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ABSTRACT

Background Immune checkpoint inhibitor (ICl) therapy
improves the survival of patients with advanced bladder
cancer (BLCA); however, its overall effectiveness is limited,
and many patients still develop immunotherapy resistance.
The leucine-rich repeat and fibronectin type-Ill domain-
containing protein (LRFN) family has previously been
implicated in regulating brain dysfunction; however, the
mechanisms underlying the effect of LRFN2 on the tumor
microenvironment (TME) and immunotherapy remain
unclear.

Methods Here we combined bulk RNA sequencing,
single-cell RNA sequencing, ProcartaPlex multiple
immunoassays, functional experiments, and TissueFAXS
panoramic tissue quantification assays to demonstrate
that LRFN2 shapes a non-inflammatory TME in BLCA.
Results First, comprehensive multiomics analysis
identified LRFN2 as a novel immunosuppressive target
specific to BLCA. We found that tumor-intrinsic LRFN2
inhibited the recruitment and functional transition of CD8"
T cells by reducing the secretion of pro-inflammatory
cytokines and chemokines, and this mechanism was
verified in vitro and in vivo. LRFN2 restrained antitumor
immunity by inhibiting the infiltration, proliferation, and
differentiation of CD8" T cells in vitro. Furthermore, a
spatial exclusivity relationship was observed between
LRFN2* tumor cells and CD8* T cells and cell markers
programmed cell death-1 (PD-1) and T cell factor 1 (TCF-
1). Preclinically, LRFN2 knockdown significantly enhanced
the efficacy of ICI therapy. Clinically, LRFN2 can predict
immunotherapy responses in real-world and public
immunotherapy cohorts. Our results reveal a new role for
LRFN2 in tumor immune evasion by regulating chemokine
secretion and inhibiting CD8* T-cell recruitment and
functional transition.

Conclusions Thus, LRFN2 represents a new target that
can be combined with ICIs to provide a potential treatment
option for BLCA.

BACKGROUND

Bladder cancer (BLLCA) is one of the 10 most
common urological malignancies worldwide.'
Currently, neoadjuvant chemotherapy (NAC)
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immune checkpoint inhibitor (ICl) therapy improves
the survival of patients with advanced bladder can-
cer; however, its effectiveness is limited.

WHAT THIS STUDY ADDS

= We firstly found that bladder cancer-intrinsic
leucine-rich repeat and fibronectin type-lll domain-
containing protein 2 inhibited the recruitment and
functional transition of CD8* T cells by reducing
the secretion of pro-inflammatory cytokines and
chemokines.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our results identify LRFN2 as a new target in com-
bination with ICls, providing a potential treatment
option for bladder cancer.

combined with surgical treatment is recom-
mended for the standard treatment option
for muscle-invasive bladder cancer (MIBC)
without distant metastasis; however, almost
half of all patients with MIBC die owing to
tumor recurrence or progression.” > There-
fore, systematic comprehensive treatment is
often considered an important therapy for
advanced BLCA.*® Among them, the applica-
tion of immune checkpoint inhibitors (ICIs)
in patients with MIBC showed considerable
survival benefits and fewer toxic side effects
compared with chemotherapy.” ' There-
fore, ICI therapy has been recognized as a first-
line adjuvant therapy for MIBC in multiple
guidelines.” ® However, many patients failed
to respond to ICIs owing to immunotherapy
resistance; therefore, new biomarkers must
be identified to overcome immunotherapy
resistance, predict ICI responses, and develop
new therapeutic targets.
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The tumor microenvironment (TME) determines the
occurrence of tumor immune responses.'’ '* According
to the infiltration of immune cells, the TME can be
divided into three categories: (1) immune desert, (2)
immune-excluded, and (3) immune inflammatory
phenotypes.'”'* Among them, the immune inflammatory
phenotype tends to have a better prognosis and a higher
response to ICIs."” ' The principle is that ICIs act on
tumor-infiltrating TCF-1"PD-1'CD8" T cells (also known
as precursor exhausted T cells) to promote their prolif-
eration and transition into TCF-1"PD-1"CD8" T cells (also
known as terminally exhausted T cells) with a stronger
cytotoxic effect.'”” TCF-1'PD-1" precursor-exhausted CD8"
tumor infiltrating lymphocytes (TILs) can self-renew and
transition into TCF-1"PD-1" terminally exhausted TILs
to achieve antitumor immunity. Regarding the immune
desert and immune-excluded phenotypes, they lack
sufficient immune cell infiltration to effectively respond
to ICIs and thus often result in immunotherapy resis-
tance."* ™ Inspired by this, we seek to identify a new
treatment target that can increase immune infiltration
and potentially be used in combination with ICIs to
enhance immunotherapy efficacy.

The leucine-rich repeatand fibronectin type-IIl domain-
containing protein (LRFN) family has been reported to
be involved in regulating neuronal and synaptic develop-
ment of the cell adhesion molecule family and has also
been associated with brain dysfunction20_24; however, its
role in the TME and immunotherapy remains unclear,
especially in BLCA. Therefore, in this study, we performed
comprehensive multiomics analyses of indicators related
to the TME in multiple public BLCA cohorts and our
center’s BLCA cohort.”” We found for the first time that
LRFNZ2 inhibits the immune response in TME. Thus, we
explored the underlying molecular mechanism and found
that LRFN2 blocked the infiltration of cytotoxic T cells
into TME by inhibiting cytokine-related and chemokine
signaling pathways using RNA sequencing. Multiple in
vitro analyses showed a stable negative correlation between
chemokine/cytokine secretion and LRFN2 expression.
Through tissue microarray (TMA) panoramic analysis, we
found that CD8, PD-1, and TCF-1 were mutually exclusive
with LRFN2* tumor cells in spatial distribution. In vivo,
LRFN2 deficiency increases CD8" T-cell infiltration and
promotes differentiation toward TCF-1"PD-17 terminally
exhausted T cells, which shows a higher antitumor ability
and synergistic effect with ICIs therapy. More importantly,
our real-world BLCA immunotherapy cohort and public
immunotherapy cohort validated the role of LRFN2 in
predicting immunotherapy efficacy.

MATERIALS AND METHODS

Study design

Xiangya cohort

As we previously reported,” * ** RNA sequencing (RNA-
seq) of qualified samples from 57 eligible patients with
BLCA and 13 paired untreated adjacent normal samples

were collected from Xiangya Hospital (GSE188715).
Three samples of muscle-invasive BLCA were collected
for single-cell RNA (scRNA) sequencing and named the
Xiangya scRNA cohort. In addition, we constructed two
TMAs containing 50 BLCA samples without prior treat-
ment and 51 BLCA samples with neoadjuvant immune
checkpoint blockade therapy. We named these two
cohorts the Xiangya BLCA and Xiangya immunotherapy
cohorts.

