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Abstract

Background Although immune checkpoint inhibitors (ICls) have revolutionized the landscape of cancer treatment,
only a minority of colorectal cancer (CRC) patients respond to them. Enhancing tumor immunogenicity by increasing
major histocompatibility complex | (MHC-I) surface expression is a promising strategy to boost the antitumor efficacy
of ICs.

Methods Dual luciferase reporter assays were performed to find drug candidates that can increase MHC-| expression.
The effect of nilotinib on MHC-I expression was verified by dual luciferase reporter assays, gRT-PCR, flow cytometry
and western blotting. The biological functions of nilotinib were evaluated through a series of in vitro and in vivo
experiments. Using RNA-seq analysis, immunofluorescence assays, western blotting, flow cytometry, rescue experi-
ments and microarray chip assays, the underlying molecular mechanisms were investigated.

Results Nilotinib induces MHC-I expression in CRC cells, enhances CD8* T-cell cytotoxicity and subsequently
enhances the antitumor effects of anti-PDL1 in both microsatellite instability and microsatellite stable models.
Mechanistically, nilotinib promotes MHC-I mRNA expression via the cGAS-STING-NF-kB pathway and reduces MHC-|
degradation by suppressing PCSK9 expression in CRC cells. PCSK9 may serve as a potential therapeutic target for CRC,
with nilotinib potentially targeting PCSK9 to exert anti-CRC effects.

Conclusion This study reveals a previously unknown role of nilotinib in antitumor immunity by inducing MHC-
expression in CRC cells. Our findings suggest that combining nilotinib with anti-PDL1 therapy may be an effective
strategy for the treatment of CRC.
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Background

Immune checkpoint inhibitors (ICIs) have revolutionized
the landscape of cancer treatment [1, 2]. In colorectal
cancer (CRC), ICIs such as nivolumab, which target the
programmed cell death protein 1 (PD-1)/programmed
cell death-ligand 1 (PD-L1) axis, have been approved
for treating patients with mismatch repair deficiency
(dMMR) or high microsatellite instability (MSI-H), as
dMMR/MSI-H patients are associated with a high muta-
tion burden and tumor neoantigen load [3, 4]. However,
only approximately 15% of CRC patients are diagnosed
with dMMR/MSI-H status, more than 50% of CRC
patients with dMMR/MSI-H status show resistance to
ICIs [5, 6]. Therefore, there is an urgent need to explore
new strategies to enhance the antitumor efficacy of ICIs.

The success of antitumor immunity relies on CD8*
cytotoxic T cells, which recognize and kill tumor cells via
interactions between T-cell receptors and tumor-related
antigens presented on major histocompatibility complex
I (MHC-I) [7-9]. MHC-I comprises a polymorphic heavy
chain, which is encoded by the human leukocyte antigen
(HLA)-A, HLA-B, and HLA-C genes, and an invariant
B2-microglobulin (f2m) in humans [10]. MHC-I mol-
ecules are displayed on the cell surface and are required
for antigen presentation [11]. In tumors with sufficient
MHC-I antigen presentation, ICIs can alleviate CD8"
T-cell exhaustion and enable sustained immune protec-
tion. However, ICIs are limited in their ability to trigger
CD8* T-cell responses against tumor cells due to insuf-
ficient MHC-I antigen presentation, which reduces the
sensitivity of tumors to ICIs [12].

The downregulation of MHC-I expression on tumor
cells has been reported to occur in various cancer types,
including CRC, and serves as a major immune escape
mechanism of tumor cells to evade recognition and kill-
ing by CD8" T-cells [13-15]. Thus, enhancing tumor
immunogenicity by increasing MHC-I surface expres-
sion is a promising strategy to enhance CD8% T-cell-
mediated cytotoxic function and ICI efficacy. Increasing
evidence has shown that the application of small mol-
ecule compounds for restoring MHC-I expression has
great potential [16—18]. For instance, Xu et al. reported
that atractylenolide I, a major bioactive component of the
Chinese herbal medicine Rhizoma Atractylodes Macro-
cephalae, can upregulate MHC-I expression, enhance the
responsiveness to PD1 blockade and exhibit a notable
antitumor effect [19]. Given that the approved drugs have
well-characterized biological activity, safety, and bioavail-
ability properties, we conducted a drug screening using
the FDA-approved drug library (ApexBio, L1021) to iden-
tify compounds capable of inducing MHC-I expression in
CRC cells, and we found that nilotinib could significantly
upregulate MHC-I expression.
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Nilotinib is a second-generation tyrosine kinase
inhibitor that inhibits various kinases, including Bcr-
Abl, DDR, KIT and PDGFR. It has been approved
by the FDA for the treatment of imatinib-resistant
chronic myeloid leukemia [20, 21]. Recently, it has been
reported that nilotinib directly eradicates several types
of solid tumors [22-24]. However, the effect of nilotinib
on the antitumor T-cell response remains unclear, and
whether nilotinib can be used to promote the efficacy
of ICIs in CRC treatment needs further investigation.

In this study, our results show that nilotinib signifi-
cantly upregulates the expression of MHC-I, promotes
antitumor CD8" T-cell activation, and increase the
response of both MSI-high and MSS CRC tumors to
anti-PDL1 therapy. Mechanistically, nilotinib upregu-
lates MHC-I mRNA expression via the cGAS-STING-
NF-kB pathway and inhibites MHC-I degradation by
downregulating proprotein convertase subtilisin/kexin
type 9 (PCSK9) expression in CRC cells. Our results
pave the way for the combination of nilotinib with ICIs
in the clinic to improve the effectiveness of ICIs in
patients with CRC.

Methods

Cell culture and reagents

CRC cell lines (HCT116, SW480, and CT26) and the
human embryo kidney cell line HEK293T were pur-
chased from the American Type Culture Collection
(ATCC). MC38 cells were acquired from the Culture
Collection of the Chinese Academy of Science (Shang-
hai, China). MC38 and HEK293T cells were cultured in
DMEM, while HCT116, SW480 and CT26 cells were
cultured in RPMI 1640. Both media, sourced from
Gibco Life Technologies (Carlsbad, CA, USA), were
supplemented with 10% fetal bovine serum, 100 U/
mL penicillin, and 10 pg/mL streptomycin (Gibco Life
Technologies, Carlsbad, CA, USA). The cells were incu-
bated at 37 “C in an incubator with 5% CO,.

