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ABSTRACT

Programmed cell death ligand 1 (PD-L1) and major histocompatibility complex class I (MHC-I) serve as crucial
mediators in tumor immune escape mechanisms and in conferring resistance to PD-1/PD-L1 checkpoint
inhibition. In this study, we found that elevated expression of every miRNA within the miR-23a/27a/24-2 cluster
was linked to worse patient outcomes, enhanced immune evasion, and reduced response to PD-1/PD-L1 therapy
in non-small cell lung cancer (NSCLC) cases. Increased levels of these cluster miRNAs promoted PD-L1
upregulation via direct suppression of Cbl proto-oncogene B (CBLB) and led to MHC-I downregulation by
boosting eukaryotic translation initiation factor 3B (eIF3B) through inhibition of microphthalmia-associated
transcription factor (MITF). We further showed that sustained expression of the miR-23a/27a/24—2 cluster in
NSCLC relies on augmented Wnt/B-catenin pathway activity, which enhances binding of transcription factor 4
(TCF4) to the cluster's promoter region. Importantly, therapeutic inhibition of the eIF3B axis markedly improved
responsiveness to PD-1/PD-L1 blockade in NSCLC tumors with strong miR-23a/27a/24-2 cluster activity. This
improvement stemmed from restored MHC-I levels without diminishing the cluster-driven high PD-L1 status.
Collectively, our findings delineate how these cluster miRNAs perpetuate their own transcription and elucidate
the pathways through which they facilitate tumor immune avoidance and therapy resistance to PD-1/PD-L1
inhibitors. Moreover, we introduce an innovative treatment modality for NSCLC characterized by robust miR-
23a/27a/24-2 cluster expression.
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Introduction

Lung cancer remains the most frequent malignant disease and the top cause of cancer-related deaths across the
globe [1]. Among its subtypes, non-small cell lung cancer (NSCLC) predominates, representing 85% of total lung
cancer diagnoses [2]. Even with recent therapeutic advances, survival rates for NSCLC remain poor, as fewer than
20% of patients live beyond 5 years [2, 3]. Growing research highlights immune escape as a central driver of
tumor progression and a key impediment to successful cancer treatments [4]. As a result, immune-based strategies,
particularly immune checkpoint inhibitors (ICB), have gained prominence in managing multiple malignancies,
including NSCLC, with notable clinical successes reported [3, 5]. Yet, whether used singly or alongside
chemotherapy, these agents provide lasting benefits to only a fraction of patients [3, 6]. Thus, gaining deeper
insight into the processes underlying tumor immune evasion and ICB non-response is essential for designing next-
generation interventions.

Various regulators, including microRNAs (miRNAs), play roles in orchestrating tumor immune avoidance. Of
particular interest, miRNA clusters often act in concert to influence immune escape, with individual members
targeting the same or related genes in shared pathways [7, 8]. The miR-23a/27a/24-2 cluster comprises miR-23a,
miR-27a, and miR-24-2; earlier work from our group indicated that these miRNAs are overexpressed in early
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NSCLC and drive post-surgical relapse by activating Wnt/B-catenin signaling [9]. Notably, heightened Wnt/f-
catenin activity has been tied to immune exclusion and poor ICB outcomes in NSCLC [10]. Other reports have
also linked this cluster to reduced interferon-y (IFN-y) production and impaired antigen-directed killing by CD8+
T cells [11]. Given this evidence, we posited that overexpression of miR-23a/27a/24—2 cluster members might
contribute to immune evasion and resistance against ICB in NSCLC.

