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ABSTRACT

Backgrounds Immune checkpoint blockade has
revolutionized cancer treatment and has improved the
survival of a subset of patients with cancer. However,
numerous patients do not benefit from immunotherapy,
and treatment resistance is a major challenge. Kriippel-
like factor 12 (KLF12) is a transcriptional inhibitor whose
role in tumor immunity is unclear.

Methods We demonstrated a relationship between KLF12
and CD8* T cells in vivo and in vitro by flow cytometry.
The role and underlying mechanism that KLF12 regulates
CD8™ T cells were investigated using reverse transcription
and quantitative PCR, western blot FACS, chromatin
immunoprecipitation-PCR and Dual-Luciferase reporter
assays, etc, and employing small interfering RNA (SiRNA)
and inhibitors. In vivo efficacy studies were conducted
with multiple mouse tumor models, employing anti-
programmed cell death protein 1 combined with KLF12 or
galectin-1 (Gal-1) inhibitor.

Results Here, we found that the expression of tumor
KLF12 correlates with immunotherapy resistance. KLF12
suppresses CD8* T cells infiltration and function in vitro
and in vivo. Mechanistically, KLF12 inhibits the expression
of Gal-1 by binding with its promoter, thereby improving
the infiltration and function of CD8* T cells, which plays a
vital role in cancer immunotherapy.

Conclusions This work identifies a novel pathway
regulating CD8" T-cell intratumoral infiltration, and
targeting the KLF12/Gal-1 axis may serve as a novel
therapeutic target for patients with immunotherapy
resistance.

INTRODUCTION

Checkpoint  inhibition =~ immunotherapy,
including programmed cell death protein
1 (PD-1), programmed death-ligand 1 (PD-
L1), and cytotoxic T lymphocyte antigen
4 blockers, has emerged as one of the most
clinically effective strategies for cancer treat-
ment.’ Immunotherapies targeting immune
checkpoint inhibitors (ICIs) have revolution-
ized the treatment of tumors by revitalizing
and boosting T-cell responses. However,
most patients with cancer do not respond to
immune checkpoint therapy or do not have
a durable response.2 * In particular, PD-1/
PD-L1 blockers are most effective in clinical
applications, whereas the average objective
response rate across all cancer types is only

,! Ziqin Deng," Tao Fan,! Bo Zheng,®

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Kriippel-like factor 12 (KLF12) is a transcription-
al inhibitor that binds to target gene promoters. To
date, studies on KLF12 have primarily focused on its
role in tumor metastasis and as a sponge for various
microRNAs, however, its effect on the tumor micro-
environment has not been investigated yet.

WHAT THIS STUDY ADDS

= KLF12 depletion significantly decreased CD8" T-cell
infiltration and inhibited CD8* T-cell function.

= KLF12 could directly bind to the promoter region
of galectin-1 (Gal-1) and inhibit its expression. The
primary mechanism by which KLF12 promotes
CD8" T-cell infiltration and function is due to Gal-1
downregulation.

= Decreased KLF12 and increased Gal-1 ex-
pression are associated with the resistance to
anti-programmed cell death protein 1 (PD-1) immu-
notherapy, increased KLF12 expression or the com-
bined use of Gal-1 inhibitors can improve anti-PD-1
response.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The study highlights the importance of KLF12
depletion and Gal-1 overexpression in immune
suppression.

= These findings provide useful mechanistic insights
into the antitumor and potential synergistic effects
of combining immune checkpoint blockade with a
Gal-1 inhibitor in tumors, and the KLF12/Gal-1 axis
may serve as a novel therapeutic target.

20-25%." Combination therapy is a prom-
ising approach to overcoming PD-1/PD-L1
resistance and improving the efficacy rate.”
The type and density of immune cells present
in the tumor microenvironment (TME) are
predictors of their response to treatment.’
Different immune cell subsets restrict and
influence each other in tumor cells of the
TME. Understanding the complex interac-
tions between immune cells and tumor cells
in the TME is crucial for elucidating the
mechanisms of immune resistance.” This is
conducive to the discovery of potential targets
and combination therapies.®
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Kriippel-like factor 12 (KLF12) is a transcriptional
inhibitor that binds to target gene promoters.” To
date, studies on KLF12 have primarily focused on its
role in tumor metastasis'’ and as a sponge for various
microRNAs." ' In cisplatin-resistant ovarian cancer cells,
KLF12 is reported to be recruited to the ISG15 promoter
region and repressed the transcriptional activation of
ISG15." In colorectal cancer, EGR1 is also a direct target
of KLF12 and overexpression of EGR1 promoted cell
growth in vitro and tumor growth.'* Our previous studies
have shown that KLF12 affects tumor angiogenesis,"”
however, its effect on the TME has not been investigated
yet. To determine the effect of KLF12 on the TME, we
established mouse models using KLF12 knockout and
overexpressed cell lines. These results indicated that
KLF12 depletion significantly decreased CD8" T-cell infil-
tration and inhibited CD8" T-cell function.

Galectin-1 (Gal-1) belongs to the family of endogenous
glycan-binding proteins that have crucial roles in tumor
aggressiveness and progression of tumors.'® ' It can
directly bind to a variety of glycosylated ligands on the
surface of immune cells, stromal cells and tumor cells.'®
Gal-1 is an immune regulatory molecule functioning in
tumor immunity." Gal-1 inhibits T-cell activation and
induces T-cell apoptosis® *! and functions in promoting
T cell-dependent immune escape, such as inhibiting the
secretion of anti-inflammatory factors® and reducing
Tecell infiltration.”” Accumulating evidence shows that
dysregulated expression of Gal-1 in TME contributes to
the immunosuppression via its binding to T-cell surface
glycosylated receptors that modulate effector func-
tion.** ® Blocking this inhibitory signal can enhance
the immune response against tumor cells, which has
profound implications in cancer immunotherapy.?’ **
However, the extensive regulatory mechanisms of Gal-1 in
multiple tumor tissues remain unclear.

In the current study, we aimed to explore the molec-
ular mechanisms of malignancy and immunotherapy
resistance related to KLFI2 that may provide insights
into predicting anti-PD-1 responses and new drug devel-
opment. The results of chromatin immunoprecipitation
sequencing (ChIP-seq) and transcriptomic sequencing
and dual fluorescence report experiments suggested
that KLFI2 could directly bind to the promoter region
of Gal-1 and inhibit its transcription. The primary mecha-
nism by which KLF12 promotes CD8" T-cell infiltration is
due to Gal-1 downregulation. Indeed, our results indicate
that KLF12 and Gal-1 can predict the therapeutic effect of
anti-PD-1, and targeted KLF12/Gal-1 therapy transforms
a T cell-desolate tumor into one enriched for T cells and
consequently increases sensitivity to anti-PD-1 therapy.