Public database

The Cancer Genome Atlas (TCGA) database, RNA
expression matrices, and survival outcomes for 33
cancers were downloaded from the UCSC Xena data
portal (https://xenabrowser.net/). For TCGA-BLCA,
we normalized RNA-seq data by log2 transformation,
and the GISTIC algorithm was used to process CNV
data. We used the “GEOquery” R package to download
GSE32894, GSE13507, GSE70691, GSE48075, GSE48276,
GSE120736, GSE104922, GSE52219, GSE52329, and
GSE69795. IMvigor210 cohort were obtained from Mari-
athasan et al® Single-cell transcriptomic data for the
BLCA scRNA cohort, GSE135337 (eight samples), were
downloaded from the Gene expression omnibus (GEO)
database. The data processing was similar to that of the
Xiangya scRNA cohort.

Calculation of TME cell infiltration in BLCA

As we previously described,” " we comprehensively
evaluated the immunological properties of the TME in
BLCA. We evaluated the activities of the seven-step cancer
immunity cycles to reveal antitumor immunity effective-
ness in the TME. The infiltration levels of immune cells
were calculated based on seven algorithms (ssGSEA,
TIMER, CIBERSORT, CIBERSORT-abs, MCP-counter,
TISIDB, and xCell). Based on a study by Charoentong
et al,”® we collected effector genes, chemokine ligands
and receptors, MHC (major histocompatibility complex)
molecules, and immune stimulators of immune cells to
evaluate immune properties. According to Auslander et
al®® and Ayers et al,”® T-cell inflammation scores (TIS) and
immune checkpoint blockade markers (ICBs) were used
to assess the state of immunotherapy sensitivity.

Enrichment pathways analyses

As described previously,” differentially expressed genes
(DEGs) in bulk RNA-seq data were filtered by Limma
R package, with a screening threshold for | log (fold
change) >land adjusted p value<0.05. The Seurat R
package and FindMarker algorithms were used to iden-
tify genes specifically expressed in the scRNA sequencing
data. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) were used to analyze the
identified DEGs using the ClusterProfiler R package.

Identifying the BLCA molecular subtype of individuals

At present, there are seven main molecular subtype
models of BLCA, including North Carolina (UNC), MDA,
Cartes d'Identite des tumor-curie (CIT), Lund, TCGA
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and Baylor, and Consensus subtypes. These molecular
subtypes have been widely used to evaluate the character-
istics and efficacy of various treatments. Consensus MIBC
and BLCA subtyping algorithms were used to classify the
above molecular subtypes in patients with BLCA into
basal and luminal subtypes. The accuracy of LRFN2 in
predicting molecular subtypes was tested by an Receiver
Operating Characteristc (ROC) curve analysis.

Cell lines and cell culture

T24 human BLCA cells were obtained from the Amer-
ican Type Culture Collection (ATCC, Manassas, Virginia,
USA). Mouse BLCA cells (MB49) were kindly gifted by
Dr Jian Huang from the Sun Yatsen Memorial Hospital.
The cell culture was performed in Dulbecco's modified
eagle medium (Gibco) containing 10% fetal bovine serum
(Gibco), 1% penicillin and streptomycin (Invitrogen). The
condition of the incubator was set as 37°C with 5% CO,. All
cell lines were identified by a short tandem repeat DNA assay
and tested negative for Mycoplasma contamination.

Stable cell line construction and RNA-seq
The LRFN2-shRNA (shRNA) plasmid was constructed
using GK (GK Biotechnology). The  target
sequences were as follows: sh-LRFN2 #Human 1:
5-GGACCGCTGTCTATGACAA-3" sh-LRFN2 #Human 2:
5-GCATGCTCTTGCCCTTTGA-3" sh-LRFN2 #Mouse 1:
5-GGACTGCTGTATATGACAATG-3" sh-LRFN2 #Mouse
2: 5-GCACCCTGGACATTCTAATTA-3

The lentiviral packaged plasmid and negative control
plasmid were purchased from GeneCopoeia (Rockville,
Maryland, USA). Human 293T cells were transfected
with human and mouse LRFN2-shRNA plasmids using
Lipofectamine 2000 (Invitrogen). At 48 hours after trans-
fection, the supernatant containing human and mouse
LRFN2 shRNA lentivirus was collected and transfected
into T24 and MB49 cells, respectively. Puromycin (3pg/
mL; Amersco, USA) was used to select stably transfected
cell lines. Western blotting and quantitative reverse tran-
scription PCR (qRT-PCR) were used to verify the trans-
fection effect and the detailed methods were mentioned
as we previously described.” Three duplicate samples
from the T24 cell line were analyzed using the Beijing
Genomics Institute RNA-seq platform (Shenzhen, China).
The selection criteria and enrichment pathway analysis of
the DEGs were the same as those used in previous studies.

ProcartaPlex immunoassay plate

Cell culture supernatants from stably transfected cancer
cells were used to detect the protein expression levels of
chemokines and cytokines. In brief, cell culture super-
natants were collected and cell debris were removed by
centrifugation, and the human ProcartaPlex immuno-
assay plate (Cat: EPX340-12163-901, Thermo Fisher Scien-
tific) and mouse immunoassay panel ProcartaPlex (Cat:
EPX360-26092-901, Thermo Fisher Scientific) were used.
For the stimulation experiment, the cell culture system
was added with human interferon (IFN)-y (PeproTech)

or human tumor necrosis factor (TNF)-o. (PeproTech)
for 12 hours before supernatants collection. Each sample
was quantitatively analyzed using the Luminex Detection
Platform (Thermo Fisher Scientific, USA).