In the present research, we confirmed that higher levels of miR-23a/27a/24-2 cluster miRNAs strongly correlated
with immune escape phenotypes and lack of response to PD-1/PD-L1 inhibition in NSCLC. Results from our
experiments demonstrated that these cluster miRNAs substantially reduced IFN-y release from T lymphocytes,
hindered CD8+ T cell recruitment to tumors, lowered major histocompatibility complex class I (MHC-I) levels,
and increased programmed cell death ligand 1 (PD-L1) abundance in NSCLC tissues. At the molecular level, the
cluster miRNAs elevated PD-L1 by repressing its inhibitor Cbl proto-oncogene B (CBLB) and diminished MHC-
I by elevating eukaryotic translation initiation factor 3B (eIF3B) via blockade of its repressor, microphthalmia
transcription factor (MITF), within NSCLC cells. We also discovered that these miRNAs self-maintain their
transcription through Wnt/B-catenin-driven enhancement of transcription factor 4 (TCF4) recruitment to the
cluster promoter. Lastly, we illustrated that drug-based blockade of either the eIF3B cascade or the -
catenin/TCF4 pathway potentiated PD-1/PD-L1 inhibitor activity in NSCLC models with elevated cluster miRNA
expression. Among these, e[F3B-directed intervention proved superior in amplifying the benefits of PD-1/PD-L1
therapy.

Materials and Methods

Human specimens and cell maintenance

Peripheral blood samples were drawn from 20 healthy individuals to obtain peripheral blood mononuclear cells
(PBMC:s). Tumor samples from non-small cell lung cancer (NSCLC) were harvested from 82 patients via surgical
procedures or biopsies at Daping Hospital, in compliance with protocols approved by the relevant ethics boards.
Every cell line utilized here was sourced from the Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai,
China). Both 293T and Lewis lung carcinoma (LLC) lines were propagated in Dulbecco’s modified Eagle’s
medium enriched with 10% fetal bovine serum (FBS) (HyClone, Logan, UT). The H1299 and H1650 lines were
maintained in RPMI1640 medium containing 10% FBS.

Plasmids and vectors

Plasmids encoding MITF (EX-B5124-M35), CBLB (EX-Z7996-M35), and elF3B-targeting shRNA
(HSH066232), together with matching control (empty or scrambled) vectors, were acquired from iGene
Biotechnology Co., Ltd. (Guangzhou, China). A B-catenin overexpression vector (HG11279-CF) was purchased
from Sino Biological Inc. (Beijing, China). Vectors for overexpression of the miR-23a/27a/24-2 cluster, along
with shRNA and scrambled controls, were supplied by Genechem Co. Ltd. (Shanghai, China). To generate
miRNA target reporters, the 3'-untranslated regions (3'-UTRs) of CBLB and MITF were PCR-amplified from
c¢DNA prepared from healthy human lung RNA and ligated into the Mlul/HindIII sites of the pMIR-REPORT™
luciferase vector (Thermo Fisher Scientific, Waltham, MA, USA). For cluster promoter reporters, the miR-
23a/27a/24-2 promoter fragment was amplified from human genomic DNA and subcloned into the Nhel/BglII
sites of the pGL4.10 luciferase vector (Promega, Madison, WI, USA).

T cell-tumor cell coculture experiments

PBMCs were purified from fresh donor blood using lymphocyte separation medium per the supplier’s directions
(Tian Jin Hao Yang Biological Manufacture Co., Ltd, Tianjin, China). T cells were activated following previously
published methods [12]. Pure CD8+ T cells were then isolated with a CD8+ T cell isolation kit (Miltenyi Biotec)
as recommended by the manufacturer.

Cytotoxicity mediated by T cells was quantified according to an established procedure [12]. NSCLC cells were
first transfected with control or miR-23a/27a/24—2 cluster overexpression vectors. At 48 hours post-transfection,
the tumor cells were incubated with activated T cells (1:20 ratio) for 6 hours, followed by assessment of tumor
cell death via flow cytometry.

CD8+ T cell chemotaxis was tested using the approach detailed by Shang et al. [13]. Transfected NSCLC cells
(control or cluster-overexpressing) received fresh medium 48 hours after transfection. After another 48 hours,
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conditioned medium was placed in the lower Transwell chamber. Activated CD8+ T cells (5 x 10”5 cells in 100
ul), stained with anti-human CD8a APC-Cy7 antibody (Invitrogen, Cat#: A15448), were seeded in the upper
chamber. Migrated cells were counted by flow cytometry after 2 hours.