MATERIALS AND METHODS

Mice

Wild-type C57BL/6 and nude mice were purchased
from Beijing HFK Bioscience, China. OT-1 mice with a
C57BL/6 background were obtained from Shanghai

Model Organisms. Study protocols involving mice were
approved by the Institutional Animal Care and Use
Committee at National Cancer Center/Cancer Hospital,
Chinese Academy of Medical Sciences & Peking Union
Medical College. The mice were maintained under
specific pathogen-free conditions, and food and water
were provided ad libitum. All animals were examined
before the initiation of the study to ensure that they were
healthy and acclimated to the laboratory environment.
The maximum tumor size was <2000 mm”.

AB549 (1.0x10°%), H322 (1.0x10°%), LLC (3.0x10°), MC-38
(5.0x10%), and B16-F10 (3.0x10% cells were subcuta-
neously injected into nude mice. Tumor volume was
monitored dynamically. On Days 5 and 10, DiR iodide
(Yeasen)-labeled OT-1 CD8" T cells (1.0x10°% were
injected intravenously into LLC and B16-F10 tumor-
bearing mice.

LLC (3.0x10%), MC-38 (5.0x10%), and B16-F10 (3.0x10°)
cells were subcutaneously injected into C57BL/6 mice
and used for flow cytometry or treatment experiments
(with inhibitor and monoclonal antibodies). Five days
after tumor cell inoculation, anti-human Gal-1 inhibitor
(5mg/kg, HY-19756, MCE), PD-1 (250pg per mouse,
clone Rmp1-14, BE0146, Bio X Cell), or immunoglobulin
G (IgG, 250 pg per mouse, clone MOPC-21, BE0O083, Bio
X Cell) were intraperitoneally injected on alternative day.

In the survival analysis, a mouse tumor with 2 maximum
diameter of 2.0 cm was considered dead. All experiments
included at least five mice per group.

IncuCyte cell proliferation and wound healing assays
Incucyte living cell imaging enables non-invasive,
complete kinetic measurement of cell growth based on
area (confluence) measurements. Cells (3x10%) were
inoculated into 96-well plates and cell proliferation was
evaluated based on the degree of cell fusion. Cells of
8x10* cells were seeded in 96-well plates and grown to
90% confluence. IncuCyte ZOOM was used to create the
wounds. Cells were imaged every 12 hours using an Incu-
Cyte (Essen BioScience, USA).

In vitro transendothelial migration assays

HUVEC and C166 were cultured with tumor cell condi-
tioned medium (CM) for 24 hours. Next, 5000 live cells
each were seeded on a Transwell insert that was precoated
with matrigel matrix (Corning). Equal numbers of
peripheral blood mononuclear cells (PBMCs) or splenic
T cells (2x10°to 3x10°) were added to the upper chamber
of each Transwell in serum-free medium. The lower
chamber was filled with CM. After a 24-hour incubation
at 37°C, media in the lower chamber were collected, and
the number of cells that migrated were counted with a
hemocytometer.

Flow cytometry

Live/dead cell discrimination was performed using the
Zombie Yellow Fixable Viability Kit (BioLegend). Cell
surface staining was performed for 30 min at 4°C. The cells
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were fixed with 4% paraformaldehyde for 30 min at 4°C,
permeabilized with the permeabilization buffer, followed
by staining with granzyme B (GZMB), interferon (IFN)-y,
and tumor necrosis factor (TNF)-o antibodies for 60 min
at 4°C. Details of the antibodies were summarized in addi-
tional file: online supplemental table S1.

BrdU assay

CDS8'T cells (1x10°/well) from diverse groups were culti-
vated within the 24-well plates under 37°C and 5% CO2
conditions for a 12 hours period. Thereafter, all wells were
added with 10pM of Brdu (MCE) to achieve 60-120 min
cell incubation. Wash cells in Cell Staining Buffer, and
then 4% paraformaldehyde at room temperature for
20-30min, 15min 0.5% Triton X-100 treatment, and
another l-hour incubation using Dulbecco's phosphate-
buffered saline (DPBS) with 20 pg of DNAse. Cells were
later incubated with anti-BrdU antibody (BioLegend) for
a 20min. 4’,6-Diamidino-2-phenylindole dihydrochloride
(DAPI) was adopted for cell nuclear staining.

RNA isolation, reverse transcription, and quantitative RT-PCR
Total RNA was extracted using an RNA Extraction Kit
(Yishan Biotechnology) and reverse-transcribed using the
Reverse Transcription System (Takara), according to the
manufacturer’s protocol. Complementary DNA (cDNA)
was analyzed by quantitative PCR (qPCR) using SYBR
Green PCR Master Mix (Takara), which was performed
on an applied biosystems (ABI) real-time PCR detec-
tion system. The experimental results were normalized
to those for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). All the primer sequences are listed in addi-
tional file: online supplemental table S2.

RNA sequencing and analysis

Total RNA was extracted according to the manufac-
turer’s instructions. RNA integrity was assessed using
an RNA Nano 6000 Assay Kit on the Bioanalyzer 2100
system (Agilent Technologies, California, USA). cDNA
library preparation and RNA sequencing (RNA-seq) were
performed using Novogene (Beijing, China). Briefly,
messenger RNA (mRNA) was randomly fragmented in a
fragmentation buffer and reverse-transcribed into cDNA.
The ¢DNA library was sequenced on an Illumina plat-
form and 150 bp paired-end reads were generated. RNA-
seq read quality was evaluated using FastQC, followed
by establishing the index of the reference genome and
aligning the clean paired-end reads to the reference
genome using HISAT?2. Differential expression analysis
was performed using DESeq2. Genes with an adjusted
p value<0.05 were assigned as differentially expressed.
The differentially expressed genes (DEGs) of A549 and
KYSE30 was listed in additional file: online supplemental
tables 4,5.

