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FGFR3 Alterations in Bladder Cancer Stimulate Serine

Synthesis to Induce Immune-Inert Macrophages That

Check for
updates

Suppress T-cell Recruitment and Activation

Yi Ouyang"?3, Ziwei Ou™**, Wenlong Zhong"?*, Jin Yang®, Sha Fu®, Nengtai Ouyang®, Junyu Chen"??3,
Longhao Xu"?®, Dagin Wu"%*, Junan Qian®, Yi Lin"??, Tianxin Lin"**, and Jian Huang"%*

FGFR3 alterations are common in patients with bladder cancer.
While the FGFR tyrosine kinase inhibitor erdafitinib has been
approved as a targeted therapy for patients with FGFR3-altered
(aFGFR3) bladder cancer, the response rate remains suboptimal,
prompting development of strategies to improve treatment response.
Here, we observed an immune-desert tumor microenvironment
(TME) phenotype in human aFGFR3 bladder cancer and demon-
strated that mutant FGFR3 indirectly induces a “cold” TME in mouse
bladder cancer models. Single-cell RNA sequencing revealed the
central role of macrophages in inducing the cold TME of aFGFR3
tumors. Macrophages in aFGFR3 tumors exhibited reduced T-cell
recruitment and antigen presentation capabilities. Increased serine
synthesis in bladder cancer cells that was induced by mutant FGFR3
activated the PI3K/Akt pathway in macrophages, shifting them to an
immune-inert phenotype. Targeting PI3K in aFGFR3 tumors with
duvelisib achieved promising efficacy by reversing the macrophage
phenotype, and combination therapy with duvelisib and erdafitinib
demonstrated increased antitumor activity. Overall, these findings
reveal the critical role of enhanced serine synthesis efflux from cancer
cells with mutant FGFR3 in shifting macrophages to an immune-
inert phenotype. Reversing the macrophage phenotype holds prom-
ise for enhancing erdafitinib efficacy.

Introduction

Bladder cancer is one of the most common cancers worldwide (1).
Platinum-based chemotherapy has traditionally been the standard of
care for advanced bladder cancer, but the development of new
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Significance: Metabolic reprogramming of bladder cancer cells
driven by mutant FGFR3 increases serine synthesis that sup-
presses macrophage immunostimulatory functions to generate
an immunosuppressive TME, which can be overcome by target-
ing PI3K.
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therapies has led to the emergence of combination therapies that offer
improved outcomes, including antibody-drug conjugate, immune
checkpoint inhibitors (ICI), and erdafitinib for patients with altera-
tions to FGFR (2). Previous research has shown that 17%-32% of
bladder cancer harbors FGFR family alterations (including FGFR
mutations, amplifications, and fusions), especially in early-stage dis-
ease (3, 4). FGFR3 alteration is the most common FGFR alteration in
bladder cancer, accounting for approximately 47.5% of all FGFR
alterations (5, 6). Nevertheless, the efficacy of erdafitinib, the pan-
FGEFR inhibitor and the only targeted drug approved by the FDA for
bladder cancer, is only approximately 40% in patients with bladder
cancer with FGFR alterations, indicating an urgent need for new
therapies for erdafitinib nonresponders (7).

Traditionally, FGFR alterations were believed to solely promote
cancer cell proliferation and survival (8). However, recent studies have
suggested that FGFR alterations are also strongly associated with
deleterious immune microenvironments. For example, FGFR altera-
tions are associated with the luminal or luminal-papillary subtype,
which is characterized by low CD8" T-cell infiltration (9, 10). One
study indicated that FGFR alterations facilitate bladder tumorigenesis
by inhibiting acute inflammation (11). Others have shown that PD-L1
could be upregulated by FGFR activation in cancer cells through
various pathways, leading to inactivation of T cells (12-14). None-
theless, more efforts are needed to elucidate the association between
FGFR activation and the deleterious tumor microenvironment (TME).
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Metabolic reprogramming, one of the major hallmarks of cancers,
has often been observed in cancer cells with oncogenic activation, such
as FGFR family mutations (15). Studies have suggested that various
oncogenes orchestrate metabolic reprogramming by inducing broad
changes in gene expression (16). The Warburg effect is a well-known
instance of metabolic rewiring in cancer, whereby cancer cells obtain
surplus glycolytic intermediates utilized as inputs for a range of
biosynthetic pathways (17). The significance of serine synthesis and
metabolism in cancer cells has been emphasized in recent years as an
auxiliary pathway of the Warburg effect, owing to its critical role in
tumor progression. This metabolic pathway provides essential pre-
cursors for protein synthesis, influences the cellular antioxidative
capacity, provides methyl groups for the one-carbon pools, and
supports tumor homeostasis (18). Studies have suggested that cancer
cell-derived serine promotes the development of a supportive tumor
immune microenvironment. For instance, serine supplementation
decreased the secretion of inflammatory cytokines from macrophages,
including IL1B, IFNYy, and TNFa (19, 20). In addition, the enzyme
phosphoglycerate dehydrogenase (PHGDH), which was essential for
serine synthesis, was found to be a metabolic checkpoint of macro-
phage differentiation, and it was essential for the expression of key
anti-inflammatory molecules (21). However, the underlying mecha-
nism by which cancer cell-derived serine affects the surrounding
immune and stromal cells has rarely been studied.

In this study, we discovered that increased serine synthesis derived
from FGFR3-mutant (mFGFR3) cancer cells shifted macrophages to
an immune-inert phenotype and elicited a cold TME. We revealed the
mechanistic connections among FGFR3 alterations, serine metabo-
lism, and antitumor immunity and further demonstrated that redir-
ecting the macrophage phenotype with PI3K inhibitors is a potential
therapeutic approach for mFGFR3 tumors.

Materials and Methods

The key resources and reagents used in this study are summarized in
Supplementary Table S1. Methods regarding cancer cell supernatants
preparation, mouse lymphocytes preparation, lymphocyte coculture
assay, tumor-infiltrating lymphocyte classification, cell viability tests,
Sun Yat-sen Memorial Hospital (SYSMH) cohort generation, and
PSAT1 IHC evaluation were summarized in the Supplementary
Materials and Methods.

Cells

The human bladder cancer cell line T24 and human monocyte cell
line THP-1 were obtained from the ATCC. The murine breast cancer
cell line MB49 was obtained from Millipore. The cells were grown
according to standard protocols. Short tandem repeat authentication
of the cells used in this study showed that there was no misidentifi-
cation or contamination with other cells within 3 years. Cell lines were
tested for Mycoplasma monthly using the Mycoplasma Detection Kit
(catalog no. rep-mys-20, InvivoGen) and used within 10 passages.

Animals

All animal experiments were performed with the approval of the
Institutional Animal Care and Use Committee (IACUC) of the South
China University of Science and Technology (approval number
2022044) and according to the established guidelines. C57BL/6] mice
and BALB/c nude mice used in this study were between 4 and 6 weeks
old and purchased from Hunan Silaikejingda Experimental Animal
Company Limited. huPBMC-NOG-dKO humanoid mice were pur-
chased from Beijing Vital River Animal Company Limited. All mice
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were maintained in the South China University of Technology
(Guangzhou, P.R. China) animal facility under specific pathogen-
free conditions.

Lentivirus generation and gene transfer

The entire process of lentiviral construction and generation was
entrusted to IGE Biotechnology. In brief, the cDNA sequence encoding
human or mouse wild-type (WT) FGFR3b was cloned into the pCDH-
CMV-MCS-EF1-copGFP-T2A-Puro vector and served as a template
for site-directed mutagenesis. The activating mutation $249C (human)
or S243C (mouse) was introduced into the FGFR3b ¢cDNA by PCR
using primers carrying the mutations, which was confirmed by
sequencing. Lentiviral vectors encoding no insert or mutant human
or mouse FGFR3b were transfected into HEK293T cells for packaging.
Packaged lentivirus particles were collected from HEK293T cell
supernatant and transduced into T24 or MB49 cells in the presence
of polybrene (IGE Biotechnology). Successful infection was confirmed
by the identification of green fluorescent cells. Infected cells were
selected using increasing doses of puromycin (catalog no. 0219453925,
MP). Successful infection was confirmed by the identification of green
fluorescent cells, qRT-PCR, and Western blotting.

Preparation and culture of bone marrow-derived
macrophages

Bone marrow cells were flushed from the femurs and tibias of 6 to
8 weeks old C57BL/6 mice. The erythrocytes were lysed with red blood
cell lysis buffer (catalog no. CW0613S, CWBio). The remaining cells
were seeded into 6-well or 12-well plates. Bone marrow-derived
macrophages (BMDM) were cultured in DMEM supplemented with
10% FBS, 1% penicillin/streptomycin (Gibco), and 40 ng/mL murine
MCSF (catalog no. 51112-MNAH, Sino Biological). Fresh culture
medium was added to BMDMs every 3 days. On the 6th day of
differentiation, the BMDMs were considered matured for in vitro
stimulation.