Western blot

In brief, Radio Immunoprecipitation Assay Lysis buffer
supplemented with 1% protease inhibitor was used to lysis
total proteins from cells or tissues. BCA Protein Assay Kit
(NCM Biotech, China) was used to analyze protein concen-
trations. Primary antibodies and horseradish peroxidase
(HRP)-conjugated secondary antibodies were used to incu-
bate with the transferred PVDF (Polyvinylidene fluoride)
membranes. The signals were captured using a Western
Blot Substrate Kit (Tanon, Shanghai, China). The primary
antibodies included anti-LRFN2 (Cat: TA306739, OriGene,
USA), anti-GAPDH (Cat: ab8245, Abcam, USA), anti-Ikko+f3
antibody (Cat: ET1611-23, HUABIO, China), anti-p65 (Cat:
ER0815, HUABIO, China), anti-p-p65 (Cat: ET1604-27,
HUABIO, China), anti-IKB-o. (Cat: ET1603-6, HUABIO,
China), ant-pIKB-o. (Cat: ET1609-78, HUABIO, China)
and anti-Tubulin (Cat: 10068-1-AP, ProteinTech, USA). The
secondary antibodies included HRP goat anti-rabbit IgG
(Cat: 7074, Cell Signaling Technology, USA) and HRP goat
anti-mouse IgG (Cat: 7076, Cell Signaling Technology, USA).

T-cell separation, activation, and culture
Briefly, blood samples of healthy donors were used to
isolate peripheral blood mononuclear cells (PBMCs).
Fresh blood samples were diluted with phosphate-
buffered saline (PBS) and separated using Ficoll-Paque
(Cat: 17-1400-03, GE HealthCare, USA) via gradient
centrifugation. For human T-cell activation, Immuno-
Cult Human CD3/CD28/CD2 T-cell activator (Cat:
10970; STEMCELL Technologies, USA) was used to acti-
vate PBMCs. Human T-cell medium supplemented with
Recombinant Human IL-2 Protein (Cat: 202-11-050,
R&D, USA) was used for human T-cell culture.
Splenocytes were obtained from the spleens of C57B/
L6 mice, and RBC (red blood cells) were lysed using ACK
lysis buffer (Cat: A1049201, Gibco, USA). The spleno-
cytes were activated with mouse-CD3 (Cat: 05112-25-500,
BioGems, USA)-incubated plates and cultured in mouse
T-cell medium.

Co-culture assay and LDH assay

T24-shNC, T24-shLRFN2-1 and T24-shLRFN2-2 were
co-cultured with activated human T cells from a healthy
donor in a 12-well plate for 12-72hours. MB49-shNC,
MB49-shLRFN2-1 and MB49-shLRFN2-2 were co-cul-
tured with activated mouse T cells from C57B/L6 mice.
The supernatants were collected for the LDH assay (Cat:
88954, Thermo Fisher, USA) according to the manufac-
turer’s protocol. T cells were collected and stained with
antibodies for flow cytometry analysis. The remaining
cancer cells were counted daily to determine the number
of remaining cells.
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CD8* T-cell migration assay

In brief, we used the Human CD8" T Cell Isolation Kit
(Cat: 480012, BioLegend, USA) to isolate human CD8" T
cells according to the manufacturer’s protocol. EasySep
Mouse CD8" T Cell Isolation Kit (Cat: 19853, STEMCELL,
USA) was used to isolate mouse CD8" T cells according to
the manufacturer’s protocol. A 24-well transwell system
with a 6.5 mm diameter and 3 pm pore size polycarbonate
membrane (Corning, USA) was used to perform the
CD8" T-cell migration assay. The lower chambers were
added with supernatant (500 pL) from the T24-shNC and
T24-shLLRFN2 transferred cell lines, whereas the upper
chambers were added with 1x10° isolated CD8" T cells.
The number of CD8" T cells that migrated to the lower
layer was measured using a cell counting plate after incu-
bation for 6hours at 37°C.

In vivo experiments

Female C57BL/6 mice aged 6-8 weeks were purchased
from Vital River Company. In the subcutaneous tumor-
igenesis model, 5x10° MB49-shNC/MB49-shLRFN2 cells
were injected into the right flank of each mouse. For the
immunotherapy model, 100pg anti-mouse PD-1 (Cat:
BE0146, Bio X Cell, USA) or IgG2a isotype (Cat: BE0089,
Bio X Cell, USA) was injected intraperitoneally when the
tumors could be touched. The drugs were injected two
times every 3days. Vernier caliper was used to measure
tumor volume every 2 days.

For the in situ intravesical tumorigenesis model, 5x10°
MB49-shNC-uci/MB49-shLRFN2-luci cells were injected
into the bladder through the catheter after passing urine. In
vivo mouse imaging was performed on day 18 via intraperi-
toneal injection of luciferase to observe the tumor volume
using the IVIS system (PerkinElmer, USA). Mice were euth-
anized at the end of the experiment, or the endpoint of
animal ethics was reached.

TissueFAXS panoramic analyses

To evaluate the relationship between LRFN2" malignant
cells, CD8" T cells, and effector T-cell molecules, we used
the TissueFAXS panoramic (TissueGnostics, Austria) to
detect the expression of target cells and molecules stained
by multiple immunofluorescences in biopsies from tumor
tissues in the Xiangya BLCA TMA Cohort and Xiangya
immunotherapy cohort. In Brief, specific primary and
secondary antibodies were used to stain LRFN2" cells,
BLCA cells, PD-1" cells, and TCF-1" cells. Tumor cells were
stained with the CK19 antibody. Cell nuclei were stained
with DAPI (Invitrogen, USA), as described by Makarevic
et al®' For spatial analysis, CD8" T cells, PD-1" cells, and
TCF-1" cells around LRFN2'CK19" cells are quantified
according to the distance gradients (0-25pm, 25-50 pm,
50-100pm, and 100-150 pm).

Tumor infiltrating T-cell extraction

The tumors were excised, and sliced into small pieces
in sterile containers after euthanizing the mice. The
tumors were digested in RPMI1640 solution containing

collagenase I, hyaluronidase, and DNase for 45min,
followed by washing with sterile PBS. Lymphoprep
(STEMCELL, USA) was used to extract the TILs by
gradient centrifugation at 2000xg for 15min. Extracted
TILs were stored for subsequent experiments.