Nilotinib (ApexBio, TX, USA), JSH-23 (Selleck, TX,
USA) and H151 (Selleck) were solubilized in DMSO
and stored at — 20 °C. Primary antibodies against p65
and phospho-p65 (p-p65) were purchased from Beyo-
time (Jiangsu, China). Antibodies against p2m, STING,
phospho-STING (p-STING) and Na-K-ATPase were
purchased from Cell Signaling Technology (Danvers,
MA, USA). The HLA-A antibody was purchased from
Abcam (Cambridge, MA, USA). Antibodies against
GAPDH, LaminB1, PCSK9, anti-rabbit immunoglobu-
lin G, and anti-mouse immunoglobulin G horseradish
peroxidase-conjugated secondary antibodies were pur-
chased from Proteintech Group (Chicago, IL, USA).
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Dual luciferase reporter assay

HCT116 and SW480 cells were transfected with the
HLA-A2, f2M or NF-kB firefly luciferase reporter
plasmids. The Renilla luciferase reporter plasmid was
used as an internal reference. Following transfection,
the cells were plated in 96-well plates and exposed to
varying concentrations of nilotinib. Firefly and Renilla
luciferase activities were subsequently detected using
a Promega Luciferase Assay Kit (Madison, WI, USA)
and quantified on a 96-well plate reader (Thermo Fisher
Scientific, Waltham, MA, USA).

Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was extracted using an RNA-Quick Purifi-
cation Kit (Shanghai Yishan Biotechnology Co., Ltd.,
Shanghai, China) according to the manufacturer’s
instructions. For cDNA synthesis, PrimeScript RT Mas-
ter Mix (TaKaRa, Dalian, Liaoning, China) was utilized.
qRT-PCR was conducted with a SYBR Green Premix
Ex Taq II kit (TaKaRa). The expression levels of mRNA
targets were normalized to those of GAPDH, analyzed
via the 2722CT method, and presented as fold change of
control. The primer sequences used are as follows:

human HLA-A forward: 5'-GGGTCCGGAGTATTG
GGACGG-3';

human HLA-A reverse: 5 -TTGCCGTCGTAGGCG
TACTGGTG-3;

human B2M forward: 5-GAGGCTATCCAGCGT
ACTCCA-3';

human (2M reverse:
TCTTTT-3;

human PCSK9 forward: 5" -CCTGGAGCGGATTAC
CCCT-3;

human PCSK9 reverse: 5 -CTGTATGCTGGTGTC
TAGGAGA-3’;

human GAPDH forward: 5 -GCACCGTCAAGG
CTGAGAAC-3;

human GAPDH reverse: 5 -TGGTGAAGACGCCAG
TGGA-3';

human B-actin forward: 5'-AGAGCTACGAGCTGC
CTGAC-3';

human B-actin reverse: 5'-AGCACTGTGTTGGCG
TACAG-3';

mouse PCSK9 forward: 5 -TTGCCCCATGTGGAG
TACATT-3';

mouse PCSK9 reverse: 5'-GGGAGCGGTCTTCCT
CTGT-3';

mouse STING forward: 5'-TCGCACGAACTTGGA
CTACTG-3';

mouse STING reverse: 5-CCAACTGAGGTATAT
GTCAGCAG-3’;

5"-CGGCAGGCATACTCA
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mouse GAPDH forward: 5'-TGACCTCAACTACAT
GGTCTACA-3';

mouse GAPDH reverse: 5 -CTTCCCATTCTCGGC
CTTG-3';

Flow cytometry assay

Cell sample analysis

After various treatments, the cells were harvested and
washed with PBS. The cells were then suspended in
100 pl of PBS, and specific fluorescent antibodies target-
ing surface markers were added, followed by a 20 min
incubation at 4 °C. The following fluorescent antibodies
were obtained from Biolegend (San Diego, CA, USA):
FITC-conjugated anti-human HLA-A2, APC-conju-
gated anti-human HLA-A2, PE-conjugated anti-human
B2-microglobulin, and PE-conjugated anti-mouse H-2 Kb
bound to SIINFEKL.

Tissue sample analysis
Tumor tissues were digested using a combination of col-
lagenase and DNase to obtain single-cell suspensions.
PE-conjugated anti-mouse H-2 kb (BioLegend), FITC-
conjugated anti-mouse H-2 kb (BioLegend) and APC-
conjugated anti-mouse H-2kd (BioLegend) antibodies
were used to analyze the expression of surface molecules.
To determine the activation status of tumor-infiltrating
CD8* T cells, the cells were treated with the Cell Acti-
vation Cocktail (with Brefeldin A) from BioLegend for
6 h at 37 °C. A Zombie NIR" Fixable Viability Kit (Bio-
Legend) was used for dead cell labeling. The cells were
stained with FITC-conjugated anti-mouse CD45 (Bio-
Legend), PE-conjugated anti-mouse CD8a (BioLegend)
and Alexa Fluor® 700-conjugated anti-mouse CD4 (Bio-
Legend) antibodies. For intracellular marker staining, the
cells were processed using a fixation/permeabilization kit
(BD Biosciences, USA) and stained with an APC-conju-
gated anti-mouse IFN-y antibody (BioLegend).

Flow cytometry data were acquired on a CytoFLEX
instrument (Beckman Coulter, CA, USA) and analyzed
using FlowJo software.

