11" TAM activation and
phagocytosis of cancer cells. Furthermore, we discovered that responses were thwarted by
PD-1 expressing TAM population which was partly overcome by the concurrent addition

of aPD-1, resulting in a 60% ORR. Based on our pre-clinical findings, we predict that
infiltration of PD-1 expressing TAMs following dual AR and PI3K/AKT axis blockade will
be a key acquired resistance mechanism to the combinatorial approach in IPATential-150
(39) and CAPItello-281 trials (NCT04493853), thus warranting further clinical/translational
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investigation of concurrent PI3BK/AKT axis and PD-1 blockade with ADT in PTEN-deficient
hormone-sensitive and mCRPC setting.

Our findings suggest that Wnt/p-catenin pathway activation drives resistance to PI3Ki-
based therapy in PTEN/p53-deficient murine PC via restoration of lactate production

from tumor cells and resultant TAM suppression. Prior studies have demonstrated that
APC-mutant colon cancer generates increased lactate production from tumor cells via
upregulation of Wnt pathway (69). Furthermore, PI13Ki treatment has been shown to
increase transcription of Wnt-ligands and phosphorylation of the co-receptor LRP5/6,
which dismantles the B-catenin degradation complex and results in Wnt/p-catenin pathway
activation mediated resistance in colorectal cancer (70). These findings highlight the
cross-talk between oncogenic signaling pathways to preserve the Warburg effect, which
contributes to the development of immunometabolic resistance when the PI3K pathway

is targeted with precision medicine therapies. Taken together, our results suggest that
addition of Wnt/B-catenin pathway inhibitor, such as a Porcupine inhibitor, in combination
with ADT/PI3Ki/PD-1 blockade therapy can potentially overcome resistance, and warrants
further investigation in combination with ADT/PI3Ki/aPD-1 triplet therapy to treat PTEN/
p53-deficient AVPC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE

Despite initial response of advanced prostate cancer to intensified ADT and/or
chemotherapy, majority of patients progress to lethal disease. In particular, PTEN loss-
of-function and hyperactivation of PI3K pathway, which occurs in ~50% of mMCRPC
patients, is associated with poor prognosis, therapeutic outcomes and de novolacquired
resistance to ICI across multiple malignancies. While one potential strategy to treat
PTEN-deficient mCRPC patients is to inhibit PI3K-AKT axis signaling, combinatorial
PI3K/AKT pathway and ADT has demonstrated limited anti-cancer efficacy in Phase 3
clinical trials. Here we demonstrate that ADT/PI3Ki combination significantly enhances
phagocytosis of PTEN/p53-deficient murine cancer cells via activated TAM, but the
subset of PD-1N" TAM thwart the anti-tumor response. Importantly, the addition of
aPD-1 overcomes PD-1" TAM-mediated immunosuppression, thus enhancing ADT/
P13Ki combination-induced tumor control. Collectively, our findings provide “proof-of-
concept” that targeting tumor cell intrinsic lactate metabolism and PD-1-mediated TAM
immunosuppression, in combination with ADT, warrant further investigation in PTEN-
deficient mCRPC patients.
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Figure 1. The combination of ADT and PI3Ki demonstrates partial anti-tumor response
in PTEN/p53-deficient murine PC via increased infiltration/activation of tumor-associated
macrophages (TAM) within the TME.

(A) Pb-Cre; PTENT/fl Trp53fl/fl mice were followed by serial ultrasound until they
developed solid prostate tumors (100-150 mm3) by 16-20 weeks of age. Mice were
randomized to untreated, degarelix (0.625 mg, single dose, ADT) treated, copanlisib (14
mg/Kkg, /v, every alternate day, PI3Ki, C) treated, and their combination treated groups.
Tumor growth was monitored using MRI, and ORR (partial response + stable disease)

were calculated, as described in Methods. (B-F) Following acute treatment for 7 days,
prostate tumors were harvested and analyzed by flow cytometry for the following cell
populations: proliferating tumor cells (Ki67*CD45", (B)), total TAM (CD45"CD11b*F4/80*
cells, (C)), PD-1 (D) and MHC-II (E) expressing TAM. (F) Representative flow plots
demonstrate % frequency of MHC-11N/1o/pp-1hi/lo expressing TAM (CD45*CD11b*F4/80*
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cells). (G) Correlation plot highlights association of MHC-11"/PD-1!°, MHC-11M/PD-1N
MHC-11'°/PD-1!° and MHC-11'/PD-1"i TAM subsets with % ORR observed following
28-days treatment of single agents or their combination and in untreated group (U). n=2-