Flow cytometry analysis

BV421-Zombie Aqua Fixable Viability Kit (Cat: 423102,
BioLegend, USA) was used to stain mouse splenocytes
and TILs for 15min at room temperature to eliminate the
impact of dead cells. For surface marker staining, mouse
splenocytes and TILs were stained with FITC-anti-mouse
CD45 (Cat: 30-F11, BioLegend), PerCP-Cy5.5-anti-mouse
CD8 (Cat: 53-6.7, BioLegend), Pacific Blue-anti-mouse
CD4 (Cat: GKI1.5, BioLegend), PE-anti-mouse PD-1
(Cat: 29F.1A12, BioLegend), PE-anti-mouse Tim-3 (Cat:
RMT3-23, BioLegend), APC-anti-mouse TIGIT (Cat: 1G9,
BioLegend), PE-anti-mouse CD44 (Cat: IM7, BioLegend),
or APC-anti-mouse CD62L (Cat: MEL-14, BioLegend)
for 15min at room temperature. For transcription factor
staining, mouse splenocytes and TILs were fixed and
permeabilized using Fix/Perm buffer at 25°C for 1hour,
then stained with APC-anti-mouse/human TCF-1 (Cat:
C63D9, Cell Signaling Technology), or PE-anti-mouse
Ki-67 (Cat: 16A8, BioLegend) for 30 min at room tempera-
ture. For cytokine staining, TILs were incubated in RPMI-
1640 medium supplemented with Phorbol 12-myristate
13-acetate (Cat: M4647, AbMole), ionomycin (Cat:
M3621, AbMole), and GolgiStop (Cat: M6991, AbMole)
for 4hours. TILs were then stained with Zombie Aqua
Dye according to the above protocol. Fix/Perm buffer
(Cat: FC007, R&D) was used for the fixation and perme-
abilization TILs at 4°C overnight and TILs were stained
with PE-anti-mouse IFN-y (Cat: XMG1.2, BioLegend) and
APC-anti-mouse TNF-o (Cat: MP6-XT22, BioLegend) for
1 hour at 4°C. BD LSRFortessa was used to detect stained
cells, and FlowJo software (V.10.8.1) was used to analyze
the data.

Statistical analyses

For continuous variables, we used an independent
sample t-test or Mann-Whitney U test to compare param-
eters between the two groups. For dichotomous variables,
we used the y” test or Fisher’s exact test to compare the
differences. For the correlation between different vari-
ables, Pearson or Spearman correlation coefficient tests
were used. We used the Kaplan-Meier survival curve to
show prognostic analyses of dichotomous variables, and
the log-rank test to assess the significance. GraphPad
Prism V.8 (GraphPad Software) and R software (V.4.0)
were used for data analyses. Values of p<0.05 were recog-
nized as statistical significance.

RESULTS

Comprehensive analysis of LRFN2’s role in bladder cancer
TME

LRFN2 expression is higher in most cancers compared
with normal tissues (online supplemental figure SI1A),
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and such expression is also observed in BLCA, and this
phenomenon was also verified in our Xiangya cohort
(online supplemental figure S1B). Our results revealed
that LRFN2 had the most evident immunosuppres-
sive effect in BLCA (online supplemental figure S2A).
The analysis exploring the association between LRFN2
and various immune cells revealed a markedly negative
correlation in BLCA (online supplemental figure S2B).
In addition, LRFN2 expression was negatively correlated
with immune checkpoints PD-1, programmed cell death
ligand 1 (PD-L1), cytotoxic T-lymphocyte antigen 4
(CTLA-4), and lymphocyte-activation gene 3 (LAG-3)
in BLCA (online supplemental figure S2C-F). We high-
light the immunosuppressive effect of LRFN2 on BLCA,
suggesting it should be a focus for further research.

In the TCGA-BLCA cohort, we found that LRFN2
was negatively correlated with cancer immune cycles,
which involved a series of steps, including tumor antigen
release, immune system recognition, immune cell recruit-
ment, and tumor Kkilling (figure 1A). Chemokines, recep-
tors, MHC-related molecules, immunostimulators, and
immune checkpoints were lower expressed in the high
LRFN2 expression group, whereas they were overex-
pressed in the low LRFN2 expression group (online
supplemental figure S3A-C). In addition, we found that
LRFN2 expression was negatively correlated with the
levels of antitumor immune cells, such as CD8" T cells,
CD4" T cells, natural killer (NK) cells, and M1 macro-
phages, using six different algorithms (figure 1B). We
also verified these results in the Xiangya BLCA cohort
(figure 1C). Similarly, at the transcriptome level fewer
immune cell effector genes were expressed in the high
LRFN2 expression group, as shown in figure 1D. More-
over, T-cell inflammation scores and LRFN2 expression
were considerably negatively correlated in the TCGA-
BLCA cohort (figure 1E). Finally, we found that LRFN2
expression was negatively correlated with most ICI and
TIS genes in the Xiangya BLCA cohort (figure 1F). This
suggests that patients with higher LRFN2 expression may
have non-inflamed tumors and may be less sensitive to
immunotherapy.

Specifically, subtypes of BLCA include basal and
luminal, which accurately reflect patient prognosis and
treatment response.gQ_34 In the TCGA-BLCA cohort,
LRFN2 could be used to distinguish basal types from
luminal subtypes. Tumors with high LRFN2 expres-
sion belonged to the luminal classification and showed
higher enrichment scores in luminal differentiation
and urothelial differentiation. In contrast, tumors with
low LRFN2 expression belonged to the basal classifica-
tion, where enrichment scores of basal differentiation,
immune differentiation, and IFN _response were signifi-
cantly higher (online supplemental figure S5A). ROC
curve results indicated that LRFN2 predicted molecular
subtypes with an accuracy of more than 0.9 among the
other six independent classification systems, except the
Baylor classification system (online supplemental figure
S5B), indicating that LRFN2 had strong predictive value

for molecular subtypes. The basal subtype (low LRFN2
group) is generally considered to have greater cytotoxic
lymphocyte infiltration and show more immunotherapy
sensitivity. Here, we found that multiple immune-
inhibited-oncogenic pathways were significantly activated
in tumors with high LRFN2 expression (online supple-
mental figure S5C), and previous studies have identified
that activation of these pathways leads to TME formation
without inflammation. The CNV analysis indicated that
high LRFN2 expression corresponded to the luminal
subtype, which is linked to resistance to treatments, such
as NAC and ICIs, thereby increasing the risk of BLCA
progression during ICI therapy (online supplemental
figure S5D). Additionally, high LRFN2 expression was
associated with higher ARIDIA and ATM mutations,
suggesting that these patients may also have resistance to
NAC (online supplemental figure S5E). Further valida-
tion of these results was conducted in the DrugBank data-
base (online supplemental figure S5F), and the findings
suggest that patients with low LRFN2 expression were
suitable for chemotherapy. To verify the general applica-
bility of these findings, the Xiangya BLCA cohort was used
to validate these results (not shown here) and further
demonstrated in 10 public BLCA cohorts (GSE32894,
GSE13507, GSE70691, GSE48075, GSE48276, imvigor210,
GSE120736, GSE104922, GSE52219, GSE52329, and
GSE69795, online supplemental figures S6-S16), and
similar conclusions were reached. According to these
results, LRFN2 expression negatively affected cytotoxic
lymphocyte infiltration of the BLCA molecular subtypes
and immunotherapy response. Collectively, high LRFN2
expression in BLCA corresponded to a non-inflammatory
TME.