Data source and analysis

RNA-seq data (fragments per kilobase of exon per
million) and corresponding clinical information of
patients with cancer were obtained from the The Cancer

Genome Atlas (TCGA) database (https://portal.gdc.
cancer.gov/). Kaplan-Meier analyses of overall survival
were performed using the R package survminer version
(https://cran.r-project.org/web/packages/survminer/
index.html). Pearson correlation analysis was performed
to determine the correlations between classical immune
checkpoints using the corrplot and ggplot2 R packages.

Transient transfection and lentivirus preparation

When cell lines were at 50% confluence, siRNAs were
mixed with Lipofectamine 3000 reagent (Invitrogen) and
added to the cell culture, according to the manufactur-
er’s instructions.

HEK293 cells were transfected with a specific gene or
shRNA lentiviral expression vector and packaging plas-
mids (pCMV-VSV-G and psPAX2) using Lipofectamine
3000 (Invitrogen). Lentivirus-containing medium was
obtained at 48 and 72 hours after transfection.

CRISPR/dCas9-mediated editing system

The CRISPR/dCas9-mediated editing system was pack-
aged into lentiviruses in HEK293 cells. Thereafter, we
conducted KYSE30 and B16-F10 cell lentiviral infection
assays using the above methods. Isolation of a single clone
from a living part using limited dilution was performed.

ChIP-seq data analysis

ChIP-seq data for GFP-tagged KLF12 in HEK293
cells were downloaded from the NCBI GEO DataSet
(GSM2026901).%" To analyze the ChIP-seq data gener-
ated from HepG2 cells, bigwig files were downloaded
(GSE170637). The peaks in both data sets were visualized
by the nearest gene using the WashU Epigenome Browser
(http://epigenomegateway.wustl.edu,/browser/).** *

ChIP assay

Cells growing in 15cm dishes were used for ChIP exper-
iments with the SimpleChIP Enzymatic Chromatin IP
Kit (Magnetic Beads, CST#9003). The experiment was
performed according to the manufacturer’s instruc-
tions with a few modifications. Briefly, formaldehyde
(final concentration, 1%) was added to fix the cells to
80% confluence (approximately 5x10° cells). Glycine
(final concentration, 1x) was added to terminate fixa-
tion. Thereafter, cells were scraped after adding protease
inhibitor cocktail diluted in phosphate buffered saline
(final concentration, 1x) and were centrifuged at 2000xg
for 5min at 4°C. After pellet nuclei were centrifuged and
resuspended, micrococcal nuclease was added to tubes to
digest chromatin for 20min at 37°C. Diluted chromatin
(10pL) was removed as 2% input samples. The immuno-
precipitating antibodies included Flag (CST, 14793S), a
positive control antibody against histone H3, and a nega-
tive control antibody against normal rabbit IgG. The anti-
bodies were diluted to the recommended concentrations
described in the antibody manuals or empirical concen-
trations. Samples were incubated with antibodies over-
night at 4°C with rotation. Protein G Magnetic Beads were
added to each sample reaction and incubated, followed
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by precipitation and washing of the beads on a magnetic
separation rack. Chromatin was eluted using an elution
buffer from the beads for 30 min at 65°C. Subsequently,
NaCl and proteinase K were added, and the mixture
was incubated for 2hours at 65°C. DNA purification was
performed using spin columns, as described in the kit
instructions. Purified DNA samples were directly used for
DNA library construction for downstream sequencing on
Ilumina platforms.

Western blotting
Cells were grown in 6 mm dishes. After the cells reached
90% confluence, they were lysed in 250pL of radio-
immunoprecipitation assay (RIPA) buffer (Thermo,
89900) supplemented with protease and phospha-
tase inhibitors (Thermo, 78442) and centrifuged at
14,000 rpm/min for 30 min at 4°C. The supernatant was
stored, and protein concentrations were quantified using
the bicinchoninic acid assay (BCA) (Thermo, 23225).
Proteins from each sample were separated using
SDS-PAGE and transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Millipore, ISEQ85R). After
blocking, primary antibodies against Gal-1 (CST, 12936,
1:1000), KLF12 (Abcam, ab129459, 1:1000), and B-actin
(CST, 3700s, 1:1000) were used. After rinsing, the
membranes were incubated in horseradish peroxidase
(HRP)-linked secondary anti-mouse IgG (CST, 7076,
1:3000) and anti-rabbit IgG antibody (CST, 7074, 1:3000)
for 1hour at room temperature and washed. Finally,
protein bands were imaged.

Immunohistochemistry

The tissues were fixed in 10% paraformaldehyde and
embedded in paraffin. After continuous sectioning to
6pm thickness using a microtome, sections were placed
on slides and stored at 4°C.

For immunohistochemistry (IHC) staining, the
sections were sequentially immersed in xylene, ethanol,
and water washers for deparaffinization and rehydration.
The sections were boiled in an antigen retrieval buffer
and subsequently cooled naturally to room tempera-
ture. Sections were blocked and incubated with primary
antibodies against Gal-1 (CST, 13888), KLF12 (Bioss,
bs-16783R), PD-1 (CST, 84651S), PD-1 (CST, 86163),
CD8 (Abcam, 217344), and CD8 (CST, 85336) overnight
at 4°C. The following day, the sections were covered with
secondary antibody solutions. An appropriate amount of
freshly prepared diaminobenzidine (DAB) solution was
added to the sections and monitored under a microscope
for 1-10min. Counterstain sections were stained with
hematoxylin.

0T-1 T-cell cytotoxicity assays

For the OT-1 T-cell cytotoxicity assays, OVA-B16, OVA-
KLF12°"-B16, OVA-B16-F10, and OVA-KLF12°*-B16-F10
were labeled with 1mM or 0.5mM 5- or 6-(N-succinimi
dyloxycarbonyl)-3',6'-O,0'-diacetylfluorescein (CFSE)
(Sigma, 21888) in serum-free medium for 15min at 37°C.

The tumor cells were then washed thrice with D 10% fetal
bovine serum complete medium. OT-1 T cells were added
at different ratios to tumor cells (1x10°) and incubated
for 5-6hours at 37°C. The cells were collected, stained
with propidium iodide (PI), and monitored using flow
cytometry.

Luciferase reporter assays

HEK293T cells seeded in 12-well plates, were transiently
transfected with the LGALSI promoter or the indi-
cated mutant, along with the pCDH-KLF12 and Renilla
Luciferase reporter. Luciferase assays were subsequently
performed 48hours after transfection using the Dual-
Luciferase Reporter Assay System protocol (Promega).
Relative luciferase activity was normalized to Renilla
Luciferase activity.