Western blot analysis
Nuclear and cytoplasmic proteins were extracted using a
Cytoplasmic and Nuclear Protein Extraction Kit (KeyGen
Biotech, Nanjing, Jiangsu, China) following the manufac-
turer’s instructions. Cell membrane proteins were iso-
lated using a Membrane Protein Extraction Kit (KeyGen
Biotech) according to the manufacturer’s instructions.
For total protein extraction, cells were lysed in RIPA lysis
buffer (Cell Signaling Technology) supplemented with
phosphatase and protease inhibitors (KeyGen Biotech).
The protein concentrations in the samples were ascer-
tained using a BCA Protein Quantitation Kit (Thermo



Dong et al. Journal of Translational Medicine (2024) 22:769

Fisher Scientific). Proteins were resolved via SDS-PAGE
and subsequently electroblotted onto a polyvinylidene
fluoride (PVDF) membrane. After transfer, the mem-
branes were blocked with 5% bovine serum albumin or
5% nonfat dry milk. The blocked membranes were incu-
bated with primary antibodies overnight at 4 °C. Then,
the membranes were exposed to secondary antibodies at
RT for 1 h. The protein bands on the membranes were
visualized using enhanced chemiluminescence (ECL)
detection reagents (Santa Cruz Biotechnology, CA, USA).

Establishment of overexpression or knockdown cell lines
Control and STING-specific ShRNA lentiviral particles
were purchased from Gene Pharma (Shanghai, China).
MC38 cells were transduced with four distinct lentiviral
stocks using polybrene. Following transduction, stable
cell lines expressing the shRNA constructs were selected
with puromycin. For stable overexpression of PCSK9 and
OVA, HEK293T cells were cotransfected with the fol-
lowing plasmids: 1.5 pg of pMD2. G, 3 pg of psPAX2 and
6 pg of the construct containing the specific gene of inter-
est for overexpression. Lipofectamine 3000 was utilized
as the transfection reagent. Viral particles were collected
at both 24 h and 48 h posttransfection. To transduce the
target cells, the harvested viral particles combined with
polybrene were added. Stable clones were then selected
using puromycin.

LDH release assay

LDH release was quantified using an LDH release assay
kit (Promega) according to the manufacturer’s instruc-
tions. Briefly, OVA-specific CD8" T cells were isolated
from the spleens and lymph nodes of OT-I mice (the
mice were kindly provided by Professor Wende Li from
Guangdong Laboratory Animals Monitoring Institute).
MC38-OVA cells (1 x 10* treated with or without 10 uM
nilotinib for 48 h were seeded in 96-well plates, and then
OT-IT cells were plated in 96-well plates at the effector/
target ratios shown. After 12 h of incubation at 37 °C, 50
pL of supernatant from each well was incubated with the
substrate for 30 min at room temperature. The release of
LDH in the supernatant of each well was determined by
measuring the absorbance at 490 nm with a 96-well plate
reader (Thermo Fisher Scientific).

ELISA

ELISA kits were purchased from Multisciences (Hang-
zhou, Zhejiang, China). After 12 h of coculture, con-
centrations of IFNy and TNFa in the supernatants were
assessed using these kits following the manufacturer’s
guidelines.
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Animal study

Male mice were obtained from GemPharmatech Co.,
Ltd. All animal experiments (IACUC-2020122502 and
IACUC-2021110401) were conducted in accordance
with the guidelines set by the Committee on the Eth-
ics of Animal Experiments of the Sixth Affiliated Hos-
pital, Sun Yat-sen University. This study employed two
murine models, established as follows:

(1) CT-26 cells (1x10° were subcutaneously injected
into BALB/c mice. Four days postinoculation, the
mice were randomly assigned to four groups. For
the method of drug administration, an anti-PDL1
antibody (BioXCell, Lebanon, NH, USA) was
injected intraperitoneally (i.p.) at a dose of 5 mg/kg
every 2 days. Nilotinib (Novartis, Basel, Basel-Stadt,
Switzerland) was administered via oral gavage at
25 mg/kg daily.

(2) MC38 cells (2x10°) were subcutaneously injected
into C57BL/6 mice. Four days postinoculation, the
mice were randomly assigned to four groups. For
the method of drug administration, 1 mg/kg anti-
PDL1 antibody was injected intraperitoneally (i.p.)
every 2 days. Nilotinib was administered via oral
gavage at 25 mg/kg daily. CD8a depletion anti-
body (BioXCell) was administered i.p. at 15 mg/
kg every 3 days. Tumor dimensions were recorded
every other day, and tumor volumes were calculated
using the formula: Volume=a?xb/2, where a rep-
resents the smallest diameter and b is the diameter
perpendicular to a. Finally, the mice were humanely
euthanized. The excised tumors were weighed, pho-
tographed and retained for subsequent analyses.

RNA-seq analysis

Total RNA was extracted from both untreated HCT116
cells and HCT116 cells treated with 20 pM nilotinib for
24 h. RNA-seq analysis was conducted on the Illumina
NovaSeq 6000 platform performed by NovelBio Bio-
Pharm Technology Co., Ltd. (Shanghai, China). Dif-
ferentially expressed genes (DEGs) were defined with
criteria of a fold change greater than or equal tot1
and a false discovery rate (FDR) < 0.01, calculated using
RNA-seq by expectation—-maximization and the Pas-
sion distribution methods. DEGs were subsequently
subjected to KEGG pathway analysis for enrichment
studies  (http://www.genome.jp/kegg/pathway.html).
Gene Set Enrichment Analysis (GSEA) was performed
using the OECloud tools (https://cloud.oebiotech.
com).
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Detection of cytosolic DNA

HCT116 cells (1x10”) were equally partitioned into
two samples. For the first, cells were resuspended in
200 pL of 50 uM NaOH, boiled for 30 min, and then
neutralized with 20 pL of 1 M Tris—HCI (pH 8), which
served as a normalization control for total DNA. For
the second, cells were resuspended in 200 uL of buffer
(containing 150 mM NaCl, 50 mM HEPES and 25 pg/
mL digitonin) and incubated for 10 min on ice to per-
meabilize the plasma membrane. Following this, cen-
trifugation at 980xg for 3 min was repeated three
times to sediment intact cells. Subsequently, the cyto-
solic supernatants were centrifuged at 17,000x g for
10 min to clear the cellular fragments. DNA from cyto-
solic and whole-cell DNA samples were purified using
DNA Clean & Concentrator-5 (Zymo Research, Irvine,
CA, USA). qRT-PCR was performed on both cytosolic
samples using gDNA primers, with CT values from
whole-cell extracts serving as a normalization for those
from the cytosolic fractions.