The influence of cluster-overexpressing NSCLC cells on T cell IFN-y production was evaluated by coculturing
transfected tumor cells with activated T cells (1:10 ratio) for 12 hours. Supernatants were collected, and IFN-y
levels were determined with a human IFN-y ELISA kit (Invitrogen) following the provided protocol.

Luciferase reporter experiments

For validation of miRNA targets, 293T cells carrying firefly luciferase reporters with CBLB or MITF 3'-UTRs
were cotransfected with miR-23a/27a/24-2 cluster vectors or controls. For promoter activity studies, 293T cells
harboring the cluster promoter luciferase reporter were cotransfected with TCF4, B-catenin, or control plasmids.
Renilla luciferase vector served as normalization control. Cells were collected 72 hours later, and luciferase signals
were recorded using the Dual-Luciferase Assay System (Promega).

Western blotting (WB), immunohistochemistry (IHC), immunofluorescence (IF), and co-immunoprecipitation
(Co-IP)

These assays were carried out as reported earlier [14]. WB signals were densitometrically analyzed with ImageJ.
IHC slides were scored blindly by two pathologists unfamiliar with patient data. Primary antibodies used were:
anti-e[F3B (Cat No: bs-14542R, Lot No: BC12254757; THC), anti-MITF (Cat No: bsm-51339 M, Lot No:
BD06051693), anti-MHC-I (Cat No: bs-18070R, Lot No: BD07151765, WB; bs-2355R, Lot No: BD07151765,
IHC/IF), and anti-PD-L1 (Cat No: bs-22022R, Lot No: BD7153735, flow cytometry) from Beijing Biosynthesis
Biotechnology Co., Ltd (Beijing, China); anti-B-catenin (Cat No: 8480 S, Lot No: 5), anti-Histone H3 (Cat No:
9715 S, Lot No: 20), and anti-Actin (Cat No: 4970 S, Lot No: 20) from Cell Signaling Technology (Danvers, MA,
USA); anti-CD8 (Cat No: ab217344, Lot No: 00121531; ab17147, Lot No: 3258634-5) and anti-PD-L1 (Cat No:
ab279292, Lot No: 1007824-2, WB) from Abcam (Cambridge, MA, USA); anti-CBLB (Cat No: 66353-1, Lot
No: 10003654), anti-TCF4 (Cat No: 22337-1-AP, Lot No: 00121531), anti-eIF3B (Cat No: 68202-1, Lot No:
10028876, WB), and anti-PD-L1 (Cat No: 66248-1, Lot No: 10022147, THC) from Proteintech (Wuhan, Hubei,
China). Control rabbit IgG (Cat No: 30000-0-AP, Lot No: 00140749) and mouse IgG (Cat No: BS-0296P, Lot
No: BC06261797) came from Proteintech and Beijing Biosynthesis Biotechnology Co., Ltd, respectively.

Quantitative real-time PCR (qRT-PCR) and miRNA in situ hybridization (ISH)

Total RNA was prepared with TRIzol reagent (Beyotime, Shanghai, China). mRNA quantification was performed
via qRT-PCR using the SYBR Green One-Step kit (Beyotime Biotechnology) as directed. Primers for U6, hsa-
miR-23a, hsa-miR-24-2, and hsa-miR-27a were obtained from GeneCopoeia (Rockville, MD, USA), with
detection carried out using the All-in-One™ miRNA qRT-PCR Detection Kit 2.0 (GeneCopoeia). miRNA levels
were normalized against U6.