Multiplex immunofluorescence

Whole-tissue section slides were de-paraffinized and
subjected to antigen retrieval using EDTA buffer (Sigma-
Aldrich) pH=8.0and boiled for lhour at 96°C in a
pressure-boiling container (PT Module, Lab Vision). The
sections were blocked for 10 min at room temperature.
The sections were incubated with primary antibodies
against Gal-1 (CST, 13888), KLF12 (Bioss, bs-16783R),
PD-1 (CST, 84651S), PD-1 (CST, 86163), CD8 (Abcam,
217344), and CD8 (CST, 85336) for 1hour at room
temperature. Staining was performed consecutively,
and each marker was detected before the application
of the next antibody. According to the manufacturer’s
instructions, the primary antibody was detected using
the Opal Polymer HRP Ms" Rb detection reagent, and
Opal 5-Color Manual IHC was performed with four reac-
tive fluorophores: Opal 520, Opal 570, Opal 620, and
Opal 650 plus DAPI nuclear counterstain (Panovue,
PerkinElmer).

Patient cohort and evaluation of treatment response
We collected 161 non-small cell lung cancer (NSCLC),
53 esophageal, and 173 colorectal cancer (online supple-
mental table S3) tissue samples from the biobank of
the National Cancer Center/National Cancer/Tumor
Hospital, the Chinese Academy of Medical Sciences, and
the Peking Union Medical College (Beijing, China). All
patients received standard treatment after surgery.
Twenty with NSCLC and 46 with esophageal cancer
(online supplemental table S3) were treated with anti-
PD-1, and their response was evaluated according to the
solid tumor response evaluation criteria (RECIST) V.1.1.%°

Statistical analysis

Statistical analyses were performed with GraphPad Prism
software V.8 using the Student’s t-test, Kaplan-Meier
method, and log-rank (Mantel-Cox) test. Data are repre-
sented as the mean+SD from at least three independent
experiments. *P value<0.05and **p value<0.01 were
considered statistically significant.
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RESULTS
Tumor KLF12 is critical for intrinsic resistance to tumor
immunity
We have previously shown that KLF12 expression level
correlates with angiogenesis.15 To further elucidate the
function of KLF12, we analyzed data from TCGA and
confirmed that KLF12 expression was higher in normal
tissues than that in tumor tissues (online supplemental
figure S1A). Furthermore, KLF12 mRNA expression posi-
tively correlated with overall survival in multiple tumors
(online supplemental figure S1B,C). Therefore, we inves-
tigated the prognostic value of KLF12 in 161 NSCLC, 53
esophageal cancers, and 173 colorectal cancers. We found
that the expression of KLF12 was significantly decreased
in tumors (figure 1A-C). High KLF12 expression favored
better patient survival (figure 1A-C). In addition, we
observed a significant association between KLF12 expres-
sion and lymph node metastasis, as well as clinical stage
(figure 1D and online supplemental figure S1D).
Additionally, we established KLF12-transfected cell
lines and inoculated them into nude and C57BL/6] mice.
Both in vivo and in vitro experiments showed that KLF12
expression did not affect the growth of human lung and
esophageal cancer cell lines (figure 1EJF, and online
supplemental figure S2B-D). Moreover, wound healing
assays demonstrated that cancer cells overexpressing
KLF12 inhibited cell migration and KLFI12 depletion
promoted cell migration compared with control cells
(online supplemental figure S2A). To validate these
results, we performed experiments using mouse cell lines.
Notably, KLF12-knockdown LLC and KLFI2-knockout
B16-F10 had no effect on tumor growth in nude mice
(immune-deficient) (figure 1G,I and online supplemental
figure S2E,G); whereas it accelerated tumor progression
in C57BL/6] (immune-competent) mice (figure 1H,],
and online supplemental figure S2F,H). Thus, ectopically
expressed KLF12 resulted in slower MC38 tumor progres-
sion in C57BL/6] mice (figure 1K and online supple-
mental figure S2I) and comparable tumor progression
in nude mice (figure 1L and online supplemental figure
S2]). These results suggested that KLF12 may act synergis-
tically with tumor immune cells.

Tumor KLF12 increases CD8" T-cell infiltration

We analyzed the relationship between KLF12 and
immune cell infiltration and found that KLF12 positively
correlated with immune cell infiltration in TCGA (online
supplemental figure S3A). To determine the mechanism
by which tumor KLF12 promotes tumor progression by
regulating the TME, we identified the differences in the
infiltration of immune cells (CD4, CDS8, natural Kkiller
(NK), natural killer T cells (NKT), M1, M2, and myeloid-
derived suppressor cell (MDSC)). By analyzing the
proportion of immune cell invasion in the TME, spleen,
and drained lymph nodes (TdLNs), we found signifi-
cantly decreased infiltration of CD8" T cells in KLF12%"
LLC (figure 2A top and online supplemental figure S3B,C
left) and KLF12*° B16-F10 tumors (figure 2A middle, and

online supplemental figure S3B,C middle) and increased
infiltration of CD8" T cells in KLF12°% MC38 tumors
(figure 2A bottom and online supplemental figure S3B,C
right). These conclusions were verified via IHC analysis,
and the results showed that KLF12 depletion reduced
intratumoral CD8" infiltration compared with the control
in the LLC tumor model (figure 2B, top). Similar results
were obtained in B16-F10 melanoma models with KLF12
knockout (figure 2B, middle panel). Conversely, CD8"
T-cell infiltration in the TME increased significantly
following KLF12 overexpression (figure 2B, bottom). To
investigate the role of CD8" T cells in cancer progression,
we established OVA-BI6-F10, OVA-KLF12"°-B16-F10,
OVA-LLC, and OVA-KLF12*""LLC tumors in nude mice.
After 5days, OT-1 CD8" T cells were intravenously trans-
ferred into these mice. We found no difference in tumor
volume between the control and KLF12 depletion groups
without CD8" T-cell injection; whereas significant differ-
ences were observed in the groups with OT-1 CD8" T-cell
injection (figure 2C,D top and online supplemental
figure S3D,E). Fluorescence signal and immunohisto-
chemical results were found that transferred CD8" T cells
decreased in KLF12 knockout and knockdown tumors
(figure 2C,D bottom). For further analysis, C57BL/6]
mice following CD8 deletion were subcutaneously
implanted with wild-type (WT) and KLF12%° B16-F10
cells, and the tumor growth difference between the two
groups was significantly reduced (figure 2E and online
supplemental figure S3F). These results indicated that
KLF12 induces CD8" T-cell infiltration in the TME. In the
in vitro transendothelial migration assays, we observed
a decrease in the number of migrating T cells in KLF12
depletion CM compared with that in WT CM (figure 2F),
and an increase of CD8" T cell

infiltration in KLF12°F CM (figure 2F). To extend
this observation, we performed identical experiments
on human lung and esophageal cancer cell lines and
obtained similar results (figure 2G). Collectively, these
results suggested that tumor KLF12 can induce CD8'
T-cell accumulation at the tumor site.