8 mice per group. Significances/p-values were calculated by Chi-square test (panel A),
one-way ANOVA (panel B-E), Pearson test (panel G) and indicates as follows, *p<0.05 and
**n<0.01; ns = not statistically significant.
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Figure 2. ADT/PI3Ki combination therapy significantly enhances phagocytosis of PTEN/p53-

deficient murine cancer cells by activated TAM.

(A) Experimental schema for phagocytosis experiment, in which sorted TAM from PTEN/
p53-deficient prostate GEMM tumors were co-cultured with CTV dye stained-AC1/SC1
cells under normal and AD conditions, and treated with either DMSO (negative control)

or copanlisib (C, 100 nM) for 24 hours. Bar graphs demonstrate fold change (FC)

in phagocytosis of AC1 (B) and SC1 (C) cells by MHC-11"/PD-1!°, MHC-11"/PD-1hi,
MHC-11'°/PD-1!° and MHC-11'°/PD-1M TAM subsets, relative to untreated group (U). n=2
independent experiments. Significances/p-values were calculated by one-way ANOVA and
indicates as follows, *p<0.05, **p<0.01 and ***p<0.001; ns = not statistically significant.
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Figure 3. The addition of PD-1 blockade to androgen depletion/P13Ki enhances phagocytic

capacity of suppressive pD-10i macrophages.

(A) Schema illustrating co-culture of FACS-sorted TAM subsets (MHC-11"/1o/ pp-1hi) from
PTEN/p53-deficient prostate tumors with CTV dye stained-AC1/SC1 cells under normal and
AD conditions. Co-cultures were treated with copanlisib (C, 100 nM), PD-1 antibody (P, 10
pg/mL) or their combination for 24 hours, followed by phagocytosis assay measuring CTV
dye uptake within TAM. Bar graphs demonstrate fold change (FC) in phagocytic activity of
MHC-11N/1o/pp-1hi expressing TAM, relative to untreated group (U) in AC1 (B) and SC1
(C) cells. n=2 independent experiments. Significances/p-values were calculated by one-way
ANOVA and indicates as follows, *p<0.05, **p<0.01 and ***p<0.001; ns = not statistically

significant.
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Figure 4. Pre-treatment of TAM ex vivo with androgen depletion alone and in comblnatlon Wlth
aPD-1, |ncreases phagocyt05|s of PTEN/p53-deficient GEMM tumor cells by MHC-11 hijpp-1lo
and MHC-11"/PD-1N TAM subsets, respectively.

(A) Schema illustrating pre-treatment of FACS-sorted TAM subsets from PTEN/p53-
deficient prostate tumors with copanlisib (C, 100 nM), PD-1 antibody (P, 10 pg/mL) or
their combination under normal and AD condition for 24 hours. After PBS wash, treated
TAM were co-cultured with CTV dye stained-AC1/SCL1 cells for 2 hours. Bar graphs
demonstrate fold change (FC) in phagocytosis of AC1 (B) and SC1 (C) cells by MHC-11hi/
PD-1h10 expressing TAM, relative to untreated group (U). n=2 independent experiments.
Significances/p-values were calculated by one-way ANOVA and indicates as follows,
**p<0.01 and ***p<0.001; ns = not statistically significant.
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Figure 5. PI3Ki suppresses lactate production from treated PTEN/p53-deficient PC cells and
secondary histone lactylation within activated TAM, resulting in enhanced TAM phagocytosis.

(A) Schema illustrating lactate add-back phagocytosis experiment on ex vivo CM.