ISH for miRNAs followed the protocol of Nuovo [15], and scoring was based on Guo et al. [16]. Paraffin sections
were deparaffinized, antigen-retrieved by 15-minute boiling in citric acid buffer, treated with proteinase K for 15
minutes, and pre-hybridized at 37°C for 1 hour. Overnight hybridization at 37°C was performed with probes
specific for miR-23a, miR-24-2, or miR-27a (or no probe as negative control). Probes were custom-made by
Zoonbio Biotechnology Co., Ltd (Nanjing, China).

RNA sequencing and proteomics analysis

Transcriptome sequencing and subsequent analysis were carried out by Shanghai Genechem Co., Ltd., following
the protocol outlined by Li et al. [17]. In brief, [llumina RNA libraries were prepared using the NEBNext Ultra
RNA library prep kit and sequenced on the Illumina NovaSeq platform. Raw FASTQ data were processed with
custom in-house Perl scripts, and Hisat2 was employed as the alignment tool to generate a splice junction database
based on the provided gene model annotation file.

Proteomics studies were conducted as reported earlier [18]. In short, H1299 cells were transfected with either the
miR-23a/27a/24-2 cluster overexpression vector or control plasmid. Seventy-two hours later, cellular proteins
were harvested, denatured, digested, and tagged with iTRAQ reagents. The tagged peptides were separated using
an Agilent 1260 Infinity II HPLC system. Mass spectrometry was performed on a Q-Exactive Plus instrument
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(Thermo Fisher Scientific) interfaced with an Easy-nLC system (Thermo Fisher Scientific). Data processing was
done with Mascot 2.6 and Proteome Discoverer 2.1 software.

Electrophoretic mobility shift assay (EMSA)

Potential TCF4 binding sites within the miR-23a/27a/24—2 cluster were identified using the hTFtarget database
[19]. EMSA experiments were executed with the LightShift Chemiluminescent EMSA Kit (Thermo Fisher
Scientific) per the manufacturer’s guidelines and as detailed previously [14].

Chromatin immunoprecipitation (ChIP)-qPCR assay

For ChIP-qPCR experiments, 293T cells were transfected with a B-catenin expression plasmid or empty vector.
Forty-eight hours post-transfection, cells were fixed with 1% formaldehyde at room temperature, and the reaction
was quenched by adding glycine. Cells were then lysed in ChIP lysis buffer, sheared by sonication, precleared,
and incubated overnight with 2 pg of anti-TCF4 antibody or control IgG, followed by precipitation using protein
G/A beads. Beads were washed sequentially with low- and high-salt buffers, and bound chromatin was eluted at
65°C for 15 minutes. After centrifugation to recover the supernatant, NaCl was added (final concentration 0.2 M),
and samples were incubated overnight at 65°C to reverse crosslinks. DNA was purified and analyzed by gPCR.

Animal study

Six-week-old female C57BL/6J mice and male SCID mice (Beijing HFK Bioscience Co., Ltd, Beijing, China)
were employed for in vivo experiments. The role of the miR-23a/27a/24-2 cluster in lung cancer immune escape
was assessed in C57BL/6J and SCID xenograft models. To establish C57BL/6J xenografts, 1 x 10°6 LLC cells
transfected with control vector, miR-23a/27a/24—2 cluster overexpression plasmid, scrambled control, or cluster-
specific ShRNA were suspended in 100 pul PBS and injected subcutaneously into the flanks of mice. For SCID
xenografts, 2 x 1076 H1299 cells transfected with scrambled control or cluster shRNA plasmid were injected
subcutaneously in 100 ul PBS. Three days after tumor cell implantation, mice received either no treatment or 3 x
10”6 human PBMC:s via tail vein injection. Tumor volumes were monitored weekly.

The contribution of the miR-23a/27a/24-2 cluster to resistance against PD-1/PD-L1 blockade was evaluated in
C57BL/6J xenograft models. Mice were subcutaneously implanted with 1 x 1076 LLC cells transfected with
control vector or miR-23a/27a/24-2 cluster plasmid in 100 pl PBS. Once tumors reached approximately 100
mm”3, animals were administered PD-L.1 monoclonal antibody (1 mg/kg body weight) or control rat IgG (Bio X
Cell) every three days via intravenous injection.