Tumor KLF12 suppresses antitumor CD8"* T-cell responses

Next, we investigated the functions of CD8" T cells
isolated from the tumor tissues of MC38 and B16-F10
tumor-bearing mice. Flow cytometry analysis revealed
that the production of IFN-y, TNF-o, and GZMB was
higher, and that of annexin V was lower in KLF12°* MC38
tumor tissues (figure 3A), tumor-draining lymph nodes
(figure 3B), and spleen (online supplemental figure S4A)
than in those with WI MC38 tumors. To validate these
results, we investigated the WT and KLF12*° B16-F10
tumors. We found that the level of IFN<*, TNF-o, and
GZMB' CDS8" T cells were lower, and that of annexin V
(figure 8E) was higher in KLF12"° B16-F10 tumor tissues
(figure 3C) and TdLNs (figure 3D) than thatin WT B16-
F10 tumors. Next, we examined whether KLLF12 knockout
cells directly inhibited CD8" T-cell activation in vitro. We
used the CM from WT and KLF12*° B16-F10 tumor cells
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Figure 1 Tumor KLF12 is essential for intrinsic resistance to tumor immunity. (A—C) Immunohistochemistry staining of human
tumor tissues and paired adjacent normal tissues. Scale bars, 100 um. KLF12 expression in lung, esophageal, and colorectal
cancer and its relationship with prognosis. (D) Comparison of KLF12 expression among patients with different N staging.

(E) Tumor growth curves, tumor weight of control, and KLF12°F A549 cells in nude mice. (F) Tumor growth curves and tumor
weight of wild-type (WT) and KLF12X° KYSE30 cells in nude mice. (G-H) Tumor growth curves and weight of control LLC and
KLF125" LLC cells in nude (G) and C57BL/6J mice (H). (I-J) Tumor growth curves and weight of WT and KLF12X° B16-F10 cells
in nude (I) and C57BL/6J mice (J). (K-L) Tumor growth curves and weight of control and KLF12°F MC38 cells in nude (K) and
C57BL/6J mice (L). KLF12, Krippel-like factor 12.
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Figure 2 Tumor KLF12 promotes CD8" T-cell recruitment. (A) Proportions of immune cells among total CD45" cells were
measured using flow cytometry. (B) CD8 was analyzed via immunohistochemistry (IHC) staining (scale bar, 50 um). (C, D) OVA-
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Figure 3 Tumor KLF12 enhances antitumor CD8" T-cell responses. (A, B) Percentages of GZMB?, IFN-y", TNF-o*, annexin

V* CD8" T cells in TILs (A) and TdLNs (B) bearing KLF12°F and control MC38 tumors detected using flow cytometry.

(C, D) Quantification of GZMB, IFN-y, and TNF-o expression among CD8" TILs (C) and TdLNs (D) bearing WT and

KLF12"° B16-F10 tumors detected by FACS. (E) Percentage of annexin V* CD8" in TILs and TdLNs in B16-F10 tumors.

(F) Representative flow plot and quantification of GZMB, IFN-y, and TNF-a expression among CD8" cells. The CD8 cells were
cultured in CM with WT B16-F10 and KLF12X° B16-F10 cells. (G) CD8 cells were cultured in CM with MC38 cells and KLF12°F
MC38 cells for 24 hours, and GZMB, IFN-y, and TNF-o. expression was determined using FACS. (H) GZMB expression in CD8"
cells after co-incubation in A549, H322, and KYSE30 CM. (I) Analysis of specific lysis of tumor cells. OVA-B16 tumor and
OVA-KLF12°F B16, OVA-B16-F10 tumor and OVA-KLF12X° B16-F10 cells were incubated with OT-1 CD8 T cells at different
effectors to target (E:T) ratios (1:1, 5:1, and 10:1) for 4-6 hours, and lysis of tumor cells was analyzed using flow cytometry. (J-
K) CD8* cells were examined for annexin V binding. CM, conditioned medium; FACS, flow cytometry; GZMB, granzyme B; IFN,
interferon; KLF12, Kriippel-like factor 12; TdLNs, drained lymph nodes; TIL, tumor-infiltrating lymphocyte; TNF, tumor necrosis
factor; WT, wild-type.
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after 24hours to culture CD8 T cells from the spleen
of healthy mice. CD8" T cells showed decreased IFN-y,
TNF-0,, and GZMB expression when cultured in KLF12-
knockout B16-F10 CM (figure 3F). CD8" T cells showed
higher levels of IFN-y, TNF-0,, and GZMB in the pres-
ence of the supernatants from KLF12°" MC38 cells than
control cells (figure 3G). To investigate whether reduced
KLF12 expression in lung and esophageal cancer cells can
induce CD8" T-cell dysfunction, peripheral blood mono-
nuclear cells isolated from healthy donors were cultured
in vitro in the presence of CM. The results showed that
GZMB expression in CD8" T cells decreased in tumor
cells with KLF12 depletion (figure 3H), similar to other
immune cells (CD4, NK, NKT) (online supplemental
figure S4B). We used cells expressing OVA antigen as
the target cells to determine whether KLF12 can directly
affect the killing ability of T cells. The OVA-B16 and OVA-
KLF12°* B16, OVA-B16-F10 and OVA KLF12*° B16-F10
cells were incubated with OT-1 CD8'T cells. Our results
showed that OT-1 CD8" T cells had a more potent cyto-
toxic effect against tumor cells with high KLFI12 expres-
sion (figure 3I). CD8 T-cell apoptosis is also an important
factor for the low frequency of tumor-infiltrating CD8"
T cells. Thus, we analyzed the apoptosis of CD8" T
cells using annexin V staining. CD8" T cells cultured in
KLF125° CM were more prone to apoptosis than those
cultured with the CM of WT cells. In contrast, CDS" T
cells cultured with KLF12°* MC38 CM showed a lower
apoptosis rate (figure 3]). Similar results were observed in
human lung and esophageal cancer cell lines (figure 3K).
These results confirmed that decreased KLF12 promotes
tumor growth in a CD8" T cell-dependent manner.