Single cell RNA sequencing and bulk RNA sequencing
revealed the immunosuppressive role and potential
mechanisms of LRFN2 in BLCA

Three tumor samples from patients with MIBC from
Xiangya Hospital (one did not receive immunotherapy,
one wasresistant toimmunotherapy,and one responded to
immunotherapy) were collected for scRNA sequencing.”
The total cells were divided into six categories: endothe-
lial cells, myeloid cells, fibroblasts, epithelial cells, T/
NK cells, and B cells (figure 2A). LRFN2 was expressed
almost exclusively in malignant epithelial cells, but not in
immune or stromal cells (figure 2B). By comparing the
levels of LRFN2 expression in BLCA cells, high LRFN2
and low LRFN2 groups were identified. Through GO
enrichment pathway analysis, a negative correlation was
found between the high LRFN2 group and many immu-
noregulatory pathways, including the type 2 immune
response, regulation of leukocyte proliferation, positive
regulation of leukocyte proliferation, and regulation of
leukocyte cell-cell adhesion (figure 2C). Consistently,
through GO and KEGG enrichment analysis of the
Xiangya bulk RNA-seq results, we found high LRFN2
expression was negatively correlated with chemokine
activity, response to chemokine, chemokine production,
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cellular response to chemokine, regulation of chemokine
production, chemokine signaling pathway, and cytokine—
cytokine receptor interaction (figure 2D,E).

To further improve the reliability of the sequencing
results, we verified the above results in another external
scRNA sequencing database for BLCA (GSE135337) and
found that LRFN2 was still expressed almost exclusively in
malignant urothelial cells. In the GO enrichment analysis
of GSE135337, we also found high LRFN2 expression was
negatively correlated with T-cell chemotaxis, leukocyte
homeostasis, leukocyte chemotaxis, T-cell differentiation,
chemokine production, chemokine activity, cytokine
activity, and response to chemokines (figure 2L,]). A list
of DEGs has been compiled and crossed among the up/
down LRFN2, up/down immune score, and up/down
stromal score groups in the TCGA-BLCA cohort (online
supplemental figure S4B). The results showed that there
were no common genes among the upregulated LRFN2,
immune score, stromal score, and downregulated groups
(figure 2H, online supplemental figure S4A). Based on
the DEGs, we further verified the immunosuppressive
effect of LRFN2 in BLCA using GO and KEGG enrich-
ment analyses, suggesting a similar negative regulation of
immune response in TCGA-BLCA (figure 2F,G).

In summary, the above results suggest that LRFN2 may
contribute to the formation of a non-inflammatory TME
by influencing cytokine/chemokine pathways.

LRFN2 inhibits CD8* T-cell recruitment and cytotoxicity by
reducing the secretion of chemokines in human BLCA cell
lines

As predicted by the multipleomics analysis, enrichment
analysis from different LRFN2 expression cell lines also
indicated that the cytokine/chemokine pathway was the
downstream pathway of LRFN2 (online supplemental
figure S17F). Therefore, cytokine/chemokine detection was
conducted on the supernatant of constructed T24-shNC,
T24-shLRFN2-1 and T24-shLRFN2-2 (figure 2K) using the
ProcartaPlex multiplex immunoassay to identify down-
stream cytokines/chemokines significantly regulated by
LRFN2 (figure 2L). The results showed that when LRFN2
was knocked down by two different shRNAs, significant
increase in the levels of CCL2, CCL3, CCL4, CCL5, and
CXCL10 were observed in T24 cells. These chemokines are
considered essential in promoting immune cells recruitment
and infiltration.” ** The messenger RNA (mRNA) expres-
sion levels of these chemokines were detected in T24-shNC,
T24-shLRFN2-1 and T24-shLLRFN2-2 cell lines using qRT-
PCR, and we found that CCL2, CCL3, CCL4, CCL5, CXCLJY,
and CXCL10mRNA expression levels significantly increased
after knockdown of LRFN2 (figure 2M). Furthermore,
we performed stimulation experiments using T24-shNC,
T24-shLLRFN2-1, T24-shLLRFN2-2 cell lines stimulated with
IFN-y and TNF-o.. The proteins expression level was tested
by multiplex ELISA (online supplemental figure S17A,B)
and mRNAs expression level of several chemokines was
tested by qRT-PCR (online supplemental figure S17C,D).
Notably, stimulation with typical TME factors like IFN-y and

TNF-0, significantly increased the expression of most pro-
inflammatory cytokines/chemokines in LRFN2 knock down
BLCA cell lines. To verify how LFRNZ2 reduces cytokine/
chemokine expression, we assessed key signaling cascades
controlling cytokine responses in Nf-kB signaling pathway in
dependence of the LFRN2 expression status. As shown in
online supplemental figure 17E, after knock down of LRFN2
in T24 cells, the expression level of IKKo+, p65, IKBo, and
pIKBo increased, and the expression level of p-p65 did not
change apparently. Based on these results, it appears that
LRFN2 knockdown inhibits CD8" T cell-related chemok-
ines expression at the transcriptome and proteome levels.
Subsequently, through T-cell co-culture and lactate dehydro-
genase (LDH) experiments, we found that T24-shL.LRFN2
improved the cytotoxicity of immune cells and killed tumor
cells more easily compared with T24-shNC (online supple-
mental figure SI8A-C). The in vitro T-cell migration assay
showed that LRFN2 knockdown significantly increased CD8"
T-cell migration when compared with the negative control
(online supplemental figure S18D,E).