Immunofluorescence assay

Cells were seeded on coverslips in 24-well plates. After
nilotinib treatment, the cells were fixed with 4% para-
formaldehyde for 20 min and blocked with 10% goat
serum for 1 h. The cells were then probed with a primary
anti-p-p65 antibody (1:100) overnight at 4 °C. This was
followed by incubation with Alexa Fluor 488-conjugated
secondary antibody (Thermo Fisher Scientific) for 1 h
at room temperature. Nuclei were stained with Hoechst
or DAPI for 10 min. Images were acquired using a Leica
TCS-SP8 laser confocal microscope (Leica, Mannheim,
Baden-Wuerttemberg, Germany).

Tissue chip microarray

A tissue microarray chip (HColA180Sul2) comprising
93 human colon cancer tissues and 87 adjacent normal
tissues was purchased from Shanghai Outdo Biotech. 2
colon cancer tissues and 11 adjacent normal tissues were
unable to evaluate due to destroyed or incomplete tissues.
PCSK9 expression was assessed using an anti-PCSK9
antibody at a dilution of 1:1000 through immunohisto-
chemical analysis. The microarray was scanned using a
Leica SCN400 slide scanner (Leica). Scoring of PCSK9
expression was performed by clinical pathologists.

Statistical analysis

The data are presented as the mean+tSD, and were
derived from a minimum of three independent experi-
ments. Analysis was conducted using GraphPad Prism
8.0 software (San Diego, CA, USA). Significance was
determined using Student’s ¢ test between two groups
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Table 1 The correlation between the PCSK9 expression level
and clinical pathological characteristics

Factors Number of PCSK9 p
cases (n) Low High

Number 91 51 40

Age (years) 0428
<60 29 18 "
>60 62 33 29

Gender 0.206
Female 50 31 19
Male 41 20 21

T classification 0.133
T +T12 5 5 0
T3+T4 78 43 35
Unknown 8 3 5

N classification 0.040
NO 50 32 18
NT+N2 36 15 21
Unknown 5 4 1

Metastasis 0.790
No 87 48 39
Yes 4 3 1

Tumor stage 0.018
[+11 44 30 14
=+ 38 16 22
Unknown 9 5 4

p values derived from the Chi-square test

or one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison test for multiple group compari-
sons. Kaplan—Meier analysis and log-rank tests were
used for survival analysis. The chi-square test was used
to analyze the correlation between the PCSK9 expression
level and clinical pathological characteristics in Table 1.
A P value<0.05 was considered to indicate statistical
significance.

Results

Nilotinib induces MHC-I expression in CRC cells

To identify promising drug candidates that can increase
MHC-I expression in CRC cells, we screened a library of
238 FDA-approved drugs using the HLA-A2 luciferase
screening system. We found that 9 drugs exhibited a
fold change in luciferase activity greater than 2 (Fig. 1A).
Then, the effects of these 9 drugs on MHC-I mRNA lev-
els were confirmed by using RT-qPCR, and our results
showed that nilotinib achieved the greatest upregulation
of MHC-I mRNA levels (Fig. 1B). To verify the effects of
nilotinib on the upregulation of MHC-I in CRC, we first
measured MHC-I luciferase activity at various doses of
nilotinib in multiple human CRC cell lines. As shown in
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Fig. 1C, nilotinib significantly enhanced MHC-I lucif-
erase activity in CRC cells. RT-qPCR analysis revealed
that HLA-A and p2M mRNA levels increased in HCT116
and SW480 cells with nilotinib treatment (Fig. 1D). Fur-
thermore, Nilotinib increased the protein expression of
HLA-A and B2M in HCT116 and SW480 cells detected
by both flow cytometry and western blot analysis (Fig. 1E
and F). Taken together, these data indicate that nilotinib
increases MHC-I expression in CRC cells at both the
mRNA and protein levels.

Nilotinib enhances the antitumor effects of anti-PDL1

by increasing MHC-I expression in CRC cells and enhancing
CD8* T-cell cytotoxicity

To explore whether nilotinib-induced MHC-I upregula-
tion in CRC cells directly affects the cytotoxicity of CD8™
T cells, we generated MC38 cell lines stably expressing
ovalbumin (OVA) peptide (SIINFEKL) (MC38-OVA).
These cell lines are recognized by CD8" T cells from
OT-I mice owing to their OVA antigen specificity [25].
IFNy has been reported to increase the expression of
SIINFEKL-H-2 Kb [14]. Intriguingly, we found that the
expression level of SIINFEKL-H-2 Kb was higher after
nilotinib treatment than after IFNy treatment (Fig. 2A).
We then performed a lactate dehydrogenase (LDH) assay
to determine T-cell cytotoxicity and used ELISA to meas-
ure IFNy and TNFa levels by coculturing MC38-OVA
cells with CD8" T cells from OT-I mice. Compared with
control, OT-I T cells cocultured with nilotinib-treated
MC38-OVA cells exhibited greater cytotoxicity and
secreted much higher levels of IFNy and TNFa (Fig. 2B
and C). These results suggest that nilotinib strongly
induces the presentation of the MHC-I peptide antigen,
thereby enhancing CD8* T-cell-mediated cytotoxicity
in vitro.

Enhancing MHC-I expression in cancer cells is a prom-
ising strategy to improve ICI efficacy [12]. As nilotinib
increases MHC-I levels and directly enhances CD8%
T-cell-mediated cytotoxicity in vitro, we hypothesized
that nilotinib could increase the efficacy of anti-PDL1
therapy in vivo. To test this hypothesis, we utilized subcu-
taneous MC38 and CT26 tumor models, which have been
validated as microsatellite instability (MSI) and micros-
atellite stability (MSS) models of CRC, respectively [26].