Macrophages stimulation assay

Mature BMDMs were cocultured with tumor cell-conditioned
medium for 48 hours and harvested for flow cytometry, qRT-PCR,
or functional assays. Serine (2 mmol/L; catalog no. BS932, Biosharp),
S-Adenosyl methionine (SAM, 1 mmol/L, Sigma-Aldrich, A7007),
duvelisib (20 umol/L; catalog no. A1720, APEXBIO), or L-phenylglycine
(50 umol/L; catalog no. 2935-35-5, Sigma-Aldrich) was added.
Lipopolysaccharide (100 ng/mL; catalog no. BS904, Biosharp) or
murine IL4 (20 ng/mL; catalog no. 214-14-20, Peprotech) was
added 24 hours before harvesting to induce proinflammatory or
anti-inflammatory macrophages.

Transwell assay

For the transwell assay, 3 x 10° cancer cells or 5 x 10° stimulated
macrophages were seeded into the bottom chamber (wells in a
24-well plate) with 500 uL. DMEM containing 10% FBS. Next, 5 x 10
lymphocytes were added into the upper chamber (5-um transwell
inserts, catalog no. 3421-48EA, Corning) with 200 UL serum-free
media. After 2.5 hours, the number of migrated lymphocytes was
quantified by flow cytometry.

Antigen-presenting assay

A total of 5 x 10° BMDM:s were cultured with cancer cell supernatants
for 48 hours. Then, the cells were incubated with ovalbumin (OVA;
1 ug/mlL, catalog no. 9006-59-1, Solarbio) for 24 hours. The cells were
collected, washed with PBS, and stained with PE anti-mouse H-2Kb

Cancer Res; 83(24) December 15, 2023

4031



Ouyang et al.

bound to SIINFEKL antibody (catalog no. 12-5743-81, Thermo Fisher
Scientific, RRID: AB_925775) in PBS at 4°C for 1 hour.

RNA sequencing and in silico analysis
Public transcriptional databases and immune infiltration analysis
Transcriptome and clinical data in the IMvigor210 dataset obtained
from patients with metastatic urothelial bladder cancer treated
with atezolizumab were downloaded from http://research-pub.gene.
com/IMvigor210CoreBiologies. The Cancer Genome Atlas (TCGA)-
BLCA dataset was extracted from TCGA and used for further analyses.
We integrated gene set enrichment analysis (GSEA) to estimate
immune infiltration, and the signature used in this study is summa-
rized in Supplementary Table S2.

Single-cell RNA sequencing of mouse MB49 tumor samples

A total of six samples (three per group) were used for single-cell
RNA sequencing (scRNA-seq), and the samples of each group were
mixed before sequencing. Droplet-based sequencing data from Sin-
gleron Matrix Single Cell Processing System was aligned and quan-
tified against the mm10 mouse reference genome using CeleScope
(https://github.com/singleron-RD/CeleScope) v1.9.0 pipeline. Seurat
version 4.2.0 was used for cell filtering and subsequent analysis (22).
The filtered data were normalized using a normalized data function
with a scaling factor of 10,000. The top 2,000 highly variable genes were
selected using the “find variable feature” function in the first method.
Mutual nearest neighbors were used to remove the batch effects (23).
FindNeighbors and FindClusters functions were employed with
10 dimensions and a resolution of 0.8. We used CellChat (1.1.0),
a public repository of ligands, receptors, cofactors, and their inter-
actions, for the inference and analysis of cell-to-cell communica-
tion. For the macrophage subcluster analysis, FindNeighbors and
FindClusters functions were employed with five dimensions and
a resolution of 0.3. GSEA (RRID: SCR_003199) was applied to
identify significantly enriched pathways using the GSEA 4.1.0
desktop application.

GqRT-PCR

Total RNA was extracted from macrophages and MB49 or T24
cancer cells using an RNA Quick Purification Kit (EZBioscience).
qRT-PCR was performed using HieffTM qPCR SYBR Green Master
mix (Yeasen Biotechnology) and analyzed using a LightCycler 480
instrument (Roche). The primer sequences are listed in Supplementary
Table S3.

Serine quantification assay

We used a DL-Serine Assay Kit (catalog no. MAK352, Sigma-
Aldrich) according to the manufacturer’s instructions to analyze the
relative serine concentration within cancer cells and BMDMs.

Western blotting

Conditioned cells were lysed using RIPA lysis buffer (catalog no.
CW2333S, CWBIo) in the presence of protease inhibitors (catalog
no. CW2200S, CWBio) and phosphatase inhibitors (catalog no.
CW2383S, CWBIo). Proteins were quantified using a bicinchoninic
acid assay (catalog no. CW0014S, CWBio) before denaturation. Pro-
tein samples were then subjected to SDS-PAGE and transferred to
polyvinylidene difluoride membranes (catalog no. IPVH00010, Merck
Millipore), which were blotted with anti-pERK1/2 (diluted 1:2,000,
catalog no. 4370, Cell Signaling Technology, RRID: AB_2315112),
anti-pERKS5 (diluted 1:1,000; catalog no. 3371, Cell Signaling Tech-
nology, RRID: AB_2140424), anti-PSAT1 (diluted 1:5,000; catalog no.
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10501-1-AP, Proteintech, RRID: AB_2172597), and anti-o.-tubulin
(diluted 1:20,000; catalog no. 66031-1-Ig, Proteintech, RRID:
AB_11042766) antibodies, followed by incubation with horseradish
peroxidase-conjugated anti-rabbit secondary antibodies (catalog
no. GB23303, Servicebio) or anti-mouse secondary antibodies
(catalog no. GB23303, Servicebio). Membrane proteins were visu-
alized using SmartChemi 910 plus (Beijing Sage Creation Science
Co, LTD) utilizing chemiluminescence (catalog no. WBKLS0500,
Merck Millipore).

Flow cytometry of in vitro experiments

BMDMs were harvested for flow cytometry after the coculture assay
as described above and blocked with mouse Fc Receptor Blocking
Solution (catalog no. 101320, BioLegend, RRID: AB_1574975) before
incubation with fluorochrome-labeled antibodies. The antibodies used
for BMDM surface staining were BV510 anti-F4/80 (catalog no.
123135, BioLegend, RRID: AB_2562622), PE-Cy7 anti-CD11b (cata-
log no. 101215, BioLegend, RRID: AB_312798), and BV605 anti-IA/IE
(catalog no. 107639, BioLegend, RRID: AB_2565894). A FIX & PERM
Cell Permeabilization Kit (catalog no. GAS003, Thermo Fisher Sci-
entific) was used to fix and permeabilize the cell membranes. The
BMDMs were then incubated with Fixation Medium for 15 minutes,
washed, and incubated Permeabilization Medium and PE anti-CXCL9
(catalog no. 515603, BioLegend, RRID: AB_2245490), PE anti-
pAKT1 (catalog no. 12-9715-41, Thermo Fisher Scientific, RRID:
AB_2637101), or AF647 anti-CD206 (catalog no. 141711, BioLegend,
RRID: AB_10900240) antibodies for intracellular staining.

THP-1 cells were also harvested for flow cytometry after the
coculture assay as described above and blocked with human Fc
Receptor Blocking Solution (catalog no. 422302; BioLegend, RRID:
AB_2818986). The PE anti-HLA-DR antibody (catalog no. 307605,
BioLegend, RRID: AB_314683) was used for THP-1 surface staining.
THP-1 cells were fixed and permeabilized as described above and
incubated with BV421 anti-Human CD206 (catalog no. 566281, BD
Biosciences, RRID: AB_2739655), or PE anti-CXCL9 (catalog no.
566013, BD Biosciences, RRID: AB_2739458) antibodies for intracel-
lular staining.

Flow cytometry was performed using a CytoFLEX flow cytometer
(Beckman Coulter) and analyzed using FlowJo (version 10, RRID:
SCR_008520).

IHC

Formalin-fixed paraffin-embedded tumor tissues isolated were cut
into 5-pum sections and used for IHC staining. For humanized tumor
tissues, IHC staining of CD206 (diluted 1:1,500; catalog no. 24595, Cell
Signaling Technology, RRID: AB_2892682) and CD8 (diluted 1:500;
catalog no. MA5-14548, Thermo Fisher Scientific, RRID: AB_10984334)
was performed. IHC staining for CXCL9 (diluted 1:1,000; catalog no.
AF-492-NA, R&D Systems, RRID: AB_2086734) was performed for
mouse tumor tissues. IHC staining for PSAT1 (diluted 1:200; catalog
no. 10501-1-AP, Proteintech, RRID: AB_2172597) was performed in
human bladder cancer tissues from the SYSMH cohort. Details of THC
were summarized in the Supplementary Materials and Methods.