KLF12 inhibits Gal-1 transcription by binding to its promoter
To understand the molecular basis of tumor KLF12 regu-
lation in the TME, A549 and KYSE30 cells after KLF12
deletion were subjected to RNA-seq. We identified
multiple dysregulated genes in A549 and KYSE30 cells
following KLF12 depletion (figure 4A). To identify genes
regulated by KLF12 in mice, we analyzed the mouse data-
base GSE166054 for KLF12 overexpression. The heat
map shows the DEGs after KLF12 overexpression in mice
(figure 4A, right). Integrated analysis of these three RNA-
seq data sets revealed that Gal-1 is controlled by KLF12
(figure 4B). Gal-1 is a secreted protein that plays a role in
the TME mainly through secreted cells. To further inves-
tigate the characteristics of the identified DEGs, we used
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment methods. We observed that the
DEGs were primarily involved in tumor immune regu-
lation, such as cytokine-cytokine receptor interactions
and leukocyte transendothelial migration (online supple-
mental figure S5A).

Next, qPCR and western blotting verified that Gal-1
expression increased when KLF12 decreased, it was signifi-
cantly inhibited when KLF12 increased (figure 4C,D and
online supplemental figure S5B,C). Genome-wide tran-
scription factor binding site data analysis from published

ChIP-seq data in HEK293 and HepG2 cells and DNA
binding site prediction revealed putative KLF12 binding
sites in the Gal-1 promoter (figure 4E). To investigate
whether KLF12 physically binds to the promoter region
of Gal-1, ChIP and Dual-Luciferase reporter assays were
performed. ChIP results showed that KLF12 was recruited
to the promoter region of Gal-1 (figure 4F). Luciferase
site deletion assay indicated that KLF12 binds to the Gal-1
promoter (figure 4G). To identify the KLF12 domain that
interacts with Gal-1, we overexpressed Flag-tagged WT
or various truncated KLF12 mutants in HEK293 cells.
qPCR revealed that the KLF12 A 1-100 mutant impaired
Gal-1 suppression (figure 4H). Gal-1 promotes tumor
angiogenesis,”’ inhibits T-cell function,”® and promotes
immune resistance.”” We further investigated Gal-1 and
CD8 expression in mouse tumor tissues and their correla-
tion with KLF12 expression. Immunofluorescence was
used to detect Gal-1 and CD8 expression in WT LLC and
KLF12%" LLC B16-F10 tumors. The results showed that
KLF12 expression was negatively correlated with Gal-1
expression and strongly positively correlated with CD8
expression (figure 4I). Similar results were observed
in B16-F10 tumors (figure 4]). In MC38 tumors, Gal-1
expression decreased significantly in the KLF12 overex-
pression group compared with that in the control group,
whereas CD8" T cells infiltration increased significantly
(figure 4K). We also identified the relationship between
Gal-1 and immune cell infiltration in TCGA and that
Gal-1 negatively correlated with immune cell infiltra-
tion in most tumors (online supplemental figure S5D).
Correlation analysis showed that Gal-1 expression was
negatively correlated with CD8" Twcell infiltration in
mouse lung cancer, colorectal cancer, and melanoma
(figure 4L). These data suggest that tumor KLF12 down-
regulates Gal-1 expression in tumors.

Gal-1 is involved in antitumor T-cell regulation

We analyzed the proportion of immune cells in tumors
and found that several cells showed high correlation
between immune infiltration and Gal-1 expression, and
negative correlation between Gal-1 and CD8" T cells.
We further investigated whether the positive effects of
tumor KLF12 on T-cell function and infiltration were
due to the inhibition of Gal-1. Our experiments demon-
strated a negative role of tumor Gal-1 in T-cell function.
In vitro transendothelial migration assays, we discovered
that Gal-1 silencing abrogated CD8" T-cell infiltration
caused by KLF12 in B16-F10 (figure 5A) and LLC cells
(figure 5B). Next, we assessed the effect of OTX008, the
inhibitor of Gal-1.” CD8" Twcell infiltration increased
significantly after the depletion of KLF12 in H322, A549,
KYSE30, LLC and B16-F10 cells by the addition of Gal-1
inhibitor compared with thatin the control group (online
supplemental figure S6A-C). Flow cytometry analysis
showed that KLF12 depletion enhanced the percentage
of annexin V" CD8" T cells, which was further inhibited by
Gal-1 silencing or inhibitor combination therapy in B16-
F10 and LLC cells (figure 5C,D and online supplemental
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Figure 4 Gal-1 expression was decreased by KLF12. (A) Heat map depicting the expression of DEGs in control, KLF1
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DAPI, 4’,6-Diamidino-2-phenylindole dihydrochloride; DEG, differentially expressed gene; Gal-1, galectin-1; KLF12, Kriippel-like
factor 12; gPCR, quantitative PCR.

10

Zheng Y, et al. J Immunother Cancer 2023;11:¢007286. doi:10.1136/jitc-2023-007286