(See figure on next page.)
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C57BL/6 mice were inoculated with MC38 cells and then
injected with vehicle, a low dose of nilotinib, a low dose
of anti-PDL1 antibody, or a combination of both nilotinib
and anti-PDL1 antibody. As shown in Fig. 2D-F, although
neither low-dose nilotinib nor the anti-PDL1 antibody
significantly inhibited tumor growth, the combination of
nilotinib and the anti-PDL1 antibody dramatically sup-
pressed tumor volume and tumor weight. Moreover, the
expression of H-2 kb was markedly increased in both
the nilotinib alone group and the combined drug treat-
ment group. (Fig. 2G). In addition, although the percent-
age of total CD8* T cells increased in both the PDL1
antibody alone group and the combined drug treatment
group, the percentage of IFNy™ CD8" T cells was signifi-
cantly higher only in the combined drug treatment group
(Fig. 2H and I). Similarly, nilotinib also increased H-2k
expression and enhanced anti-PDL1 efficacy in the CT26
tumor model (Additional file 1: Fig. S1). These results
demonstrate a synergistic effect between nilotinib and
ICIs in both MSI-high and MSS CRC models.

To further determine the role of effector T cells in the
antitumor effects of combined drug treatment, we used
anti-CD8 antibody to deplete CD8* T cells in C57BL/6
mice, and CD8" T-cell depletion abrogated the efficacy of
combined drug treatment (Fig. 2]J-L). All of these results
suggest that nilotinib boosts the efficacy of anti-PDL1
therapy by upregulating MHC-I expression in CRC cells
and increasing CD8" T-cell cytotoxicity.

Nilotinib increases MHC-I expression by activating

the NF-kB pathway

We then investigated the molecular mechanisms of
nilotinib-induced MHC-I expression in CRC cells. As
nilotinib is a small molecule that selectively inhibits the
tyrosine kinase activity of the oncogene ABL, we won-
dered whether nilotinib increases MHC-I expression by
regulating the tyrosine kinase activity of ABL. However,
we found that MHC-I expression in CRC cells remained
unaffected when we used other ABL inhibitors, including
bosutinib and ponatinib, to treat CRC cells (Additional
file 1: Fig. S2), indicating the existence of other molecu-
lar mechanisms. Given that nilotinib affects MHC-I
expression at the RNA level, RNA-seq analysis was per-
formed to investigate the possible signaling pathways that

Fig. 1 Nilotinib upregulates MHC-| expression in CRC cells. A Luciferase activity of HLA-A2 in HCT116 cells treated with 238 FDA approved drugs
at the concentration of 10 uM for 24 h. B The MHC-I mRNA levels in HCT116 cells treated with 9 candidate drugs at the concentration of 10 uM
for 24 h. C Luciferase activity of HLA-A2 and 32M in HCT116 and SW480 cells after 24 h and 48 h of nilotinib treatment, respectively. D The mRNA
expression of HLA-A and 32M in HCT116 and SW480 cells after 24 h and 48 h of nilotinib treatment, respectively. E and F The protein expression
of HLA-A and B2M in HCT116 and SW480 cells after 24 h and 48 h of nilotinib treatment, respectively. The results are shown as the mean+SD. ns.
P>0.05, *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001, versus the control group
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regulate the expression of MHC-I in CRC. Several path-
ways were changed after nilotinib treatment, and one
of the most enriched pathways was the NF-kB signaling
pathway (Fig. 3A). Gene set enrichment analysis (GSEA)
confirmed that nilotinib significantly activated the NF-«xB
signaling pathway (Fig. 3B). Previous reports have indi-
cated that activation of the NF-«B signaling pathway par-
ticipates in the induction of MHC-I antigen presentation
in prostate cancer cells [27]. The NF-«B signaling path-
way was selected for further study. In line with the RNA-
seq results, we verified that nilotinib indeed enhanced
the transcriptional activity of NF-kB and significantly
increased the protein levels of p65 and p-p65 (Fig. 3C-E).
Moreover, nilotinib promoted p-p65 translocation from
the cytoplasm to the nucleus (Fig. 3F). Interestingly,
when NF-kB activation was blocked by the NF-«B inhibi-
tor JSH-23, the nilotinib-induced upregulation of MHC-I
was partly abrogated in CRC cells (Fig. 3G). Together,
these results indicate that the NF-«B signaling pathway is
involved in the upregulation of nilotinib-induced MHC I
expression in CRC cells.

Nilotinib-induced MHC-I upregulation is mediated

by the cGAS-STING-NF-kB axis

We further investigated the mechanisms by which nilo-
tinib activates the NF-kB pathway. The RNA-seq results
revealed that the cytosolic DNA sensing pathway was
enriched in CRC cells treated with nilotinib (Fig. 4A).
Moreover, nilotinib treatment led to micronuclei for-
mation and increased the amount of cytosolic genomic
DNA (gDNA) (Fig. 4B and C). The cGAS-STING path-
way can be activated by the sensing of cytosolic DNA,
and the activated STING pathway subsequently activates
NF-kB, which has been reported to be critical for MHC-I
expression [28-31]. Therefore, we wondered whether
the STING pathway initiates NF-«xB activation followed
by MHC-I upregulation. As shown in Fig. 4D, nilotinib
markedly increased the level of STING phosphoryla-
tion, indicating that the STING pathway was activated
by nilotinib. When STING activation was blocked by the
STING inhibitor H151, the nilotinib-induced activation

(See figure on next page.)
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of NF-kB was abrogated in CRC cells (Fig. 4E). These
findings illustrate that nilotinib activates NF-kB through
the cGAS-STING pathway. We next explored whether
STING is required for nilotinib-induced MHC I upregu-
lation by flow cytometry. The results demonstrated that
the nilotinib-induced increase in MHC-I expression was
partly reversed by cotreatment with the STING inhibitor
H151 (Fig. 4F).