LRFN2* tumor cells negatively correlated with CD8* T-cell
infiltration and differentiation in human BLCA

In the above results, we demonstrated the immuno-
suppressive effect and potential mechanism of LRFN2
in BLCA using external databases, Xiangya bulk-RNA
sequence, Xiangya scRNA sequence, and in vitro human
BLCA cells. However, at the human tissue level, the
correlation between LRFN2* tumor cells and T cells, and
the molecules involved in T-cell differentiation remains
unclear. Previous studies revealed that most CD8" T-cell
infiltrating tumors remained in an exhaustion-like stage,
and TCF-1 and PD-1 are considered key molecules in
regulating CD8" T-cell differentiation'” 3740 TCF-1"PD-1*
precursor exhausted CD8" TILs can self-renew and transit
into TCF-1"PD-1" terminally exhausted TILs to achieve
antitumor immunity. Therefore, we prepared a TMA
containing 50 BLCA samples, namely, the Xiangya BLCA
TMA, and performed multicolor staining on LRFN2'
tumor cells (LRFN2°CK19"), CD8" T cells, PD-1" cells,
and TCF-17 cells. The TissueFAXS panoramic quanti-
tative platform was used for semi-automatic analysis to
reveal the spatial exclusion of LRFN2" BLCA, CDS8" T,
PD-17, and CDS8'TCF-1* cells. Tumors with low LRFN2
expression exhibited inflammatory phenotypes, with
a large number of CD8" T cells infiltrating the tumor
area, including TCF-1"PD-1'CD8" precursor-exhausted
T cells and TCF-1"PD-1"CD8" terminally exhausted T
cells (figure 3A and online supplemental figure S19A).
In contrast, high expression of LRFN2 in tumor mole-
cules (CK") showed non-inflammatory phenotypes, and
extensive expression of LRFN2 in tumor cells inhibited
CD8" Twcell infiltration and differentiation in tumor
area (figure 3B and online supplemental figure S19B).
Compared with the co-expression ratio of LRFN2°CD8" T
cells (0.45%) and LRFN2'PD-1" T cells (0.63%), LRFN2
was mainly expressed in BLCA cells (44.79%), which
revealed similar results as sScCRNA sequencing (figure 3C).
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Figure 3 LRFN2* tumor cells were negatively correlated with CD8" T-cell infiltration and differentiation in human BLCA.

(A-B) Representative multicolor staining of inflamed (A) and non-inflamed (B) phenotypes of patients with BLCA in the Xiangya
BLCA tissue microarray (TMA): LRFN2(yellow), CK19 (azure), CD8 (green), TCF-1 (purple), PD-1 (red), and DAPI (blue).

(C) Representative flow cytometry-like plots of CD8*PD-1* (left), LRFN2*PD-1* (middle) and LRFN2* CK-19" cells (right) in TMA,
respectively. (D-E) Gradient analysis for multidimensional distances (0-25pm, 25-50 um, 50-100 ym, 100-150 um) showed the
spatial distribution of LRFN2* tumor cells (D) and LRFN2™ tumor cells (E) between CD8" cells, PD-1* cells and CD8*TCF-1*
cells. (F-H) Percentage of CD8" cells (F), PD-1" cells (G), and CD8*TCF-1* cells (H) in total cells of high-LRFN2 and low-LRFN2
groups in TMA. *p<0.01, ***p<0.0001. MFI, mean fluorescence intensity; BLCA, bladder cancer; LRFN2, leucine-rich repeat
and fibronectin type-Ill domain-containing protein; PD-1, Programmed cell death-1; DAPI, 4',6-diamidino-2-phenylindole; TCF-

1, T cell factor-1.
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Meanwhile, we performed gradient analysis for multidi-
mensional distances (0-25pm, 25-50pm, 50-100pm,
and 100-150 pm) around tumor cells and found that the
expression of LRFN2 in tumor cells (CK") and counts
of CD8", PD-17, and TCF-1'CK" cells (excluding tumor
molecules expressing TCF-1) increased gradually from
proximal to distal, indicating spatial exclusivity between
LRFN2" tumor cells and effective molecules of CD8" T
cells (figure 3D,E). Finally, the TMA were divided into two
groups according to the median fluorescence intensity of
LRFN2 expression. We found that the low-LRFN2 group
infiltrated more CD8" T cells, PD-1" cells, and CDS8"TCF-1*
cells compared with the high-LRFN2 expression group
(figure 3F-H), suggesting that LRFN2 expression in
tumor cells is mutually exclusive with the recruitment,
infiltration, and differentiation of CD8" T cells, which
may be the cause of immunotherapy resistance.

LRFN2 restrains T-cell differentiation and function in mouse
BLCA cells

To further verify the results at the animal level, we constructed
mouse BLCA MB49-shLLRFN2-1, MB49-shLLRFN2-2 knock-
down cell line and the control cell line MB49-shNC, and
performed ProcartaPlex multiplex immunoassay on their
cell culture supernatants (figure 4A,B). Similar to that in
human BLCA cell lines, the expression of CCL2, CCL3,
CCL4, CCL5, and CXCL10 were higher in MB49-shLRFN2-1
and MB49-shLLRFN2-2. Interestingly, the expression of two
immunosuppressive molecules, interleukin (IL)-4 and IL-10,
was downregulated in the knockdown group (figure 4B).
qRT-PCR analysis of CCL2, CCL3, CCL4, CCL5, CXCL9, and
CXCL10 also validated these results at the transcriptome
level (figure 4C). An in vitro chemotactic assay also demon-
strated that CD8" T cells showed a stronger migration ability
after LRFN2 knockdown by two different shRNAs in MB49
cells (figure 4D). Similarly, MB49-shLRFN2-1 and MB49-
SshLRFN2-2 induced more cytotoxicity and tumorkilling
ability of T cells than the control group, which were assessed
using LDH and co-culture assays (figure 4E,F). Subsequently,
we found that two LRFN2 knockdown groups in MB49
promoted CD8" T cells and CD4" T cells differentation,
that is, from CD44 CD62L" naive T cells into CD44'CD62L"
central memory T cells, and finally differentiated into
CD44"CD62L effect memory T cells (figure 4G,H).

LRFN2 deficiency promotes CD8* T-cell infiltration and
differentiation and enhances anti-PD-1 therapy efficacy

Since LRFN2 deletion showed a considerable effect on
the TME, we used LRFN2 knockdown and control mouse
cell line MB49 to establish a subcutaneous BLCA-bearing
model in C57B/L6 mice (figure 5A). We found the dele-
tion of LRFN2 inhibited tumor growth in mice (figure 5B).
When the mice reached the ethical endpoint, we measured
the tumor volume and weight and found that the tumors
in the LRFN2 deficient group were smaller and lighter
(figure 5C,D). The tumor was digested into a single-cell
suspension and TILs were analyzed using flow cytometry,
the gating strategy can be found in online supplemental