Multicolor immunofluorescence

Multiplex immunofluorescence (IF) was performed using a
PANO 5-plex THC kit (catalog no. 10080100100, PANOVUE). The
primary antibodies used for multiplex IF staining of mouse tumor
tissues consisted of anti-F4/80 (diluted 1:3,000; catalog no. 70076,
Cell Signaling Technology, RRID: AB_2799771); anti-CD206
(diluted 1:3,000; catalog no. 24595, Cell Signaling Technology,
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RRID: AB_2892682); anti-CD8 (diluted 1:1,200; catalog no. 98941,
Cell Signaling Technology, RRID: AB_2756376); anti-granzyme B
(diluted 1:2,000; catalog no. 46890, Cell Signaling Technology);
and PE anti-IA/IE antibodies (diluted 1:200; catalog no. 107607,
BioLegend, RRID: AB_313322). For human bladder cancer tissue
staining, anti-CD68 (diluted 1:1,000; catalog no. ZM-0464, Zhongshan
Golden Bridge); anti-HLA-DR (diluted 1:2,000; catalog no. ZM-0136,
Zhongshan Golden Bridge); anti-CD206 (diluted 1:3,000; catalog no.
24595, Cell Signaling Technology, RRID: AB_2892682); anti-CXCL9
(diluted 1:1,000; catalog no. ab202961, Abcam); anti-CD8 (diluted
1:3,000; catalog no. MA5-14548, Thermo Fisher Scientific, RRID:
AB_10984334); anti-granzyme B (diluted 1:1,000, catalog no. 46890,
Cell Signaling Technology) was used. For primary antibodies without a
fluorescent label, after incubation with the primary and secondary
antibodies (catalog nos. MP-7451 and MP-7444, Vector), the sections
were stained with Alexa Fluor Tyramides Opal 520, 570, 620, or 690
following the manufacturer’s instructions. Finally, the slides were
counterstained with DAPI, mounted with an anti-fade mountant, and
scanned using the Vectra Polaris Automated Quantitative Pathology
Imaging System (PerkinElmer). The evaluation was performed using
Phenochart and inForm Tissue Analysis software (PerkinElmer).
Alexa Fluor Tyramides, DAPI, and anti-fade mountant were all
included in the kit.

Animal experiments

For the humanized mouse experiment, T24 cells (5 X 10°%) were
implanted subcutaneously into the right flank. In other animal
experiments, MB49 cells (5 x 10°) were inoculated subcutaneously
for the subcutaneous tumorigenicity assay. The tumor diameter
was monitored every 2-3 days using an electronic caliper. Tumor
volumes were calculated as 0.5 x L x W2

For the macrophage depletion study, neutral clodronate liposomes
(catalog no. F70101C-N, FormuMax, 7 mg/mL, 200 uL, intraperito-
neal) and control liposomes (catalog no. F70101-N, FormuMax,
200 UL, intraperitoneal) were given on the second, sixth, 10th, and
14th day after cell inoculation. Tumors were harvested on the 16th day.

For the duvelisib treatment study, from the 10th day after tumor cell
inoculation, mice were injected with duvelisib (catalog no. A1720,
APExBIO, 2 mg/kg, oral gavage) every day. For the erdafitinib
treatment study, from the 10th day after tumor cell inoculation, the
mice were injected with erdafitinib (catalog no. JNJ-42756493, MCE,
25 mg/kg, oral gavage) every day. Mice in the control group received
vehicle treatment.

Flow cytometry for animal experiments

Antibodies were purchased for the animal experiment flow cyto-
metric analyses, including Brilliant Violet 650 anti-CD8o. (catalog no.
100741, BioLegend, RRID: AB_11124344); PE anti-CD3 (catalog no.
100206, BioLegend, RRID: AB_312663); PE/Cyanine7 anti-CD4 (cat-
alog no. 100421, BioLegend, RRID: AB_312706); Alexa Fluor 647 anti-
granzyme B (catalog no. 515406, BioLegend, RRID: AB_2566333); PE
anti-CXCL9 (catalog no. 515603, BioLegend, RRID: AB_2245490);
Brilliant Violet 605 anti-IA/IE (catalog no. 107639, BioLegend, RRID:
AB_2565894); Brilliant Violet 510 anti-F4/80 (catalog no. 123135,
BioLegend, RRID: AB_2562622); PE/Cyanine7 anti-CD11b (catalog
no. 101215, BioLegend, RRID: AB_312798); and Brilliant Violet 421
anti-CD45 (catalog no. 103134, BioLegend, RRID: AB_2562559).

Tumor-bearing mice were euthanized at designated timepoints, and
their tumors were isolated and stored in ice-cold 2% FBS. The collected
tumors were then minced into 1-3 mm pieces using a scalpel before
incubation with collagenase I (catalog no. GC305013, Servicebio),

AACRJournals.org

FGFR3-Mutant Bladder Cancer Induces Immune-Inert Macrophages

collagenase II (catalog no. GC305014, Servicebio), collagenase IV (cat-
alog no. GC305015, Servicebio), and DNase (catalog no. 1121MG010,
Servicebio) for 1 hour at 37°C on a shaker. The resulting tumor
suspensions were then passed through a 40-um cell strainer to remove
large debris and generate single-cell suspensions.

Macrophage surface staining was performed by incubating 1 x 10°
cells in 50 UL ice-cold PBS with fluorochrome-conjugated antibodies
against CD45, CD11b, F4/80, and IA/IE. The cells were then washed
again with PBS, fixed, permeabilized as described above, and stained
using an intracellular anti-CXCL9 antibody.

Lymphocyte surface staining was performed by incubating 1 x 10°
cells in 50 pL ice-cold PBS with fluorochrome-conjugated antibodies
against CD3, CD4, CD45, and CD8. The cells were then washed again
with PBS, fixed, permeabilized as described above, and stained using an
intracellular anti-granzyme B antibody.

Statistical analysis and data presentation

All experiments in this study were independently performed three
times. Quantitative data are presented as the mean = SEM. The x test
was used for nonparametric variables, while Student ¢ test and one-way
ANOVA were used for parametric variables to identify statistically
significant data. All data analyses were performed using GraphPad
Prism version 9 (RRID: SCR_002798). A P value < 0.05 was considered
to indicate significance. The proposed illustration of mechanism and
experiments was created with BioRender.com.

Study approval

All human samples used in this study were obtained from patients
with their written informed consent. The study was conducted in
accordance with the Declaration of Helsinki and was approved by the
Ethics Committee of the Sun Yat-sen Memorial Hospital, Sun Yat-sen
University (approval number SYSKY-2023-422-01). The baseline
information of patients included in the cohort was summarized in
Supplementary Table S4. All animal experiments were performed with
the approval of the IACUC of the South China University of Science
and Technology (approval number 2022044).

Data availability statement

The IMvigor210 dataset analyzed in this study was downloaded
from http://research-pub.gene.com/IMvigor210CoreBiologies. In addi-
tion, TCGA-BLCA cohort data analyzed in this study was extracted from
TCGA at https://www.cancer.gov/ccg/research/genome-sequencing/
tcga. The scRNA-seq data that support the findings of this study have
been deposited into the Gene Expression Omnibus with accession
number GSE243093 and the CNGB Sequence Archive (CNSA) of
China National GeneBank DataBase (CNGBdb) with accession num-
ber CNP0004744. Other data supporting the findings of this study are
available upon request from the corresponding author.

Results

FGFR3-altered bladder cancers indirectly shape a cold TME
FGFR3-altered (aFGFR3) bladder cancer has previously been
reported to be associated with a non-T-cell-inflamed TME. We
conducted a systematic review utilizing publicly available databases
IMvigor210 and TCGA-BLCA to comprehensively assess the immune
infiltration of aFGFR3 bladder cancer tumors (24). First, we utilized a
previously established CD8" effector T-cell signature to evaluate the
infiltration level of CD8% T cells (25). Our analysis revealed a
significant decrease in the infiltration of CD8" T cells in the aFGFR3
bladder cancer group compared with that in the WT group (Fig. 1A).
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In addition, we observed a negative correlation between the expression
of CD8A and FGFR3 in both datasets (Fig. 1B). Tumor-infiltrating
lymphocyte phenotypes were investigated, and a lower proportion of
inflamed tumor tissues and a higher proportion of immune desert were
observed in the aFGFR3 bladder cancer group in both datasets (Fig. 1C
and D). We also conducted a cohort study at SYSMH to validate this
finding. In this cohort, we observed a significant reduction in the
infiltration of CD8" granzyme B cells within the tumors of patients
with aFGFR3 cancers (Fig. 1E).