To evaluate the combined therapeutic impact of LF3 and PD-1/PD-L1 blockade in tumors with elevated miR-
23a/27a/24-2 cluster expression, C57BL/6J xenografts were established using cluster-overexpressing LLC cells
as described. When tumors attained ~100 mm”3, mice were randomized into four groups: control (IgG), PD-L1
mAb alone (1 mg/kg every three days), LF3 alone (50 mg/kg every two days), or PD-L1 mAb plus LF3, all via
intravenous injection.

To assess the relative benefits of LF3 versus 4EGI-1 when combined with PD-1/PD-L1 blockade, C57BL/6J
xenografts were created with cluster-high LLC cells. At ~100 mm”3 tumor volume, mice were divided into three
groups: PD-L1 mAb alone (1 mg/kg every three days), PD-L1 mAb plus LF3, or PD-L1 mAb plus 4EGI-1 (75
mg/kg, intraperitoneal, 5 days/week). All animal procedures adhered to the Army Medical University guidelines
on laboratory animal care and use.

Statistical analysis
Results are expressed as mean + standard deviation from at least three independent replicates. Statistical
comparisons were performed using SPSS software, with differences deemed significant when p < 0.05.

Results and Discussion

Elevated levels of miRNAs from the miR-23a/27a/24—2 cluster are closely linked to disease advancement and
immune escape in NSCLC

To explore the relationship between miR-23a/27a/24-2 cluster miRNA levels and NSCLC progression, patients
were categorized based on tumor versus adjacent tissue expression. Those showing higher levels of all cluster
miRNAs in tumors were assigned to the high-expression group, while those with lower or comparable levels were
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placed in the low-expression group. Clinical findings indicated that miR-23a/27a/24—2 cluster expression
inversely correlated with overall survival (Figure 1a) and disease-free survival (Figure 1b) in NSCLC cases.
Moreover, the high-expression group exhibited reduced CD8+ T cell infiltration within tumor sites (Figure 1c).
Gene Ontology (GO) enrichment from transcriptome sequencing of miR-23a/27a/24-2 cluster-knockdown H1299
cells versus controls highlighted impacts on T cell activation and differentiation (Figure 1d). Gene set enrichment
analysis (GSEA) further demonstrated a negative association between cluster miRNA levels and T cell-mediated
immunity in NSCLC (Figure le). Similar patterns emerged from GEO dataset examination, where cluster
expression correlated with altered T cell activation and differentiation (Figure 1f). Additionally, target prediction-
based functional assessment of the cluster miRNAs pointed to involvement in immune-related processes [20]
(Figure 1g). Collectively, these observations imply that increased miR-23a/27a/24-2 cluster miRNAs drive
NSCLC progression through suppression of T cell-mediated immunity.
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Figure 1. Elevated miR-23a/27a/24—2 cluster expression strongly associates with unfavorable outcomes and

immune evasion in NSCLC tumors. (a) Kaplan-Meier curves illustrating reduced overall survival and (b)
reduced disease-free survival in NSCLC patients with high cluster expression. Analyses involved 82 patients,
with log-rank tests for significance. (c) Representative IHC stainingfor CD8+ T cells and quantification of
infiltration (per 100 x 100 um field). Significance determined by t-test. (d) GO enrichment based on RNA-
seq from cluster-silenced versus control H1299 cells. (¢) GSEA indicating inverse correlation between cluster
expression and T cell-mediated immunity, derived from RNA-seq of silenced versus control H1299 cells. (f)
GO analysis using GEO dataset GSE151103. (g) Target-based GO analysis for the cluster miRNAs (via
http://www.microrna.gr/miRPathv4). miR-cluster denotes miR-23a/27a/24-2 cluster.
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Overexpression of the miR-23a/27a/24—2 cluster in NSCLC suppresses T cell-driven immune responses