As STING signaling is involved in the nilotinib-induced
activation of NF-kB and subsequent upregulation of
MHC-I expression in CRC cells, we then tested whether
STING signaling is required for the tumor inhibition
induced by the combination of nilotinib and anti-PDL1
antibody. We first generated stable STING-knockdown
MC38 cells (MC38-shSTING) (Fig. 4G). MC38-shST-
ING-1 cells, which exhibited low STING expression,
were used for in vivo investigations. MC38-shVC (vehi-
cle control) and MC38-shSTING-1 cells were injected
subcutaneously into C57BL/6 mice, which were treated
with or without the combination of nilotinib and ani-
PDL1 antibody. Combined drug treatment significantly
inhibited tumor growth in the shVC group, while inhibi-
tory effects were undetectable in the shSTING-1 group
(Fig. 4H-J). In addition, STING knockdown inhibited the
upregulation of H-2 kb expression induced by combina-
tion therapy (Fig. 4K). Together, these results indicate
that nilotinib enhances MHC-I expression by activating
the cGAS-STING-NF-«B axis.

Nilotinib attenuates MHC-I degradation by decreasing
PCSK9 expression

Functional loss at various stages of MHC-I antigen pres-
entation has been implicated as an important immune
evasion strategy, leading to resistance to ICIs [32, 33].
Our RT-qPCR results revealed a slight increase in the
MHC-I transcript level after nilotinib treatment, while
flow cytometry revealed significant upregulation of the
MHC-I protein. Therefore, we wondered whether nilo-
tinib regulates MHC-I expression through protein trans-
lation or degradation. Previous research has shown that
PCSK9, a key protein in the regulation of cholesterol

Fig. 2 Nilotinib augments anti-PDL1 efficacy by enhancing MHC-I expression and amplifying CD8" T-cell-mediated cytotoxicity. A Expression

of SINFEKL-H-2 Kb in MC38-OVA cells following treatment with either 10 uM nilotinib for 48 h or 5 ng/mL IFNy for 24 h. Subsequently,

the MC38-OVA cells treated with 10 uM nilotinib for 48 h were cocultured with OT-I T cells for 12 h, after which the supernatant was collected.

B T-cell cytotoxicity was determined by LDH release assay. C IFNy and TNFal levels were determined by ELISA. D In C57BL/6 mice bearing MC38
xenografts and treated with anti-PDL1 antibody (i.p.,, T mg/kg, every 2 days), nilotinib (orally, 25 mg/kg, daily) or both (N +P), tumor volumes

were monitored every other day. E and F After sacrifice, the tumors were weighed and imaged. G H-2 Kb expression levels in tumor samples. H
Percentage of CD8* T cells among tumor-infiltrating lymphocytes. I Proportion of IFNy* cells within the CD8* T-cell population. J In another cohort
of C57BL/6 mice bearing MC38 xenografts and treated with the anti-PDL1 antibody, nilotinib, and with or without the CD8a antibody (i.p., 15 mg/
kg, every 3 days), tumor volumes were monitored every other day. K and L Following sacrifice, the tumors were weighed and imaged. The results
are shown as the mean +SD. ns. P>0.05, *P < 0.05, **P<0.01, **P<0.001, ****P<(0.0001
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metabolism, can promote lysosomal MHC I degrada-
tion and influence the tumor immune response [34,
35]. Therefore, we examined whether nilotinib-induced
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PCSKO9 protein levels were assessed by western blotting.
Our results showed that PCSK9 protein expression was
inhibited in the presence of nilotinib (Fig. 5A). Moreover,
overexpression of PCSK9 in CRC cells reversed nilotinib-
induced MHC I upregulation (Fig. 5B and C).
Considering our in vitro findings, we further explored
the role of PCSK9 in combination therapy-mediated inhi-
bition of tumor growth. MC38 cells stably overexpressing
PCSKO9 or vector (Fig. 5D) were inoculated into the flanks
of C57BL/6 mice. Indeed, the overexpression of PCSK9
reversed the inhibitory effect on the tumor volume and
weight caused by combination treatment with nilotinib
and the anti-PDL1 antibody (Fig. 5E-G). Consistent with
the in vitro results, H-2 kb upregulation in subcutane-
ously transplanted tumors induced by combination ther-
apy was impaired after overexpressing PCSK9 (Fig. 5H).
These data suggest that in addition to upregulating MHC
I expression at the transcriptional level, nilotinib regu-
lates MHC-I internalization and degradation via PCSK9.

PCSK9 expression levels in CRC specimens and prognostic
value

PCSK9 has been reported as a therapeutic target for
atherosclerotic cardiovascular diseases [36]. Recently,
increasing evidence has shown that PCSK9 plays an
important role in tumor development and may be a
potential therapeutic target for tumor therapy [37-39].
Therefore, we evaluated the clinical relevance of PCSK9
in CRC and explored the potential of PCSK9 as a treat-
ment target in CRC. We first assessed PCSK9 transcript
expression in a TCGA pancancer dataset obtained
from the Gene Expression Profiling Interactive Analy-
sis (GEPIA) online database, and the data revealed that
PCSK9 was abnormally expressed in different cancers
(Fig. 6A). In colon adenocarcinoma (COAD) tissue, the
expression of PCSK9 was strikingly greater than that
in healthy tissue (Fig. 6B). To further confirm PCSK9
expression in CRC specimens, IHC staining was per-
formed on a clinical tissue microarray chip that included
tumor tissues and normal tissues. As shown in Fig. 6D
and E, COAD tissues presented higher PCSK9 expression

(See figure on next page.)
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than normal tissues. Then we analyzed the correlation
of PCSK9 expression with clinical pathological param-
eters. Although, expression of PCSK9 was not associated
with age, gender, T classification and metastasis of CRC
patients, high PCSK9 expression was significantly asso-
ciated with advanced N classification and tumor stage
(Table 1). We further evaluated the prognostic value
of PCSK9 using clinical survival data from GSE17538
dataset and tissue microarrays. The results showed that
patients with lower PCSK9 expression had a better prog-
nosis in the COAD cohorts (Fig. 6C and F). These results
demonstrate that PCSK9 may serve as a potential thera-
peutic target for CRC patients, and further suggest that
nilotinib, which inhibits PCSK9 expression in CRC cells,
is a potential candidate for CRC treatment.