Figure 5 Gal-1 is involved in antitumor CD8" T-cell responses. (A, B) Percentage of CD8* T-cell migration. (C, D) Percentage
of annexin V* CD8" T cell. (E-F) Levels of GZMB, IFN-y and TNF-c. in CD8 T cells, analyzed using FACS. (G) WT and KLF1 2K
B16-F10-bearing (s.c.) mice received Gal-1 inhibitor or phosphate buffered saline. Tumor growth (n=6) and mice survival (n=6)
were then analyzed. (H-I) Percentages of CD8* T cells (H) and GZMB?, IFN-y", TNF-o.*, and annexin V* CD8" T cells (I) in WT
and KLF12X° B16-F10 tumor tissues with or without Gal-1 inhibitor. KLF12 knockdown decreased significantly. (J, K) MC38,
KLF12°F MC38, Gal-1°F MC38, and KLF12°F Gal-1°F MC38 tumors volume were monitored (J). Two weeks later, tumor
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figure S6B,C, middle). To determine the effect of Gal-1
on CD8" T-cell function, we examined the ability of CD8"
T cells to secrete GZMB, IFN-y, and TNF-o.. Gal-1 inhibi-
tion reversed the decline in CD8" T-cell function following
KLF12 depletion (figure 5E,F and online supplemental
figure S6B,C, right). We also detected the effect of KLF12
and Gal-1 on CD8" T-cell expansion through BrdU assay
and Ki67 staining. Compared with the control, overex-
pression of KLF12 can promote BrdU and Ki67 expres-
sion in CD8" T cells, while knockdown of KLF12 leads
to decreased BrdU and Ki67 expression in CDS8" T cells,
and the use of Gal-1 inhibitors reversed the decline
CD8" T-cell expansion following KLF12 depletion. These
results showed that KLF12 could promote CD8" T-cell
expansion, and Gal-1 could inhibit CD8" T-cell expansion
(online supplemental figure S6D). Moreover, the Gal-1
inhibitor decreased tumor growth and prolonged survival
in mice (figure 5G and online supplemental figure S7A).
KLF12 failed to enhance intratumoral CD8" T-cell accu-
mulation in WT B16F-10 tumors compared with that
in KLF12%° B16F-10 tumors following the application
of Gal-1 inhibitor (figure bH and online supplemental
figure S7B). Gal-1 inhibitor also improved CD4" T-cell
infiltration (online supplemental figure S7C). In addi-
tion, compared with KLF12 deletion alone, simultaneous
deletion of KLF12 and Gal-1 inhibitor increased CD8"
T-cell infiltration and function, and reduced apoptosis,
as shown by GZMB, IFN-y, TNF-0,, and annexin V expres-
sion (figure 5I). We simultaneously developed KLF12 and
Gal-1 co-overexpressing MC38 cells, and the results of
subcutaneous tumor formation showed that Gal-1 overex-
pression significantly promoted tumor growth (figure 5]
and online supplemental figure S7D) and reduced T-cell
infiltration (figure 5K). These results suggest that tumor
KLF12 may modulate the immune response and inhibit
tumor progression by regulating Gal-1 expression.

KLF12 inhibition impedes the efficacy of anti-PD-1 therapy in
cancer

Checkpoint inhibition immunotherapy is one of the most
successful strategies for the treatment of several cancers.
The increase in the number of immune cells, such as
CDS8" T cells, and the expression of PD-1 can improve the
efficacy of the anti-PD-1 reaction.” We previously found
that both the high expression of KLFI12 and inhibition of
Gal-1 could increase the infiltration of CD8" T cells and
enhance their killing ability in the TME. Here, we analyzed
the relationship between KLF12 and Gal-1 and immune
checkpoints using the TCGA database and found that
KLF12 was positively correlated with most immune check-
points, whereas Gal-1 was negatively correlated with most
immune checkpoints (online supplemental figure S7A).
In addition, IHC was performed to identify PD- 1 expres-
sion in the TME, and the results showed that KLF12°¢
triggered the accumulation of PD-17 tumor-infiltrating
lymphocytes  (TILs), and KLF12%° and KLF12%"
decreased the number of PD-1" cells (online supple-
mental figure S7B). WT and KLF12*° B16-F10 tumors

were used to determine whether KLF12 could enhance
anti-PD-1 therapy. We observed that low expression of
KLF12 suppressed the immunotherapy effect (figure 6A).
The therapeutic efficacy of anti-PD-1 was reduced in mice
inoculated with KLF12°" LLC cells compared with those
injected with control LLC cells (figure 6B). These results
suggested that KLF12 improves the efficacy of anti-PD-1
therapy. To confirm the relationship between KLF12
and Gal-1 and the response to anti-PD-1 treatment, we
performed multiplex immunofluorescence in patients
with esophageal cancer who received anti-PD-1. KLF12
expression was higher in the anti-PD-1 response group,
whereas Gal-1 expression was lower than that in the non-
response group. We found that anti-PD-1 responsive
tumors tended to have higher overall levels of CD8" T-cell
infiltration and PD-1 expression (figure 6C,D). Similar
results were obtained in the NSCLC cohort comprising
12 non-responders and 8 responders (figure 6EJF).
Correlation analysis also revealed that KLF12 negatively
correlated with Gal-1 and positively correlated with CD8
and PD-1 in the esophageal (figure 6G and online supple-
mental figure S7C) and NSCLC (figure 6H and online
supplemental figure S7D) cohorts treated with anti-PD-1.
We observed that patients with high KLF12 and low Gal-1
levels had higher response rates after anti-PD-1 therapy.
KLF12 potentiates anti-PD-1 response and KLFI2 and
Gal-1 were predictors of anti-PD-1 efficacy.

Gal-1 inhibition improves the efficacy of anti-PD-1

Gal-1 promotes tumor proglression.%’?’7 We queried the
TCGA database to determine whether Gal-1 expression
was associated with tumor progression and patient prog-
nosis. We found that Gal-1 expression in cancer cells was
higher than that adjacent to cancer (online supplemental
figure S8A). Kaplan-Meier survival analysis indicated that
patients with high Gal-1 expression had a poor prognosis
in lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), colon adenocarcinoma (COAD),
and skin cutaneous melanoma (SKCM) (online supple-
mental figure S8B). To verify the predictive role of Gal-1
in prognosis, 161 lung, 53 esophageal, and 173 colorectal
cancers were analyzed. Increased Gal-1 expression was
observed in tumor tissues compared with normal tissues
(figure 7A-C, left), and Gal-1 was a significant negative
prognostic indicator (figure 7A-C, right), and a signifi-
cant association between Gal-1, lymph node metastasis,
and clinical stage (online supplemental figure S8F-G).
Moreover, Gal-1 expression was low and CDS8 infiltra-
tion and PD-1 expression increased in tissues with high
KLF12 expression. We observed a significant correlation
between these four molecules (figure 7D-F and online
supplemental figure S8C-E); based on these results, we
speculated that Gal-1 inhibitors improve the therapeutic
effect of anti-PD-1. Therefore, we used an anti-PD-1 plus
Gal-1 inhibitor in LLC and B16-F10 tumor models. We
examined the effect of a combination treatment on
tumor growth in B16-F10 and LLC cells by monitoring the
tumor volume of mice. We found that the efficacy of the
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combination of anti-PD-1 and Gal-1 inhibitor was signifi-
cantly better than that of therapy alone (figure 7G-T).
Collectively, these data indicated that Gal-1 affects human
outcomes in several cancer types. In addition, the inhi-
bition of Gal-1 in combination with anti-PD-1 immuno-
therapy has a favorable effect (figure 7J).