To determine if cluster-overexpressing NSCLC cells directly impair T cell function, activated T cells were
cocultured with these modified tumor cells, followed by evaluation of T cell activity. Findings showed that high
cluster expression in NSCLC cells markedly decreased IFN-y release by T cells (Figure 2a), diminished T cell-
induced tumor cell killing (Figure 2b), and restricted T cell chemotaxis (Figure 2¢). The cluster's role in immune
evasion was further probed in vivo using Lewis lung carcinoma (LLC) models. Since LLC tumors develop in
immunocompetent C57BL/6J mice, this system suits immunity studies [21]. In C57BL/6J xenografts,
overexpressing all cluster miRNAs in LLC cells accelerated tumor growth (Figure 2d), reduced CD8+ T cell
tumor infiltration (Figure 2e), and lowered T cell IFN-y production (Figure 2f). Conversely, cluster knockdown
in LLC cells slowed tumor expansion (Figure 2g), enhanced CD8+ T cell presence (Figure 2h), and boosted IFN-
v levels (Figure 2i). These effects were validated in additional models. Cluster silencing in H1299 cells
substantially curtailed tumor growth in SCID mice, both with (Figure 2j) and without (Figure 21) PBMC transfer.
In PBMC-treated SCID models, cluster inhibition also increased T cell infiltration (Figure 2k). Strikingly, PBMC
administration amplified the growth-suppressive impact of cluster silencing (Figure 2m). Overall, these results
highlight the miR-23a/27a/24—2 cluster's contribution to dampening antitumor T cell responses.
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Figure 2.The miR-23a/27a/24-2 cluster suppresses T cell-mediated antitumor immunity in NSCLC. (a) IFN-
v levels in culture supernatants following 12-hour coculture of CD8+ T cells with NSCLC cells at a 10:1
ratio. (b) Flow cytometric measurement of CD8+ T cell-mediated killing of NSCLC cells. Transfected
NSCLC cells (vector or miR-23a/27a/24—2 cluster) were cocultured with activated CD8+ T cells at a 1:20
ratio for 6 hours. (c) Relative chemotaxis of human CD8+ T cells toward conditioned medium from H1299 or
H1650 cells transfected with control or cluster-overexpression vectors. (d) Tumor growth curves and final
weights in subcutaneous C57BL/6J xenografts established with LLC cells transfected with control or miR-
23a/27a/24-2 cluster vectors. (e) Representative immunofluorescence staining for CD8+ T cells (green) and
quantification of infiltration (per 100 X 100 pm field) in tumors from (d) (scale bar: 50 um). (f) I[FN-y
concentrations in tumor lysates from the C57BL/6J xenografts in (d). (g) Tumor growth curves and weights
in C57BL/6J xenografts using LLC cells transfected with scrambled control or miR-23a/27a/24-2 cluster
shRNA. (h) Representative immunofluorescence for CD8+ T cells (green) and infiltration counts (per 100 X
100 pm field) in tumors from (g) (scale bar: 50 um). (I) IFN-y levels in tumor lysates from xenografts in (g).
() Tumor growth and weights in PBMC-treated SCID xenografts established with H1299 cells transfected
with scrambled or cluster sShRNA vectors. (k) Representative immunofluorescence for CD8+ T cells (red) and
infiltration quantification (per 100 x 100 pum field) in tumors from (j) (scale bar: 50 pm). (1) Tumor growth
and weights in SCID xenografts without PBMC treatment, using the same H1299 transfectants as in (j). (m)
Tumor growth inhibition rates upon cluster silencing in SCID models with or without PBMC administration,
based on data from (j) and (I). Animal studies included 10 mice per group. In vitro assays were performed in
triplicate. Data represent mean + SD. Significance assessed by t-test: *, p <0.05;, p <0.01; *, p <0.001
versus vector or scramble control. LLC, Lewis lung cancer; IFN-y, interferon-y; miR-cluster, miR-
23a/27a/24-2 cluster; sh miR-cluster, shRNA targeting miR-23a/27a/24—2 cluster; PBMCs, peripheral blood
mononuclear cells.