We generated an mFgfr3 MB49 cancer cell line to validate our
findings in a mouse model. WT and mFgfr3 MB49 cells were inoc-
ulated into immunodeficient and immunocompetent mice. Surpris-
ingly, there was no difference in tumor growth between WT and
mPFgfr3 cells in immunodeficient mice (Fig. 1F and G; Supplementary
Fig. S1A and S1B). However, mFgfr3 tumors exhibited significantly
accelerated growth in immunocompetent mice. These results sug-
gested that the enhanced invasiveness of aFGFR3 cancers was not
solely due to intrinsic proliferative changes but may involve immune
evasion. We investigated the immune infiltration characteristics of
mPFgfr3 tumors and found a reduction in CD8" granzyme B* T cells
through flow cytometry analysis and multiplex IF staining (Fig. 1H-J;
Supplementary Fig. S1C and S1D).

On the basis of our observations thus far, we hypothesized that
aFGFR3 cancer cells exert their influence on T-cell function and
infiltration by excluding T cells from the proximity of cancer cells.
We initially speculated that mFgfr3 cancer cells might decrease
the expression of chemokines, thereby impairing lymphocyte che-
motaxis. To test this hypothesis, we conducted a transwell assay,
as described in Materials and Methods (Supplementary Fig. S1E).
Surprisingly, we did not observe any significant difference in the
number of lymphocytes crossing the transwell between the WT and
mFgfr3 groups (Fig. 1K). In addition, we performed a coculture
assay by incubating lymphocytes with either WT or mFgfr3
cancer cells (Supplementary Fig. S1F). Strikingly, no difference in
lymphocyte cytotoxicity was observed between the two groups
(Fig. 1L). These results collectively suggest that mFgfr3 cancer cells
cannot modulate lymphocyte migration or directly suppress T-cell
functionality.

scRNA-seq highlights the central role of macrophages in
inducing the cold TME of the mFgfr3 tumor

To investigate the potential involvement of other cell types in
mediating immunosuppression within the TME of mFgfr3 cancer
cells, we conducted scRNA-seq analysis on WT and mFgfr3 MB49
tumor tissues. Following quality control and batch effect removal
(refer to Materials and Methods: “scRNA-seq of mouse MB49 tumor
samples”), we clustered a total of 28,458 single cells into major clusters.

FGFR3-Mutant Bladder Cancer Induces Immune-Inert Macrophages

Specifically, 14,880 cells were analyzed in the WT group and 13,578 in
the mFgfr3 group.

We utilized cluster-specific genes and classic markers described in
previous studies to annotate the cell types: T cells (Cd3e™), CD8* T
cells (Cd8a™), CD4™ T conventional cells (II7r"), proliferating T cells
(Hmgb2"), B cells (Cd79b"), myeloid cells (Lyz2"), dendritic cells
(Cst3%), polymorphonuclear leukocytes (Cxcr2"), and fibroblasts
(Collal*; Fig. 2A; Supplementary Fig. S2A and S2B). Consistent with
earlier observations, we identified a significant reduction in the
infiltration of CD8" T cells in the mFgfr3 tissues (Fig. 2B; Supple-
mentary Fig. S2C).

We next investigated changes in cell-to-cell communication in
mFgfr3 tumors using the CellChat Package to understand the under-
lying immune suppression mechanism (26). Specifically, we aimed to
identify the key signaling pathway responsible for mediating the
immunosuppressive effects on CD8' T cells. By comparing the
incoming pathways between WT and mFgfr3 samples, we observed
extensive downregulation of the CXCL pathway in the T cells of
mPFgfr3 tissues (Supplementary Fig. $2D). The CXCL signaling path-
way is known to play a crucial role in chemotaxis and inflammation,
suggesting that reduced CXCL signaling may contribute to the dimin-
ished infiltration of cytotoxic lymphocytes and the establishment of an
immune-desert TME in mFgfr3 tumors. We traced the pathway to
further investigate the sources of CXCL signaling and found that
macrophages were the main contributors to CXCL signaling in CD8"
T cells in the WT samples (Fig. 2C). However, in the mFgfr3 tissues, we
observed a significant reduction in the CXCL signaling pathway
specifically in macrophages. These findings collectively indicate that
macrophages play a pivotal role in driving immune suppression in the
mFgfr3 TME.

We performed a reclustering analysis specifically focusing on
macrophages to gain a comprehensive understanding of the charac-
teristics of these cells in mFgfr3 tumors, identifying five distinct
subclusters (Fig. 2D; Supplementary Fig. S2E). Despite the removal
of batch effects, macrophages from the two tissue types still showed
substantial differences in their expression patterns. Notably, subcluster
1 macrophages were exclusive to mFgfr3 tumors. We conducted a
differential gene analysis to investigate this distinctive subcluster’s
molecular characteristics further and found a significant upregulation
of Mrcl, which encodes CD206 (Fig. 2E; Supplementary Fig. S2F).
Interestingly, the expression of chemokines (Cxcl9, Cxcl10, and
Cxcl11), known for their potent ability to recruit lymphocytes, was
notably downregulated in subcluster 1 macrophages. In addition, the
expression levels of genes encoding MHC proteins, such as Cd74, H2-
Abl, and H2-Ebl, were also found to be decreased. Gene Ontology
(GO) analysis revealed a negative enrichment of pathways associated
with antigen processing and presentation and lymphocyte-mediated

Figure 1.

FGFR3-altered bladder cancers shape a cold TME indirectly. A, Dot plots showing the CD8" T cells effector signature score in the WT and aFGFR3 groups in the
IMvigor210 and TCGA-BLCA datasets. B, Spearman correlation analysis of the expression of CD8A with the expression of FGFR3. C, Stacked bar plots showing the
proportion of immune-inflamed, immune-excluded, and immune-desert phenotypes in the WT and the aFGFR3 groups in the IMvigor 210 dataset. D, Representative
images and stacked bar plots indicating the proportion of immune-inflamed, immune-excluded, and immune-desert phenotypes in the WT and the aFGFR3 groups in
TCGA-BLCA dataset. Scale bar, black, 100 um. E, Representative images and dot plot showing the CD8" granzyme B* cells infiltration in the WT and the aFGFR3
groups in the SYSMH cohort. Scale bar, white, 100 um. F and G, Growth curves (F) and tumor weights (G) of the WT and mFgfr3 cancer cells in nude mice as well as
C57BL/6 mice. H and I, Flow cytometry analysis and statistical analysis illustrating the proportion of CD3* CD8™ cells within CD45™ cells (H) and the proportion of
granzyme B cells within CD8™ T cells (I) in the indicated groups. J, Representative images and statistical analysis show the infiltration of CD8" granzyme B™ cellsin
the indicated groups. K, Transwell assay of lymphocytes with cancer cell supernatant shows the cell count of migrated lymphocytes in the indicated groups. L, Flow
cytometry analysis of in vitro coculture of cancer cells with lymphocytes illustrating the proportion of granzyme B™ cells within CD8™ T cells in the indicated groups.
The data are shown as the mean + SEM values (IMVigor 210 cohort: n =190 in the WT group, n = 47 in the aFGFR3 group; TCGA-BLCA cohort: n = 350 in the WT
group, n =56 in the aFGFR3 group; SYSMH cohort: n =24 inthe WT group, n =10 in the aF GFR3 group; n = 6 per group in F-L). P<0.05 was considered a significant
difference; ns, no significance (unpaired parametric Student ¢ test and x? test). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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immunity in subcluster 1 macrophages (Fig. 2F). On the basis of these
observations, subcluster 1 macrophages were named “immune-inert
macrophages” considering their low expression of lymphocyte-
attracting chemokines and a lack of effective T-cell immune response
activation through MHC molecule antigen presentation. Collectively,
these findings strongly suggest that the capacity of macrophages to
process and present antigens and attract lymphocytes is substantially
dampened in mFGFR3 tumor tissues.

We conducted multiplex IF and ITHC staining to validate that
macrophages adopt an immune-inert phenotype in response to
mutant cancer cells. The results obtained were consistent with the
scRNA-seq data: we observed an increase in CD206" macrophages, a
decrease in ITA/IE™ macrophages, and reduced expression of CXCL9 in
mPFgfr3 tissues (Fig. 2G-I).

We further validated these findings in human bladder cancer
cohorts. GSEA of TCGA-BLCA and IMvigor210 datasets revealed a
reduction in the pathways related to antigen presenting and processing
and lymphocyte chemotaxis in aFGFR3 tumors (Fig. 2J). IHC staining
in bladder cancer tumor tissues of the SYSMH cohort confirmed
elevated CD206 expression levels in macrophages from aFGFR3
tumors, while the expression levels of HLA-DR and CXCL9 were
reduced (Fig. 2K).