Single cell suspensions of PTEN/p53-deficient prostate GEMM tumors were treated with
copanlisib (C, 100 nM) and CM was collected 24 hours following treatment. FACS-sorted
TAM from PTEN/p53-deficient prostate tumors were cultured ex vivo with CM for 24 hours
in presence or absence of lactate (100 nmol/pL). After PBS wash, TAM were co-cultured
with CTV dye stained-AC1/SC1 cells for 2 hours. Bar graphs demonstrate fold change (FC)
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in phagocytic activity (B) and histone lactylation status (C) of activated MHC-11"/PD-1!0
and MHC-11"/PD-1M TAM, relative to untreated group (U). (D-E) Single cell suspensions
were prepared from human bone/lymph node metastatic PC patient samples (BMET-1/-2
and LMET-1/-2/-3) and underwent single-cell RNA using Chromium controller 10x
Genomics platform. Annotated tumor cells, TAM and myeloid cells were characterized
for aerobic glycolysis (D, E), phagocytosis suppression (D) and M1-polarization status
(E), respectively, using a normalized gene score, as described in the methods section. For
ex vivo studies, n=2 independent experiments and for bioinformatics analysis, n = 355
tumor cells and 389 TAM in bone metastatic PC patients; n = 367 tumor cells and 101
myeloid cells in lymph node metastatic PC patients. Significances/p-values were calculated
by one-way ANOVA (panel B-C), Wilcoxon rank-sum text (panel D-E) and indicates as
follows, *p<0.05, **p<0.01 and ***p<0.001; ns = not statistically significant.
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Figure 6. ADT + PI3Ki + aPD-1 antibody leads to tumor control in PTEN/p53-deficient GEMM
via activated TAM, with feedback Wnt/B-catenin activation mediated restoration of lactate and
histone lactylation observed in non-responders.

(A) Pb-Cre; PTENT/fl Trp53f/fl mice with established prostate tumors were treated with
PD-1 antibody (aPD-1, 100 pug/mouse, /p, every alternate day, P) alone or in combination
with ADT (degarelix, 0.625mg, single dose, castration) or copanlisib, (14 mg/kg, /v, every
alternate day, C) or ADT + copanlisib. For /n vivo macrophage depletion, clodronate (200
pg/mouse, /p, every week, Cl) was administered concurrently with ADT + copanlisib +
PD-1 antibody. Tumor volume was monitored non-invasively using MRI and ORR (partial
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response + stable disease) was calculated, as described in Methods. (B) Pb-Cre; PTENf/fl
Trp53f1/fl mice were treated with the indicated drug(s) for 7 days, and analyzed for %
frequency of total and MHC-11 expressing TAM (CD45*CD11b*F4/80* cells). (C) Tumor
RNA was isolated following 28 days treatment with indicated agents and sequenced

to perform pathway enrichment analysis. Reactome plot shows pathway analysis for
differentially expressed genes in non-responder tumors, relative to responder and untreated.
(D) Western blot analyses were performed for indicated protein markers on PTEN/p53-
deficient prostate GEMM tumor extracts following treatment with ADT, copanlisib, PD-1
antibody or their combinations for 28 days. (E-F) AC1 cells were treated with copanlisib
(C, 100 nM), PD-1 antibody (P, 10 ug/mL) or their combinations under normal or AD
conditions for 24 and 72 hours. Western blot analyses (E) were performed for indicated
protein markers on AC1 cell lysates, and active B-catenin level was quantified by Image

J software, and lactate levels in the supernatant were analyzed by fluorimetry. (F). (G)
Model illustrating the decrease in lactate production from PTEN/p53-deficient PC cells

in response to PI3Ki inhibitor treatment overcomes histone lactylation mediated TAM
suppression and enhances phagocytosis of PC cells within TAM. Concurrent ADT and
aPD-1 treatment directly activates TAM within TME, thereby accentuating the effects

of single-agent PI3Ki on TAM functionality/polarization. Wnt/B-catenin activation drives
resistance to ADT/PI3Ki/aPD-1 combination therapy. For in vivo studies, n=6-10 mice
per group (panel A), n=2 mice per group (panel B), and for /in vitro, n=3 independent
experiments. Significances/p-values were calculated by Chi-square test (panel A), one-way
ANOVA (panel B and F), Reactome analysis (panel C) and indicated as follows, *p<0.05,
**p<0.01 and ***p<0.001; ns = not statistically significant.
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