figure S22B. We found that more CD8" T cells infiltrated
the LRFN2 knockout group than the control group, and
the differences were statistically significant (figure 5E).
In the LRFN2 deletion group, CD8" T cells were more
likely to transition from TCF-1"PD-1" naive T cells to TCF-
1"PD-1" precursor exhausted T cells and TCF-1 PD-1"
terminal exhausted T cells (figure 5F). Simultaneously,
the IFN-y and TNF-o. expressed proportion in CD8" TILs
increased significantly (figure 5H). In addition, knock-
down of LRFNZ2 led to T-cell differentiation, and showed
significantly higher expression of ICI indicators T cell
immunoreceptor with Ig and ITIM domain (TIGIT) and
T cell immunoglobulin domain and mucin domain-3
(TIM-3) than the control group (figure 5I,]). Similar
conclusions can also be obtained from in situ perfusion
tumorigenesis experiments on BLCA in mice. As shown
in online supplemental figure S20A-C, tumors in the
LRFN2 deletion group appeared smaller in the bladder
than those in the control group, and their proton flux was
lower on average (online supplemental figure S20D,E).
Similar to flow cytometry results from in situ tumor
formation, more CD8" T cells were infiltrated in the
LRFNZ2 deletion group compared with the control group.
Moreover, the average fluorescence intensity of TCF-1 was
significantly decreased, whereas that of PD-1 was signifi-
cantly increased, suggesting greater differentiation of
CDS8" TILs (online supplemental figure S20F-H).

Owing to the negative association of LREN2 withimmune
checkpoints, we focused our attention on the synergistic
effect of LRFN2 deficiency with anti-PD-1 therapy. Mice
were treated with PD-1 or isotype control therapy on
specific days, as described above (figure 6A). The results
showed thatalthough the ICI or LRFN2 knockdown slowed
tumor growth and prolonged mice survival time, LRFN2
KD combined with ICI had a stronger antitumor effect,
thus providing survival benefits (figure 6B-F). When the
target endpoint was reached, the tumors were harvested,
and some were sliced into frozen sections for immuno-
histochemical staining. The results indicated that the
PD-1+LRFNknock down (KD) group displayed greater
CD8" Twell infiltration than the monotherapy group
(figure 6E). Digestion of the remaining tumors and anal-
ysis of TILs showed that CD8" TILs in the PD-1+LRFN KD
group were more likely to lose the naive index CD62L and
highly expressed proliferation index Ki-67 compared with
the single treatment group (figure 6G,H). To rule out off-
target effects, another in vivo tumor-bearing experiment
in mice using the second shRNA-knockdown tumor cell
line were performed. Additionally, the shLRFN2-2 knock-
down group of mice was treated with the ICI o-PD-1. The
results, as shown in online supplemental figure S21A,B,
indicate that the growth rate of both shRNA knockdown
tumor cell lines was significantly lower than that of the
shNC group. Furthermore, the shLRFN2-2 group exhib-
ited a stronger tumor control ability after the addition of
0-PD-1, which is consistent with the findings presented
in figure 6. The size and weight of the tumors are shown
in online supplemental figure S21C,D. Through these
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experiments, we have demonstrated that shLRFN2-1 and
shLRFN2-2 have similar regulatory effects on the immune
microenvironment of tumors, thus ruling out the possi-
bility of off-target effects associated with a single shRNA.

Collectively, we found that the deletion of LRFN2
promoted the infiltration and differentiation of TILs,
which also enhanced anti-PD-1 therapy efficacy.

Potential of LRFN2 in predicting immunotherapy response in
real-world immunotherapy cohorts

The above results indicated that LRFN2 could inhibit
the infiltration and functional transition of CD8" T cells,
whereas in vivo experiments confirmed that LRFN2 dele-
tion combined with anti-PD-1 immunotherapy produced
a synergistic therapeutic effect. However, the potential
role of LRFNZ2 in predicting immunotherapy efficacy in
the real world remains unclear. Therefore, we constructed
a Xiangya BLCA immunotherapy cohort with 51 patients
receiving anti-PD-1 therapy, and multiple fluorescence
staining was performed on pretreatment samples. Repre-
sentative staining of LRFN2, CD8, TCF-1, and PD-1 is
shown in figure 7A,B and online supplemental figure
S23A,B. High expression of LRFN2 revealed an ICI resis-
tance phenotype, which exhibited a non-inflamed TME
and low expression of CD8, TCF-1, and PD-1. Regarding
treatment efficacy, complete response (10 cases) and
partial response (19 cases) were collated into the response
group, and stable disease (16 cases) and progressive
disease (6 cases) were collated into the resistance group.
In typical CT images before and after anti-PD-1 treatment,
we found that the tumor burden was almost completely
eliminated in patients with low LRFN2 expression (the
response group), whereas there was no definite change
in tumor volume in patients with high LRFN2 expression
(the resistance group) (figure 7C). Consistently, immu-
notherapy response rates were significantly negative
correlate with LRFN2 expression (figure 7D). Moreover,
it also showed a negative correlation between LRFN2
expression and disease-free survival (DFS) of patients
(figure 7E). Based on the above experimental results, we
selected one patient from the response group and one
patient from the resistance group to verify the differen-
tial expression of LRFN2 using Immunohistochemistry
(IHC) (figure 7F). We conducted scRNA-sequencing on
the tumor samples and analyzed the expression patterns
of TILs. As shown in figure 7G,H, TILs can be divided into
two groups, exhaust-like and transition-like, according to
the differential T-cell gene expression. In terms of the
total number of T cells, the response group (low LRFN2
expression) had more exhaustlike TILs, which highly
express effector or exhausted markers, such as CCL4,
CCL5, JUND, GZMB, CD69, RUNX3, NR4A2, TGFBI,
CD44, 11-32, and TIGIT,* *' whereas the resistance
group (high LRFN2 expression) had more transition-like
TILs, which highly express CD9, S100A11, S100A2, and
ELF3 (figure 7L]). Analysis of T-cell proportions showed
that the LRFN2-high expression group had a higher
percentage of transition-like TILs (76.36% vs 9.84%)

and a lower percentage of exhaustlike TILs (23.64% vs
90.16%) compared with the LRFN2-low expression group
(figure 7K). Similarly, patients with low LRFN2 expres-
sion showed a stronger positive response rate to immuno-
therapy in the GSE165252 data set (figure 7L). Together,
these findings showed that LRFN2 can act as a universal
predictor and target of immunotherapy response.

DISCUSSION

As a member of the LRFN family, LRFN2 (also known
as synaptic adhesive-like molecule 1, SALM1) has previ-
ously been notified as a key marker in the nervous
system.*™* #* ¥ [ RFN2 can regulate AMPA receptors
and associate with SNX27, thus affecting synaptic excit-
ability.”” LRFN2 also had a key role in a range of neuro-
logical disorders, such as schizophrenia and Alzheimer’s
disease.”! Meanwhile, LRFN2 has been shown to interact
with N-methyl-D-aspartic acid (NMDAR) and cause poly-
Cythemia.42 3 However, the role of LRFN2 in tumors was
uncleared, especially regarding the TME and immu-
notherapy in BLCA. In this work, we comprehensively
revealed the expression modes and immune effects of
LRFN2 in BLCA and found that LRFN2 may play an
immunosuppressive role in BCLA.