We employed a macrophage depletion method using clodronate
liposomes to investigate whether macrophages were the driving
force behind immune suppression in aFGFR3 cancers (Fig. 2L;
Supplementary Fig. S2G-S2I). We aimed to examine immune
infiltration in the tissues following macrophage depletion. Both flow
cytometry and THC staining confirmed a significant reduction in
macrophage expression in the spleen and tumor tissues (Fig. 2M-O;
Supplementary Fig. S2] and S2K). In addition, in WT tumors,
depleting macrophages led to a significant reduction in CD8§"
granzyme BT T-cell infiltration, suggesting that macrophages play
a vital role in recruiting and activating T cells in the WT TME
(Fig. 2P-R). In contrast, in the mFgfr3 TME, no difference was
observed between the control group and the depletion group,
validating the limited ability of macrophages in the mFgfr3 TME
to recruit and activate CD8" T cells. Taken together, these findings
suggest that macrophages play a crucial role in inducing immuno-
suppression within the TME in tumors with activated FGFR3,
leading to reduced infiltration of cytotoxic CD8"' T cells.

Next, we collected supernatants from these cancer cells and used them
to stimulate BMDM s to investigate whether mFgfr3 cancer cells can
directly influence macrophage phenotypes (Supplementary Fig. S3A).
Flow cytometry and qRT-PCR analysis revealed a significant reduction
in the expression of CXCL9 and MHC molecules, accompanied by an

FGFR3-Mutant Bladder Cancer Induces Immune-Inert Macrophages

increase in CD206 expression in BMDMs stimulated with the mutant
group’s supernatant (Fig. 3A-C; Supplementary Fig. S3B).

We further investigated the functional changes in macrophages with
a series of assays. An antigen-presenting assay using OVA was con-
ducted, demonstrating that BMDMs stimulated with mFgfr3 super-
natants displayed a reduced antigen-presenting ability (Fig. 3D). In
addition, a transwell assay demonstrated that BMDMs stimulated with
mFgfr3 supernatant had a significantly diminished capacity to attract
lymphocytes compared with those stimulated with WT supernatant
(Fig. 3E; Supplementary Fig. S3C). Furthermore, an in vitro coculture
assay with supernatant-stimulated BMDMSs and lymphocytes revealed
a lower granzyme B level in CD8" T cells cultured with mFgfr3 cell
supernatant-treated BMDMs (Fig. 3F; Supplementary Fig. S3D).

We extended these experiments by applying supernatants from T24
WT and mFGFR3 cancer cells to stimulate THP-1 cells. The results
were consistent with the data obtained from BMDM:s stimulated with
MB49 supernatants (Fig. 3G-I; Supplementary Fig. S3E).

MFGFR3 cancer cells upregulate serine synthesis, shifting
macrophages to an immune-inert phenotype

We initially hypothesized that bioactive proteins, such as cytokines,
might be involved in the mechanism by which mFgfr3 cancer cells
promote macrophage polarization toward an immune-inert pheno-
type. To test this hypothesis, we boiled the cancer cell supernatants to
denature any bioactive proteins and then used the boiled supernatants
to stimulate BMDMs. The purpose was to determine whether the
boiling process would abolish the immunosuppressive capacity of the
supernatants. Surprisingly, the results showed no discernible differ-
ence between the groups treated with boiled and unboiled mutant
supernatants. Macrophages stimulated with boiled mutant superna-
tants displayed an increase in CD206 expression, while the expression
levels of MHC molecules and CXCL9 remained reduced (Fig. 4A-C).
These findings suggested that heat-vulnerable proteins, such as cyto-
kines, were likely not the bioactive factors involved in macrophage
polarization. Thus, heat-resistant small-molecule factors are potential
contributors.

We conducted a comprehensive analysis of scRNA-seq data to
explore the biological characteristics of mFgfr3 cancer cells. GSEA
revealed a significant upregulation of the pathway involved in amino
acid metabolism in the mFgfr3 cancer cells compared with WT cells
(Fig. 4D). Further examination of the differentially expressed genes
identified Psatl as a significantly upregulated gene in the mutant cells
(Fig. 4E and F). This finding was validated by qRT-PCR, which
confirmed the upregulation of Psat1 in mutant MB49 cells and PSAT1
in mutant T24 cells (Supplementary Fig. S4A and S4B). IHC staining

Figure 2.

scRNA-seq highlights the central role of macrophages in inducing the cold TME of the mFgfr3 tumor. A, Uniform Manifold Approximation and Projection (UMAP) plot
of scRNA-seq results of WT and mFgfr3 MB49 mice tumors colored by major cell types, 14,880 cells in the WT group and 13,578 cells in the mFgfr3 group. B, Pie chart
shows the proportion of subtypes of T lymphocytes in the indicated groups. C, Circle plots and heatmap of CellChat analysis show the networks of the CXCL signaling
pathway. D, UMAP plot of single cells of macrophages colored by subclusters. E, Volcano plot displays the differential genes of the subcluster-1 macrophages. F, GO
analysis represents the enriched pathways in the subcluster-1 macrophages. G and H, Representative IF images showing the infiltration of CD206" F4/80" cells
(G)and IA/IE* F4/80™ cells (H) in the indicated groups. I, Representative IHC images showing the expression of CXCL9 in the indicated groups. J, GSEA showing the
enrichment of antigen processing and presenting pathway and lymphocyte chemotaxis pathway in the IMvigor210 and TCGA-BLCA datasets. K, Representative
multiplex IF images and statistical analysis showing the proportion of CD206*, HLA-DR™, and CXCL9™ cells within CD68" macrophages in the SYSMH cohort; n = 24
in the WT group, n =10 in the aFGFR3 group. L, Schematic illustration of macrophages depletion strategy with clodronate liposomes in MB49 tumor-bering mice.
M, Flow cytometry analysis illustrating the proportion of macrophages in the splenocytes in the indicated groups. N and O, Flow cytometry analysis and IHC staining
illustrating the proportion of macrophages in tumors in the indicated groups. P and @, Flow cytometry analysis illustrating the proportion of CD37CD8™ cells within
CD45™" cells (P) and the proportion of granzyme B cells within CD8™" T cells (Q) in the indicated groups. R, Representative IF images and statistical analysis show
CD8* granzyme B™ cell infiltration in the indicated groups. The data are shown as the mean + SEM values (n = 5 per group). P < 0.05 was considered a significant
difference; ns, no significance (unpaired parametric Student ¢ test). *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bar, 100 um. FMO, fluorescence minus one;
M, macrophages. SN, supernatants. (L, Created with BioRender.com.)

AACRJournals.org Cancer Res; 83(24) December 15, 2023

4037



Ouyang et al.

A 40+ * Kk
” —
FMO +WT SN +mFgfr3 SN FMO 29
8 & 30
23
+WT SN 8 S 204
S €
5 £
0.78 +mFgfr3 SN o = £ 107
o @ 573
(] c
® 2 o WT SN +mFgfr3SN
+! mFgi
B CD206 50 = * kK
FMO ?
FMO 2 5404
g2
f) <3 30
+WT w g
A ||
‘5 £
0 +mFgfy e) o\?' £ 104
1] SN o =
[72] c
7] =1 0
ne +WT SN+mFgfr3SN
I = % % %
C 30— —
FMO +WT SN +mFgfr3 SN FMO w3
= o
3 £20-
+WT SN ?) e
L 5E
0 25.4 13.3 6. <104
Q +mFgfr3, o SE
(7] SN c ==
» K = 0
CXCL9 +WT SN +mFgfr3sN
D Antigen-presenting assay E § Transwell assay F Coculture assay
i * 31,500
Gated in F4/80* cells B 2 20 ok _g . % » 15
=9 s — g 83
FMO +WT SN +mFgfr3SN | 7 '§_ ;?1,000 D10
25 o a
Jg10 5 £o
=) £
56 < s 2 500 SES
14.6 SE 5 2%
® 3 o § 0 g 0
N e 8 ER-N 3
3 (O
A g A0 e
» 201
G 238 —_—
FMO +WT SN +mFGFR3 SN EMO B 154
+ Qo
©oT
§§ 104
82
+WT SN BE 5
=3
d 1.02 | 103 o o
a o, +mFGFR3§EI g s &
1 = & K3
CD206 &
20+ =
H FMO +WT SN +mFGFR3 SN FMO e
8 < 154
&
LWT SN 2
3 1]
1.1 P | |%=Z
1.76 — “mFGFA3 o°E
8 & SN, o 0
» - «* El s &
HLA-DR N F
&
| %
FMO +WT SN +mFGFR3 SN FMO % —_—
8- 6
+ 0O
+WT SN 3r s
N 52 B
@ S £ 2
2 0.21 | 794 .| 289 +mFGFR3 SN o %
al 4 & ' g ok
(2] L 2 %V\ %é
>
cxcL9 & E
¢
&