miRNAs from the miR-23a/27a/24—2 cluster elevate PD-L1 while reducing MHC-I levels in NSCLC

To identify proteins mediating the immunosuppressive actions of the miR-23a/27a/24—-2 cluster miRNAs on T
cell responses, we conducted proteomic profiling in NSCLC cells overexpressing the entire cluster versus controls.
Results demonstrated that cluster overexpression altered numerous proteins, notably increasing PD-L1 and
decreasing MHC-I—both critical for immune escape and resistance to immune checkpoint blockade (Figure 3a).
Gene Ontology analysis further linked cluster overexpression to pathways involving MHC-I antigen processing
and presentation (Figure 3a). Western blotting confirmed that the cluster enhanced PD-L1 while suppressing
MHC-I expression in NSCLC cells, irrespective of [IFN-y stimulation (Figure 3b). This indicates direct regulation
of PD-L1 and MHC-I by the cluster, independent of its effects on T cell IFN-y production. Co-overexpression of
all cluster miRNAs exerted stronger modulation of PD-L1 and MHC-I than individual miRNAs, revealing
synergistic activity. These changes were validated by flow cytometry (Figure 3¢) and immunofluorescence
(Figure 3d). Proteomics data aligned with these observations. Immunohistochemistry in LLC-based C57BL/6J
xenografts showed elevated PD-L1 and reduced MHC-I in cluster-overexpressing tumors (Figure 3e). Similar
patterns emerged in human NSCLC specimens, with high-cluster patients displaying higher PD-L1 and lower
MHC-I (Figure 3f). Overall, these findings indicate that the miR-23a/27a/24—2 cluster impairs T cell antitumor
immunity by boosting PD-L1 and diminishing MHC-I expression in NSCLC.
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Figure 3.The miR-23a/27a/24—2 cluster modulates PD-L1 and MHC-I levels in NSCLC. (a) Heatmap of
differentially expressed proteins and Gene Ontology enrichment from proteomics in cluster-overexpressing
versus control H1299 cells. (b) Western blots demonstrating cluster-mediated upregulation of PD-L1 and
downregulation of MHC-I in NSCLC cells, with or without 20 ng/ml IFN-y treatment (24 hours). (c) Flow
cytometry and (d) immunofluorescence (scale bar: 20 um) confirming reduced MHC-I and increased PD-L1
upon cluster overexpression. Cells were analyzed 72 hours post-transfection with control or cluster vectors
(b-d). Assays performed in triplicate. (¢) Representative IHC staining and scoring for PD-L1 and MHC-I in
C57BL/6J xenografts from Figure 2d (scale bar: 50 um). (f) IHC images and scores for PD-L1 and MHC-I in
human NSCLC tissues from patients with high (n = 67) or low (n = 15) cluster expression (scale bar: 50 pm).
Significance by Wilcoxon signed-rank test (¢) or Wilcoxon rank-sum test (f). miR-cluster, miR-23a/27a/24-2
cluster; miR-OE, cluster overexpression; CTRL, control; miR high, high cluster miRNA expression; miR
low, low cluster miRNA expression.

miRNAs from the miR-23a/27a/24—2 cluster enhance PD-L1 expression in NSCLC via targeting CBLB
We next explored how the miR-23a/27a/24-2 cluster miRNAs control PD-L1 levels in NSCLC. Proteomics data
showed reduced CBLB in cells overexpressing the cluster (Figure 3a); CBLB acts as a known negative regulator