Discussion

ICIs have shown promising clinical benefits in CRC
patients with dMMR/MSI-H [4]. However, only 15%
of CRC patients are dMMR/MSI-H and not all these
patients respond to ICIs [5, 6]. It has been reported that
pembrolizumab, a PD-1 inhibitor, resulted in an objective
response rate of only 52% in patients with MSI-H/dMMR
CRC [40]. Thus, strategies to enhance the efficacy of
ICIs for CRC treatment are urgently needed. Insufficient
antigen presentation to activate CD8" T cells represents
one of the major reasons why ICIs are ineffective [41].
Enhancing MHC-I expression in tumor cells helps to
improve antigen presentation and is an efficient strategy
for facilitating ICIs [8, 42]. Given the substantial safety
and efficacy of FDA-approved medications, we screened
an FDA-approved drug library to identify compounds
that enhance MHC-I expression. In the present study,
our results showed that nilotinib induces the expression
of MHC-I, promotes CD8" T-cell activation and potenti-
ates anti-PDL1 efficacy.

Nilotinib, which is used to treat chronic myelogenous
leukemia, has been found to exert antitumor effects on
solid tumors [20—24]. Clinical studies have also shown the
significant efficacy of nilotinib in patients with metastatic
malignant melanoma harboring kit gene aberrations and

Fig. 3 The NF-kB signaling pathway is involved in nilotinib-induced MHC | upregulation in CRC cells. RNA-seq analysis was conducted on HCT116
cells, both untreated and treated with 20 uM nilotinib for 24 h. A KEGG pathway enrichment analysis based on the differentially expressed

genes. B GSEA plots showing enrichment of the NF-kB signaling pathway in nilotinib-treated HCT116 cells versus controls. C Luciferase activity
indicating NF-kB activation in HCT116 and SW480 cells after nilotinib treatment for 24 h and 48 h, respectively. D Expression profiles of total p65
and its phosphorylated form (p-p65) in HCT116 and SW480 cells after nilotinib treatment at various concentrations. E Nuclear p65 expression

in HCT116 and SW480 cells with or without nilotinib treatment. F Cellular distribution of p-p65 in HCT116 and SW480 cells treated with nilotinib
for 24 h and 48 h, respectively; the scale bar represents 25 um. G HCT116 cells were pretreated with 20 uM JSH-23 for 2 h, followed by cotreatment
with 20 uM nilotinib for an additional 24 h. Similarly, SW480 cells were pretreated with 10 uM JSH-23 for 2 h and cotreated with 10 uM nilotinib

for 48 h. Subsequent HLA-A expression was analyzed using flow cytometry. The results are shown as the mean +SD. *P < 0.05, ***P < 0.001,

***%p <0.0001
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patients with gastrointestinal stromal tumors resistant or
intolerant to imatinib and sunitinib [43, 44]. Moreover, it
has been reported that nilotinib inhibits CRC metastasis
by targeting DDR1-BCR signaling, suggesting the poten-
tial of nilotinib as a therapeutic drug for CRC patients
[45]. However, whether nilotinib affects antitumor immu-
nity in CRC remains uncertain. In this study, the results
showed that nilotinib induces MHC-I surface expression
in CRC cells and thus promotes CD81 T-cell activation.
CD8* T cells are crucial in anti-tumor immunity, and the
secretion of TNFa and IFNy is the important indicator
of CD8" T cell activation [46]. Here, we found nilotinib
treatment markedly increased the release of cytotoxic
cytokine IFNy from CD8* T cells in vitro and in vivo.
IFNy signaling could directly affect tumor cell viability
and enhance tumor antigen presentation followed by
boosting T cell-mediated killing of tumor cells [47]. The
essential role of IFNy signaling pathway in immunother-
apy has been experimentally proven. Ayers et al. showed
active IFNy signaling is a common feature of tumors that
respond to ICIs [48]. Conversely, defects in IFNY signal-
ing are related to immunotherapy resistance [49]. Results
from this study and previously reported findings suggest
that nilotinib-induced IFNy secretion plays an important
role in enhancing anti-PDL1 efficacy.

We next investigated how nilotinib affects the expres-
sion of MHC-1. While nilotinib has been reported to be
an ABL inhibitor, it is important to note that other ABL
inhibitors, such as bosutinib and ponatinib, did not
increase MHC-I expression, indicating that ABL signal-
ing might not be involved in this process. To understand
the molecular mechanisms underlying the nilotinib-
mediated regulation of MHC-I expression, RNA-seq was
performed. Here, for the first time, we report that nilo-
tinib activates the NF-«B signaling pathway in CRC cells.
Importantly, the NF-kB pathway has previously been
confirmed to be involved in the regulation of MHC-I
gene expression [50, 51]. Zhou et al. demonstrated that
activation of NF-kB can potentiate cancer chemoimmu-
notherapy via induction of MHC-I antigen presentation
[27]. Consistently, we found that nilotinib upregulates the

(See figure on next page.)
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expression of MHC-I by activating the NF-«B signaling
pathway.

After identifying the role of NF-kB in nilotinib-medi-
ated MHC-I upregulation, we wanted to explore the
upstream signaling pathways that activate NF-kB. The
abundance of micronuclei and gDNA in the cytoplasm
significantly increased after nilotinib treatment. Con-
sidering that the cGAS/STING pathway is known as
a cytoplasmic DNA sensor, we hypothesized that the
accumulation of cytosolic DNA induced by nilotinib
activates the cGAS-STING pathway. Some recent stud-
ies have demonstrated the role of the cGAS-STING
pathway in regulating the expression level of MHC-I [29,
31]. In addition, Caiazza et al. showed that the absence
of STING impairs MHC-I-dependent antigen presenta-
tion [52]. Given that NF-kB is one of the most impor-
tant downstream pathways of the cGAS/STING pathway
[30], our results show that nilotinib promotes MHC-I
expression by activating the cGAS-STING-NF-«B axis.
Moreover, the cGAS/STING pathway can also promote
type I interferon (IFN) production via IRF3 activation.
Type I IEN is known to promote the activation and mat-
uration of dendritic cells followed by facilitating CD8"
T-cell cross-priming [53, 54]. Similarly, we also observed
the activation of CD8* T cells after nilotinib treatment.
Therefore, we speculate that type I IFN-mediated den-
dritic cell maturation may be involved in nilotinib-
induced CD8* T-cell activation. Further experiments are
required to confirm this hypothesis in the future.