Figure 3.

mFGFR3 cancer cells promote macrophage shift to an immune-inert phenotype. A-C, Flow cytometry analysis and statistical analysis illustrating the proportion of
CD206" cells (A), IA/IE" cells (B), and CXCL9™ cells (C) within live BMDMs in the indicated groups. D, Antigen-presenting assays show the MHC-I SIINFEKL ™" cells
within the BMDMs. E, Transwell assay of lymphocytes with BMDMs previously stimulated by cancer cell supernatants shows the cell count of migrated lymphocytesin
the indicated groups. F, Flow cytometry analysis of in vitro coculture of BMDMs previously stimulated with cancer cell supernatants with lymphocytes illustrating
the proportion of granzyme B* cells within CD8™" T cells in the indicated groups. G-I, Flow cytometry analysis and statistical analysis illustrating the proportion of
CD206™ cells (G), HLA-DR™ cells (H), and CXCL9™ cells (1) within live THP-1 cells in the indicated groups. The data are shown as the mean 4+ SEM values (n = 6 per
group). P < 0.05 was considered a significant difference (unpaired parametric Student ¢ test). *, P< 0.05; **, P< 0.07; ***, P < 0.001. FMO, fluorescence minus one;

SN, supernatants.
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was performed to validate these findings in the SYSMH bladder cancer
cohort, revealing a significant upregulation of PSATI in aFGFR3
cancers (Fig. 4G; Supplementary Fig. S4C). PSAT1 encodes phospho-
serine aminotransferase (PSAT1), an enzyme that plays a role in serine
synthesis. Specifically, PSAT1 catalyzes the conversion of phosphohy-
droxypyruvate (pPYR), derived from glycolysis, to produce phospho-
serine (pSER), which is then dephosphorylated to form serine
(Fig. 4H). Serine quantification assays of cancer cells revealed that
the relative serine concentration was elevated in mFGFR3 cells
(Fig. 4I). We also examined the serine concentration in BMDMs
following stimulation with mFgfr3 supernatants. The results showed a
significantly higher serine concentration than that in BMDMs sup-
plemented with WT supernatant (Fig. 4]). We supplemented the WT
supernatant with serine for BMDM stimulation to further explore
the role of serine in macrophage phenotype shifting. Flow cyto-
metry analysis revealed that adding serine to the WT supernatant
had similar effects to supernatant from mutant cells. Macrophages
stimulated with serine-supplemented WT supernatant demonstrat-
ed increased expression of CD206 and reduced expression of
CXCL9 and IA/IE (Fig. 4K-M). Consistent results were obtained
when THP-1 cells were stimulated with serine-supplemented T24
WT supernatant (Supplementary Fig. 4D-F). Antigen-presenting
assays and a transwell assay of serine-supplemented BMDMs were
also performed, and their results also confirmed that adding serine
to the WT supernatant showed effects comparable with those of the
mutant cell supernatant (Fig. 4N and O).

Next, we aimed to investigate the functional consequences of
blocking the serine influx in BMDMSs using L-phenylglycine, a rec-
ognized inhibitor of serine transporters. A serine assay confirmed that
the serine concentration in BMDMs stimulated with mFgfr3 super-
natants and treated with L-phenylglycine was reduced and comparable
with that of the WT group (Fig. 4P). Flow cytometry analysis was
subsequently conducted, revealing that after blocking serine influx in
BMDMs, the macrophage phenotype in the mFgfr3 group became
similar to that of the WT group (Fig. 4Q-S). Based on these results, we
can conclude that serine controls the macrophage phenotype in the
mFgfr3 TME.

Because the MAPK pathway is regarded as the predominant
downstream signaling pathway of FGFR, we hypothesized that acti-
vating FGFR3 might upregulate PSAT1 expression through MAPK
signaling (Fig. 4T; ref. 27). Two ERK isoforms, ERK1/2 and ERKS5,
have been previously reported. In our study, increases in both pERK1/2
and pERKS5 expression in mutant cancer cells were observed by
Western blotting. Inhibition of ERK1/2 rather than ERK5 reduced
the expression of PSAT1 in MB49 cancer cells, but in the T24 cells,
inhibition of either ERK1/2 or ERK5 could prevent the upregulation of
PSAT1 (Supplementary Fig. S4G).

Targeting the PI3K/Akt pathway in macrophages reverses
macrophage phenotypes in mFGFR3 cancers

We investigated the underlying signaling pathway responsible for
the induced phenotype shift to determine how to reverse the macro-
phage phenotype shifts in mFgfr3 cancers. Considering the various
pathways associated with macrophage phenotype modulation, we
performed GSEA on well-established signaling pathways (Supplemen-
tary Table S2; ref. 28). The analysis revealed the PI3K/Akt signaling
pathway, known to play a crucial role in macrophage phenotype
conversion, to be the most enriched pathway (Fig. 5A). This pathway
is known to regulate the expression of CD206, CXCL9, and MHC in
macrophages (29-32). We assessed the phosphorylation levels of Akt
in macrophages upon stimulation with mFgfr3 or WT cell supernatant

AACRJournals.org
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to validate the involvement of the PI3K/Akt pathway in mFgfr3
supernatant-induced macrophage polarization. Significantly elevat-
ed Akt phosphorylation was observed in BMDMs exposed to
mPFgfr3 cell supernatant compared with that in those stimulated
with WT cell supernatant (Fig. 5B; Supplementary Fig. S5A).
Furthermore, supplementation of serine in BMDMs cultured with
WT cancer supernatant increased Akt phosphorylation (Fig. 5C;
Supplementary Fig. S5B).

The mechanism by which serine activates the PI3K/Akt pathway in
macrophages remains unclear. Serine is primarily involved in provid-
ing methyl donors for DNA and protein methylation. Thus, we
hypothesized that elevated serine levels in mFgfr3 cancer cells promote
PI3K/Akt pathway activation by enhancing intracellular methylation.
Therefore, we supplemented the WT cell supernatant with SAM, a
universal methyl donor. The results showed that SAM supplementa-
tion resulted in similar changes in Akt phosphorylation as those
observed with elevated serine levels (Fig. 5D; Supplementary
Fig. S5C). This finding suggests that exogenous serine may enhance
intracellular methylation activities, thereby activating macrophage
Akt.

Duvelisib is a potent inhibitor of PI3K8 and PI3KY, constitutively
expressed in leukocytes, and is FDA approved for certain hematologic
malignancies (33). We treated BMDMs stimulated with cancer cell
supernatant with duvelisib to investigate whether targeting the
PI3K/Akt pathway could reverse the immunosuppressive effects of
mPFgfr3 cancer cell supernatant. Flow cytometry analysis showed that
duvelisib successfully abolished the elevation of Akt expression in
macrophages cultured with mFgfr3 supernatant (Fig. 5E; Supplemen-
tary Fig. S5D). Furthermore, duvelisib reduced the expression of
CD206 and restored the expression of CXCL9 and MHC molecules
in macrophages treated with mFgfr3 supernatant (Fig. 5F-H; Sup-
plementary Fig. SSE-S5G). Meanwhile, cell viability assays indicated
that duvelisib had no inhibitory effect on cancer cell proliferation
(Supplementary Fig. S5H and S5I). We subsequently investigated the
in vivo antitumor efficacy of duvelisib in C57BL/6 mice bearing WT or
mPFgfr3 MB49 tumors (Supplementary Fig. S5]). Consistent with
previous findings, mFgfr3 tumors exhibited accelerated growth com-
pared with that of WT tumors. However, duvelisib treatment effec-
tively inhibited the growth of mFgfr3 tumors, resulting in reduced
tumor weights (Fig. 5I and J; Supplementary Fig. S5K). In contrast,
WT tumors did not show significant responsiveness to duvelisib
treatment, with no considerable differences in tumor growth and
weight between the treatment and control groups. Multiplex IF
analysis confirmed the reduction in CD206" macrophages within
mPFgfr3 tumor tissues following duvelisib treatment (Fig. 5K; Sup-
plementary Fig. S5L). Flow cytometry analysis revealed decreased
production of CXCL9 and expression of IA/IE by macrophages in
the mFgfr3 group compared with that in the WT group (Fig. 5L
and M; Supplementary Fig. S5M-S50). Duvelisib treatment
reversed the effects of mFgfr3 cancer cells and enhanced the
secretion of CXCL9 and expression of IA/IE by macrophages. In
addition, an increased frequency of CD8" granzyme B™ T cells was
detected in mFgfr3 tumors treated with duvelisib (Fig. 5N-P;
Supplementary Fig. S5P-S5S).