Currently, the main immunotherapy methods include
adoptive cell therapy and ICI therapy, with ICIs repre-
senting the main treatments for BLCA.?**"*7** As a high
immunogenic tumor with abundant tumor mutation
burden and neoantigen, many studies have confirmed
that immunotherapy based on ICIs can significantly
enhance the survival rate of patients with BLCA.> ® 71
In contrast to strong immune response models, such as
acute viral infection or autoimmune diseases, T cells infil-
trating tumors often exhibit exhaust-like characteristics as
they continuously receive antigen stimulation and cannot
clear the antigen.45_47 ICIs can act on tumor-infiltrating
TCF-1'PD-1'CD8" T cells (also known as precursor
exhausted T cells) to promote their proliferation and
transition into TCF-1"PD-1'CD8" T cells (also known as
terminally exhausted T cells), with a stronger cytotoxic
effect.””*

Precursor exhausted T cells are similar to stem cells or
memory cells, which seem to have a greater life spans and
commonly express memory cell markers, such as TCF-1,
BCL-6, or FOXO1.%-52 Meanwhile, precursor exhausted
T cells lack effector molecules expression, such as
perforin and GzmB, which regulate inhibitory receptors
expression.”’ Interestingly, PD-1 expression is lower in
precursor exhausted T cells than in terminally exhausted
T cells.’” ™ Precursor exhausted T cells are considered
to have certain stem cell and memory cell properties
and thus can self-renew, replicate, and massively expand
after exposure to ICIs or vaccine treatment, playing a
role in enhancing the immune response.” *® Terminally
exhausted T cells are thought to highly express immune
checkpoints, such as TIM-3, LAG-3, TIGIT, and PD-1,
which secrete effector molecules, such as IFN-y, TNF-o,
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IL-2, perforin, and GzmB, compared with precursor
exhausted T cells to achieve stronger antitumor ability but
reduce the ability of self-replication and renewal.”® *
Here, we demonstrated that knockdown of LRFN2 can
promote the infiltration, functional transition, and ICI
reactivity of CD8" TILs in BLCA, suggesting that LRFN2
deficiency may enhance immunotherapy efficacy by
affecting the TME.

Cancer cells, immune cells, fibroblasts, interstitial
cells, capillaries, chemokines, and cytokines formed the
complex integrated system of TME." ® Owing to the
heterogeneity of the TME, only a minority of patients
with BLCA achieved satisfactory efficacy after receiving
ICIs in clinical trials, and the majority of patients with
BLCA develop primary or secondary resistance to ICIs.”
The TME can be divided into inflamed, excluded, and
deserted subtypes according to the infiltration of immune
cells.”” The non-inflammatory TME is the most important
mechanism of immunotherapy resistance because of the
scarcity of immunotherapy target molecules and target
cells in the non-inflammatory microenvironment.'® *-%*
The most prominent feature of the non-inflammatory
TME is the absence of effector immune cells.” ® The infil-
tration of these antitumor immune cells depends on the
recruitment and chemotaxis of cytokines/chemokines
and their receptors.”%" Previous studies showed that high
certain molecules (such as BCAT?2, B-catenin, and FGFR3)
expression in tumor tissues can significantly reduce the
expression of chemokines/ cytokines.”* Thus, the ability
of tumor tissue to recruit CD8" T cells is reduced, which
ultimately induces the formation of a non-inflammatory
TME and mediates the immune escape of tumor cells.
Hence, we performed a ProcartaPlex multiplex immuno-
assay and found that most inflammatory cytokines were
significantly increased in the LRFN2 knockdown group.
Through systematic bioinformatics analysis, we revealed
that LRFN2 was associated with the non-inflammatory
TME phenotype of BCLA. Furthermore, we compre-
hensively analyzed several TME-related indicators and
found that increased LRFN2 expression formed a non-
inflammatory TME, which blocked the cancer immunity
cycle, inhibited the cytokine/chemokine spectrum and
expression of MHC molecules, and affected the infil-
tration of tumor-infiltrating immune cells. LRFN2 was
negatively correlated with 7IS and ICB effector genes,
suggesting that high LRFN2 expression was more likely to
be unresponsive to immunotherapy. We further analyzed
the immunotherapy response rate in the Xiangya BLCA
and public immunotherapy cohorts according to the
differential expression of LRFN2. Notably, the results
showed significant differences across multiple cohorts,
suggesting that LRFN2 could form a non-inflamed TME
and may serve as potential biomarkers to predict the
immunotherapy efficacy, particularly in BLCA.

Finally, we correlated LRFN2 with BLCA molecular
subtypes and key biomarkers for various therapies to
guide individual precision therapies. We found that the
expression of LRFN2 predicted all classification systems

with high accuracy; we then verified this predicted
value using other public databases and our own RNA-
seq cohorts. Our findings greatly simplify the molecular
classification system and facilitate its clinical applica-
tion. The basal subtype has been reported to have more
cytotoxic lymphocyte and NK cell infiltration, and may
be more sensitive to immunotherapy.”’ The result is
consistent with our previous finding that LRFN2 forms
a non-inflammatory phenotype with respect to the BLCA
molecular subtype. Credible predictions from multiple
cohorts showed that patients with BLCA and low LRFN2
expression may benefit more after receiving immuno-
therapy, chemotherapy, and Erythroblastic Leukemia
Viral Oncogene Homolog (ERBB) therapy, whereas
patients with high LRFN2 expression are recommended
to receive antiangiogenic therapy.

Our study had certain limitations. First, owing to
the late clinical application of BLCA immunotherapy,
the number of samples included in the Xiangya BLCA
and Xiangya immunotherapy cohorts was insufficient.
Second, with insufficient follow-up time, we could not
directly assess the effect of LRFN2 on overall survival in
patients receiving immunotherapy, and only DFS could
be used to judge patient efficacy. Third, LRFN2 inhibitors
were not used in the functional verification experiments
in vivo and in vitro.

Conclusions
In summary, our study revealed LRFN2 as a new target
that can be combined with ICIs to provide a potential

treatment option for BLCA (online supplemental figure
S24).
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