Given that nilotinib slightly elevates MHC-I expres-
sion at the transcriptional level, we further explored the
effects of nilotinib on MHC-I internalization and deg-
radation. The lysosomal degradation of MHC-I mole-
cules leads to decreased cell membrane abundance and
consequent inhibition of CD8" T-cell antitumor activ-
ity [55-57]. Our results showed that PCSK9 expression
was reduced after nilotinib treatment. PCSK9 is known
to promote the degradation of low-density lipoprotein
receptors, which are essential for lowering cholesterol
levels [58]. PCSK9 inhibitors have been used to treat
hypercholesterolemia and related cardiovascular diseases

Fig. 4 Nilotinib elevates MHC-| expression via the cGAS-STING-NF-kB signaling pathway. A GSEA enrichment plots of the cytosolic DNA
sensing pathway in nilotinib-treated HCT116 cells relative to controls. B Representative confocal images of DAPI-stained HCT116 cells treated
with or without 20 uM nilotinib for 24 h; the scale bar represents 10 um. C. Analysis of cytosolic gDNA content in HCT116 cells treated

with or without 20 uM nilotinib for 24 h. D The expression of STING and p-STING in HCT116 and SW480 cells following nilotinib treatment

at the indicated concentrations. Subsequently, HCT116 cells were pretreated with 1 uM H151 for 2 h and then cotreated with 15 uM nilotinib
for another 24 h. SW480 cells were pretreated with 1 uM H151 for 2 h followed by cotreatment with 10 uM nilotinib for 48 h. E Analysis of p-p65
expression using western blotting. F HLA-A expression assessment using flow cytometry. G Verification of STING knockdown in MC38 cells

at both the mRNA and protein levels. H Regular monitoring of tumor volume every other day. I and J Tumors harvested from euthanized mice
were weighed and photographed. K Expression levels of H-2 Kb in tumor samples. The results are shown as the mean +SD. *P < 0.05, **P < 0.01,

***D20.001, ****P<0.0001 versus control
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Fig. 5 Nilotinib attenuates MHC-I degradation by inhibiting PCSK9 expression. A. PCSK9 expression in HCT116 and SW480 cells treated with various
concentrations of nilotinib. B. Verification of PCSK9 overexpression in HCT116 and SW480 cells at both the mRNA and protein levels. C. HCT116

cells overexpressing PCSK9 (or control vector) were treated with 15 uM nilotinib for 24 h, while SW480 cells overexpressing PCSK9 (or vector
control) were treated with 7.5 uM nilotinib for 48 h. HLA-A expression was assessed using flow cytometry. D. PCSK9 overexpression in MC38

cells was validated at the mRNA and protein levels. E. Tumor sizes were monitored every other day. F and G. At the time of sacrifice, the tumors
were weighed and photographed. H. Expression levels of H-2 Kb in tumor samples. The results are shown as the mean+SD. *P<0.05, **P <0.01,
***p.<0.001, ****P<0.0001
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Fig. 7 Schematic diagram of the anti-CRC effects of nilotinib on CRC cells. (Drawing by BioRender (https://app.biorender.com/)). Nilotinib
upregulates MHC-l expression via cGAS-STING-NF-kB activation and PCSK9 suppression, promotes the activation of CD8* T cells, and thus boosts

the efficacy of anti-PDL1 therapy

[36]. Recently, targeting PCSK9 has been found to exert
antitumor effects in several cancer types [37-39]. Impor-
tantly, Liu et al. demonstrated that the inhibition of
PCSKO9 leads to diminished MHC-I degradation in lys-
osomes and enhances tumor antigen presentation [34].
In this study, we observed that inhibiting PCSK9 with
nilotinib increases the expression of MHC-I on the CRC
cell surface. Previous studies have shown that dengue
virus infection induces the expression of PCSK9, which
results in STING inactivation [59]. Our results demon-
strated that nilotinib upregulates MHC-I expression by
activating the cGAS-STING-NF-kB axis. Therefore, in
addition to inhibiting MHC-I degradation, the suppres-
sion of PCSK9 expression by nilotinib may also lead to
the upregulation of MHC-I expression through STING

activation. A recent study indicated that the expression
of PCSK9 correlates with the survival of APC/KRAS-
mutant CRC patients [60]. Our results also showed that
the expression of PCSK9 is significantly greater in CRC
tissues than in normal tissues and that CRC patients with
lower PCSK9 expression have a better prognosis. Fur-
thermore, nilotinib-induced PCSK9 inhibition enhances
CD8" T-cell activation and the efficacy of anti-PDL1
therapy by increasing MHC-I surface expression in CRC.
Therefore, PCSK9 may serve as a potential therapeutic
target for CRC, and nilotinib targets PCSK9 to exert anti-
CRC effects.

Despite these encouraging results, our study still has
some limitations that require further research. First,
more evidence is needed to demonstrate that nilotinib
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enhances NF-«kB activity and subsequently upregulates
MHC-I expression in CRC cells. Second, the NF-kB path-
way is a powerful cell survival factor in cancer cells [61].
Future studies should clarify the role of nilotinib-induced
NF-«B activation in CRC progression. Third, the results
shown in this study are preliminary, and further preclini-
cal and clinical experiments are needed to validate the
anti-CRC effects of nilotinib.

Conclusions

In summary, this study suggests that nilotinib could acti-
vate CD8* T cells, and thus boost the efficacy of anti-
PDL1 therapy. These effects are probably mediated by
cGAS-STING-NF-kB activation and PCSK9 suppression
to upregulate MHC-I surface expression in CRC cells
(Fig. 7). Therefore, combining nilotinib with anti-PDL1
therapy may represent a potential strategy for the treat-
ment of CRC.
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