DISCUSSION

Most patients with cancer do not respond to immune
checkpoint therapy, and the initial response to immu-
notherapy eventually leads to drug resistance. Although
recent studies have extensively explored the mechanisms
of immune resistance to improve treatment outcomes,”
treatment resistance remains a conundrum. The infil-
tration of immune cells into the TME is closely related
to the efficacy of immunotherapy. In patients with
tumor, immune responders exhibit a “hot” (“immune-
inflammatory”) phenotype, characterized by increased
T lymphocyte infiltration, whereas non-responders may
exhibit a “cold” (“immune-desert”) phenotype, character-
ized by T-cell loss in the tumor parenchyma.” *' Based
on this rationale, various therapies have been combined
with ICI to promote immune recruitment and turn cold
tumors into hot tumors. Current research focuses on
the interaction between immune cells. Tumor cells play
a crucial role in the microenvironment and exert a vital
influence on immune cells. In this study, we focused on
the interaction between tumor cells and immune cell
subsets in the TME, aiming to identify the important
factors affecting T-cell infiltration and function to
improve immunotherapy responses. In this study, we
demonstrated that the decline in KLF12 in tumor cells is
an important mechanism for immune escape, leading to
resistance to anti-PD-1 therapy. In multiple murine tumor
models, the combination of anti-PD-1 and Gal-1 inhibi-
tion improved T-cell infiltration, restored T-cell function,
and increased the cure rate of tumors.

KLF12 is a transcription factor with a zinc finger
domain that extensively regulates gene expression during
tumor proliferation and invasion.'" ** Several studies have
detected reduced levels of KLF12 in cancer, which plays
a role in tumor metastasis.” Unexpectedly, we found that
KLF12 is an immunomodulatory molecule that is involved
in tumor immunity. We demonstrated a relationship
between KLFI2 and tumor immunity in multiple mouse
tumor models. Thus, we identified tumor KLF12 as a
novel mechanism of drug resistance in tumor immunity
and immunotherapy. Continued research into the mech-
anisms of action of KLF12, development and discovery of
new targets, and new combination therapies for circum-
venting drug resistance may provide more effective treat-
ment options for patients with cancer. Despite the evident
tumor inhibitory role of tumor KLF12 in vivo in multiple
tumor-bearing models, which is associated with immune
system regulation, uncovering how KLF12 activates tumor
immunity and improves the efficacy of immunotherapy
has been challenging.

To develop a more effective combination therapy, we
further investigated the specific mechanism of KLF12
regulating TME. By examining the composition of
immune cells in the TME, we found that the group with
higher KLF12 expression had more infiltration of CD8"
T cells, whereas the other types of immune cells showed
no difference. Notably, KLF12 promoted the invasion of
CD8' T cells. KLF12 is a transcription factor that regulates
the expression of multiple genes. The results of ChIP-seq
and transcriptomic sequencing showed that Gal-1 was a
key downstream molecule of KLF12. The ChIP-PCR assay
and dual fluorescence reporter experiments suggested
that KLFI2 could directly bind to the promoter region
of Gal-1 and inhibit its expression. We identified a novel
mechanism for Gal-1 upregulation in the TME. Thus, we
hypothesized that KLF12 mediates its immune-promoting
effect on T cells by inhibiting Gal-1.

Gal-1 is a secretory protein that regulates cell signals
via its impact on both intracellular and extracellular
mechanisms.** Gal-1 has extensive influence on tumor
progression through glycosylation-dependent or inde-
pendent mechanisms, which regulate proliferation,
immune response, cell cycle progression and apoptosis,
induce angiogenesis, inflammation and metastasis.* *°
As an effective target for cancer therapy and inhibition,
Gal-1 has direct anti-proliferative effects on cancer cells
and anti-angiogenic effects on tumors.'® *” Gal-1 expres-
sion in classical Hodgkin’s lymphoma has been examined
revealing a key role of AP-1.** In colorectal cancer, Gal-1
is regulated by HIF-1.* Gal-1 is a direct transcriptional
target of STATS in glioblastoma.” In human esophageal
squamous cell carcinoma, c-Myc binds to Gal-1 promoter
regulates its transcription.”’ However, the mechanism
of Gal-1 overexpression in other tumor tissues remains
elusive. T-cell survival and death are regulated by several
signaling mechanisms. Gal-1 plays an important role in
tumor immune escape by inducing T-cell apoptosis’ **
and inhibits T-cell production of the antitumor cytokine
IFN-y.2" > Published research has established that Gal-1
regulates T cell by directly binding CD3, CD7, CD29,
CD43, and CD45.” ***° Inhibition of Gal-1 can reduce
tumor growth, promote T lymphocyte infiltration, and
increase IFN-y production.’” The rapid development of
glycobiology research has accelerated the clinical applica-
tion of anti-galectin therapy. With our deepening under-
standing of the role of Gal-1 in cancer, various chemical
and biological agents for Gal-1 have been developed for
clinical treatment and have achieved good therapeutic
effects.”” However, the treatment effect of complete
remission cannot be achieved by using the targeted drug
of Gal-1 alone. Interestingly, blocking Gal-1 can enhance
the immune stimulation of anti-PD-1 treatment in head
and neck squamous cell carcinoma (HNSCC).? But this
conclusion has not been confirmed and supported by
other articles, our study on lung cancer, melanoma, and
colorectal cancer also expands the indication for Gal-1
inhibitor. We investigated the effects of tumor KLF12 and
Gal-1 on the anti-PD-1 response. We observed that a high
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expression of KLF12 had a better immunotherapy effect,
and the efficacy of a combination of anti-PD-1 and Gal-1
inhibitor was significantly better than that of therapy
alone.

In summary, our findings demonstrated that KLF12
could directly bind to the promoter region of Gal-l and
inhibit its expression. We identified a novel mechanism for
Gal-1 upregulation in the TME. And decreased KLF12 and
increased Gal-1 expression are associated with the resistance
to anti-PD-1 immunotherapy, increased KLFI2 expression
or the combined use of Gal-1 inhibitors can improve anti-
PD-1 response. These findings provide useful mechanistic
insights into the antitumor and potential synergistic effects of
combining immune checkpoint blockade with a Gal-1 inhib-
itor in tumors, and the KLF12/Gal-1 axis may serve as a novel
therapeutic target.
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