The above results demonstrated that duvelisib significantly impacts
mouse mFgfr3 MB49 tumors. Hence, we applied it in humanized mice
bearing mFGFR3 T24 tumors (Fig. 5Q). The results demonstrated that
duvelisib could also significantly delay the growth of mFGFR3 T24
tumors, and we noticed a reduction in tumor weights in this treatment
group (Fig. 5R-T). Immune infiltration in the tumors was consistent
with the above data: reduced CD206* cells and increased CD8* T cells
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were seen in the duvelisib treatment group (Fig. 5U and V; Supple-
mentary Fig. S5T and S5U).

Duvelisib augments the antitumor efficacy of erdafitinib in
combination therapy

Duvelisib effectively reprogrammed the TME of mutant tumors by
restoring the immune-inert macrophages back to an active phenotype.
Subsequently, we assessed the antitumor efficacy of duvelisib in
combination with erdafitinib in mFgfr3 tumor-bearing C57BL/6 mice
(Fig. 6A). In vitro cell viability assays indicated that erdafitinib has an
inhibiting effect on cancer cell growth (Supplementary Fig. S6A).
Compared with the vehicle treatment, duvelisib, and erdafitinib
monotherapy significantly delayed tumor growth (Fig. 6B-D). Nota-
bly, compared with monotherapy, the combination of duvelisib and
erdafitinib demonstrated enhanced suppression of tumor growth and
reduced tumor weight. Multiplex IF analysis revealed a marked
reduction in the number of CD206" cells in the monotherapy groups,
with even lower infiltration observed in the combination treatment
group (Fig. 6E). Flow cytometry analysis demonstrated that both
duvelisib and erdafitinib upregulated the expression of CXCL9 and
IA/IE by macrophages (Fig. 6F and G). Consequently, CD8" gran-
zyme BT T-cell infiltration increased (Fig. 6H-J). Importantly, the
combination of erdafitinib with duvelisib further improved CXCL9
secretion, IA/IE expression, and CD8" T-cell infiltration.

We also investigated the efficacy of these combination therapies in
nude mice with mFgfr3 MB49 tumors. Our findings demonstrated that
treatment with erdafitinib as a monotherapy partially delayed tumor
growth (Supplementary Fig. S6B-S6D). However, duvelisib showed no
efficacy in immune-deficient mice when administered as a mono-
therapy. This observation further reinforces the notion that duvelisib
can effectively slow tumor growth by modulating immune responses
specifically in immune-competent mice. Notably, the combination
therapy exhibited comparable results to erdafitinib monotherapy.

Discussion

This study provided evidence of aFGFR3 tumors being correlated
with an immune-desert TME characterized by low numbers of inactive
CDS8* T cells. We found that heightened serine synthesis in mFGFR3
cancer cells induces an immunologically cold state by shifting macro-
phages toward the immune-inert subtype, marked by impaired antigen
presentation and T-cell chemotaxis. Moreover, we uncovered the
mechanism through which increased serine efflux from mutant cancer
cells activates Akt kinase activity, leading to the upregulation of CD206
expression and the downregulation of MHC molecules and CXCL9

FGFR3-Mutant Bladder Cancer Induces Immune-Inert Macrophages

expression in macrophages. We devised a novel therapeutic strategy
using a PI3K inhibitor to inhibit macrophage reprogramming and
enhance the treatment efficacy of erdafitinib in mFgfr3 bladder cancers.

Several studies have indicated the association of aFGFR3 tumors
with an immune-desert TME. For example, it has been shown that
aFGFR3 tumors are more prevalent in the luminal or luminal papillary
subtypes, which are typically characterized by fewer T-cell inflamma-
tory responses (9). In addition, according to the results of the BLC2001
study of erdafitinib, only 5% of aFGFR3 patients respond to prior ICIs
treatment, suggesting that aFGFR3 cancers are associated with a more
deleterious TME refractory to ICIs treatment (7). A similar trend was
observed in a study of rogaratinib, which included 10 patients, with
90% displaying unresponsiveness to previous immunotherapy (34).
Some people suggested that the PD-1/PD-LI axis could be activated
through FGFR activation in cancer cells (12, 13, 35). Nevertheless, this
explanation does not account for the observed scarcity of cytotoxic T-
cell infiltration or the limited response rate to ICIs treatment in these
patients. In the current study, we demonstrate that cancer cells with
FGFR3 alterations do not directly influence T-cell chemotaxis or
functionality. Conversely, it was revealed that these cancer cells
hijacked macrophages, inducing their phenotypic shift toward an
immune-inert state, thus playing a pivotal role in establishing the
immunosuppressive microenvironment.

Metabolic alterations have often been observed in cancer cells
with oncogenic activation, which was previously considered a cell-
autonomous adaptation (36). Recent findings have suggested that
oncogene activation plays a causative rather than a correlative role
in reprogramming metabolic phenotypes in malignant cells (37). For
example, in a recent study by Nan, activation of oncogenic tyrosine
kinase receptors, such as FGFR activation in non-small cell lung
carcinoma, enhanced aerobic glycolysis and recycled lactate (16). In
melanoma, oncogenic BRAF activates the MAPK pathway, upregu-
lates aerobic glycolysis, and enhances reliance on glutamine utiliza-
tion (38). In this study, our results showed that FGFR3 activation in
bladder cancer cells could upregulate PSAT1 expression and branch
glycolysis to serine synthesis through the MAPK pathway. Serine is
the fundamental building block essential for sustaining life. In addition
to its role in protein synthesis, serine is involved in various metabolic
pathways, including redox balance, nucleotide synthesis, and one-
carbon metabolism (19, 39). One-carbon metabolism consists of the
folate and methionine cycle and integrates carbon units from serine,
generating various products, including substrates for methylation
reactions (40). Intracellular nucleotide and protein methylation influ-
ence transcription, translation, and posttranslational protein function
and stability. Cancer cells utilize these pathways to support uncontrolled

Figure 4.

mMFGFR3 cancer cells upregulate serine synthesis to shift macrophages to an immune-inert phenotype. A-C, Flow cytometry analysis illustrating the proportion of
CD206™" cells (A), IA/IE™ cells (B), and CXCL9™ cells (C) within BMDMs stimulated with unboiled/ boiled WT/ mFgfr3 cancer cells supernatants. D, GSEA showing the
metabolism of amino acid and derivatives pathway is enriched in the mFgfr3 cancer cells. E, Volcano plot displays the marker genes of the mFgfr3 cancer cells.
F, FeaturePlot shows the expression of Psat7in the WT and mFgfr3 cancer cells. G, Representative IHC pictures and statistic analysis show the expression of PSAT1in
the WT and aFGFR3 tumors; n = 24 in the WT group, n =10 in the aFGFR3 group. H, Schematic illustration of the role of PSAT1 in the serine synthesis metabolism.
I, Relative free serine concentration of the WT and mFgfr3 MB49 cells or WT and mFGFR3 T24 cancer cells. J, Relative free serine concentration of the BMDMs
stimulated with WT and mFgfr3 cancer cell supernatants. K=M, Flow cytometry analysis and statistical analysis illustrating the proportion of CD206* cells (K), IA/IE™
cells (L), and CXCL9™ cells (M) within BMDMs in the indicated groups. N, Antigen-presenting assay shows the MHC-I SIINFEKL™ cells within the BMDMs. O, Transwell
assay of lymphocytes with BMDMs previously stimulated by cancer cell supernatants shows the cell count of migrated lymphocytes in the indicated groups.
P, Relative free serine concentration of the BMDMs in the indicated groups. @=S, Flow cytometry analysis and statistical analysis illustrating the proportion of CD206™
cells (@), IA/IE™ cells (R), and CXCL9™" cells (S) within BMDMs in the indicated groups. T, Western blot analysis indicates the phosphorylation level of the MAPK
pathway as well as the PSAT1 expression in the indicated groups. The data are shown as the mean + SEM values (n = 6 per group in A=C, N=-0, and Q=S; n = 4 per
group in I; n = 5 per group in J=M and P) or are representative of three independent experiments (T). P < 0.05 was considered a significant difference; ns, no
significance (one-way ANOVA with Holm-Sidak multiple comparison tests, unpaired parametric Student ¢ test). *, P<0.05; **, P< 0.01; ***, P< 0.001. Scale bar, white,
100 um. FMO, fluorescence minus one; SN, supernatants. (H, Created with BioRender.com.)
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proliferation and survival, with enhanced aerobic glycolysis resulting in
serine overproduction.

The implications of serine metabolism in the TME extend
beyond cancer cell proliferation. Serine metabolism also influences
the functionality and phenotypes of immune cells. Previous studies
have demonstrated that the metabolic status of immune cells is
critical due to their dynamic activation states (20, 41). For example,
Ma and colleagues (42) revealed that serine metabolism is required
for effector T-cell expansion by fueling nucleotide biosynthesis and
one-carbon metabolism. However, in the TME, most immune cells
proliferate at a relatively slow rate, and serine synthesis in these cells
is less active. In contrast, highly proliferating cancer cells that
hyperactivate serine synthesis are the major source of serine in
the TME (43). We believe this discrepancy in serine metabolism
between cancer cells and immune cells has profound implications
for immune cell function. In this study, our findings strongly
suggest that the overproduction of serine from cancer cells, spe-
cifically mFGFR3 cells, plays a crucial role in macrophage pheno-
typic shifts toward an immune-inert state. This effect is evidenced
by the downregulation of MHC molecules and the CXCL9 chemo-
kines. The observed immune-inert phenotype in macrophages
within the TME could potentially impair their ability to mount an
effective immune response against cancer cells.

Some previous studies have suggested that in noncancer settings,
macrophages are influenced by intracellular serine metabolism alter-
ation. For example, a recent study demonstrated that serine metab-
olism deficiency in macrophages activated the p38-dependent JAK-
STAT1 axis (44). In another study, intracellular serine metabolism was
found to activate mTOR signaling and support IL1B production in
macrophages (45). However, the precise mechanism by which macro-
phages are influenced by serine efflux remains controversial. In this
study, we aimed to investigate the signaling pathways that regulate
macrophage phenotype switching in response to serine efflux. Our
screening process identified the PI3K/Akt pathway as the most
upregulated pathway in macrophages from the mFgfr3 group. Subse-
quent experiments confirmed that serine supplementation increased
Akt phosphorylation levels and induced substantial phenotype
changes in macrophages. These findings provide novel insights into
the mechanisms underlying the influence of serine efflux on macro-
phages. The upregulation of the PI3K/Akt pathway and its subsequent
effects on macrophage phenotypes suggest a potential molecular
mechanism involved in the serine-mediated modulation of immune
responses.

The PI3K/Akt signaling has been best studied in tumorigenesis,
where activating PI3K mutations or inactivating PTEN mutations
represent frequent mutations in various cancer types (46). It is known

FGFR3-Mutant Bladder Cancer Induces Immune-Inert Macrophages

that the PI3K/Akt pathway plays a vital role in macrophage phenotype
modulation. For instance, Kaneda and colleagues indicated that PI3K
inhibition enhanced the expression of MHC II and proinflammatory
cytokines and inhibited the expression of immune suppressive factors
in macrophages, indicating that PI3K controls the switch between
immune suppression and immune stimulation (30). Other studies
have validated this finding (31, 32). However, how this pathway is
regulated in the macrophages remains largely unclear. According to
studies on the PI3K/Akt signaling in cancer cells, in addition to the
classic Akt-activating steps, several posttranslational modifications
fine-tune Akt activity, including methylation, phosphorylation, and
ubiquitination (47-49). Here, our studies showed that exogenous
serine or SAM supplementation could enhance the phosphorylation
level of Akt in macrophages, suggesting that enhancing intracellular
methylation activities in macrophages promotes Akt activity. Several
previous studies have demonstrated that increased Akt protein meth-
ylation promotes phosphorylation and enhances kinase activi-
ties (50, 51), which might be the trigger point of serine-induced Akt
activation in macrophages.

PI3Ks consist of a regulatory subunit with a p110 catalytic subunit
(p110a, B, 7, or &; ref. 52). Herein, these heterodimeric complexes are
referred to as PI3Ko., PI3K[, PI3Ky, and PI3K9, with p110a, p110p,
p110y, and p1108 indicating the catalytic subunits themselves. p1100.
and p110p showed broad tissue distribution, whereas p110y and p110
were highly enriched in all leukocyte subtypes. Traditionally, the
clinical application of pan-PI3K inhibitors in cancer settings has
been limited because of their adverse cardiovascular and metabolic
adverse effects (53). Several studies have indicated that compared
with the pan-PI3K inhibitors, selective PI3K inhibitors in leuko-
cytes have a better safety profile (54). Duvelisib, a selective PI3Kd
and PI3Ky inhibitor, has been approved for the treatment of several
types of lymphoma (33). In this study, we demonstrated that the
selective inhibition of PI3K exhibits significant antitumor efficacy
in aFGFR3 cancers due to the considerable upregulation of the
PI3K/Akt pathway in macrophages.

Conclusion

In this study, we revealed that aFGFR3 cancers are associated with a
non-T-cell-inflamed TME. We subsequently found that by activating
the PI3K/Akt pathway, increased serine synthesis from mFGFR3
cancer cells shifted macrophages to an immune-inert phenotype
characterized by reduced expressed chemokines for lymphocytes
chemotaxis and MHC molecules, resulting in the promotion of a cold
immune TME. We further suggest that redirecting the macrophage
phenotype with PI3K inhibitors has the potential to enhance the
antitumor efficacy of erdafitinib in aFGFR3 tumors.

Figure 5.

Targeting the PI3K/Akt pathway in macrophages reverses macrophage phenotype in mFGFR3 cancers. A, Bubble chart of GSEA results involving the major pathways
regulating macrophage phenotype in the macrophages cells from mFgfr3 cancers compared with the ones from WT cancers, along with enrichment results of the
PI3K cascade pathway as well as PI3K/Akt/mTOR signaling pathway, Mo, macrophages. B-D, Flow cytometry analysis illustrating the proportion of pAKT™" cells
within BMDMs in the indicated groups. E-H, Flow cytometry analysis illustrating the proportion of pAKT* cells (E), CD206™ cells (F), IA/IE" cells (G), and CXCL9 " cells
(H) within BMDMs in the indicated groups. I and J, Tumor growth curves (I) and tumor weights (J) of the indicated groups in the duvelisib monotherapy experiments.
K, Representative images show the infiltration of CD206™ F4/80 ™" cells in the indicated groups. L and M, Flow cytometry analysis illustrating the proportion of IA/IE*
cells (L) and CXCL9™ cells (M) within macrophages in the indicated groups. N and O, Flow cytometry analysis illustrating the proportion of CD37CD8™" cells within
CD45™ cells (N) and the proportion of granzyme B* cells within CD8™ T cells (0) in the indicated groups. P, Representative images show CD8* granzyme B* cell
infiltration in the indicated groups. @, Schematic illustration of duvelisib treatment strategy in huPBMC-NOG-dKO humanoid mice bearing mFGFR3 T24 tumors.
R-T, Tumor growth curves (R), tumor weights (S), and the resected tumor picture (T) of the indicated groups in the duvelisib treatment experiment on the humanoid
mice. U and V, IHC staining indicates the CD206 (U) and CD8 (V) infiltration in the indicated groups from the humanoid mice experiment. The data are shown as the
mean £ SEM values (n = 6 per groupinB,C,and E=J;n = 4 pergroupinRandS;n=3pergroupinUandV;n=4-6 pergroupinD;n=5-6 per groupin L=0; n = 3-4
per group in Kand P). P< 0.05 was considered a significant difference; ns, no significance (one-way ANOVA with Holm-Sidak multiple comparison tests). **, P<0.01;
**#* P < 0.001. Scale bar, 100 um. FMO, fluorescence minus one; SN, supernatants. (@, Created with BioRender.com.)
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Figure 6.

Duvelisib augments the antitumor efficacy of erdafitinib in combination therapy. A, Schematic illustration of duvelisib and erdafitinib treatment strategy. B and

C, Tumor growth curves (B) and tumor weights (C) of the groups receiving vehicle,

duvelisib, erdafitinib, and combination therapy, respectively. D, Images of the

dissected tumors from mice in the vehicle, duvelisib, erdafitinib, and combination treatment groups. E, Representative images and statistical analysis show CD206 "
F4/807 cellinfiltration in the indicated groups. F and G, Flow cytometry analysis and statistical analysis illustrating the proportion of IA/IE™ cells (F) and CXCL9™ cells

(G) within macrophages in the indicated groups. H and I, Flow cytometry analysis

proportion of granzyme B* cells within CD8™" T cells (I) in the indicated groups. J,

illustrating the proportion of CD3"CD8™ cells within CD45" cells (H) and the
Representative images and statistical analysis show CD8" granzyme B* cell

infiltration in the indicated groups. The data are shown as the mean & SEM values (n = 5 per group in B=D; n = 4-5 per group in F=I; n = 3-4 per group in E and

J). P<0.05 was considered a significant difference (one-way ANOVA with Holm-Sidak multiple comparison tests).

white, 100 um. (A, Created with BioRender.com.)
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