e
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of PD-L1 in NSCLC [22]. Western blotting and qRT-PCR confirmed that cluster miRNAs suppressed CBLB at
both protein (Figure 4a), and mRNA levels (Figure 4b). Crucially, restoring CBLB expression blocked the
cluster-driven increase in PD-L1 (Figure 4c), indicating that the cluster elevates PD-L1 by repressing CBLB.
Bioinformatic prediction (targetscan.org) identified binding sites for miR-23a and miR-27a in the CBLB 3'-
untranslated region (3’-UTR) (Figure 4d). Luciferase reporter assays demonstrated that cluster overexpression
markedly reduced activity from the wild-type CBLB 3’-UTR reporter but had no effect on the mutated version
(Figure 4e). Inverse correlation between the cluster and CBLB, alongside positive correlation with PD-L1, was
validated by IHC in tumors from cluster-overexpressing LLC-based C57BL/6]J xenografts (Figure 4f) and human
NSCLC samples (Figure 4g). Overall, these results establish that miR-23a/27a/24—2 cluster miRNAs boost PD-
L1 expression in NSCLC by directly suppressing CBLB through 3'-UTR targeting.
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Figure 4. The miR-23a/27a/24—2 cluster promotes PD-L1 expression through CBLB suppression in NSCLC.
(a) Western blot and (b) qRT-PCR demonstrating cluster overexpression reduces CBLB at protein and
mRNA levels. (¢) CBLB restoration prevents cluster-mediated PD-L1 upregulation in H1299 cells. NSCLC
cells were transfected with control vector, cluster overexpression construct, and/or CBLB construct; analyses
performed 72 hours later. Assays repeated in triplicate (a-c). (d) Alignment of cluster miRNAs with CBLB 3'-
UTR binding sites. (e) Luciferase reporter assay showing cluster overexpression inhibits wild-type but not
mutant CBLB 3'-UTR-driven luciferase activity. (f) Representative IHC staining and scores for CBLB and
PD-L1 in C57BL/6J xenograft tumors from Figure 2d (scale bar: 50 pm). (g) IHC images and scores for
CBLB and PD-L1 in NSCLC patient tumors with high (n = 67) or low (n = 15) cluster expression (scale bar:
50 um). Data are mean + SD. Significance by t-test (b, ¢), Wilcoxon signed-rank test (f), Wilcoxon rank-sum
test (g-left), or one-way ANOVA (G-right). miR-cluster, miR-23a/27a/24—2 cluster; miR high, high cluster
miRNA expression; miR low, low cluster miRNA expression.

miRNAs from the miR-23a/27a/24—2 cluster reduce MHC-I expression in NSCLC via MITF targeting

We further examined the mechanism by which the miR-23a/27a/24-2 cluster regulates MHC-I. Proteomics
indicated elevated eIlF3B upon cluster overexpression (Figure 3a). Predictive algorithms revealed potential
binding sites for all three cluster miRNAs in the MITF 3’-UTR (Figure Sa). Prior work shows MITF suppresses
elF3B, while elF3B in turn inhibits MHC-I [23], raising the possibility that the cluster downregulates MHC-I by
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increasing elF3B through MITF repression. In agreement, cluster overexpression in NSCLC cells strongly
decreased MITF and MHC-I while raising eIF3B (Figure Sb). Cluster-mediated MITF reduction was also evident
at the mRNA level (Figure 5¢). Restoring MITF or knocking down eIlF3B rescued MHC-I levels diminished by
the cluster (Figure 5d), and MITF overexpression prevented cluster-induced elF3B elevation (Figure 5d).
Luciferase assays confirmed direct targeting: cluster overexpression lowered activity from the wild-type MITF
3'-UTR reporter but not the mutant (Figure 5e). Relationships among cluster expression, MITF, elF3B, and MHC-
I were corroborated by IHC in cluster-overexpressing LLC xenografts from C57BL/6J mice (Figure 5f) and
human NSCLC tissues (Figure 5g). In summary, these data demonstrate that miR-23a/27a/24-2 cluster miRNAs
suppress MHC-I in NSCLC by directly targeting MITF, thereby upregulating eIF3B.
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Figure 5 .The miR-23a/27a/24-2 cluster reduces MHC-I expression via the MITF/elF3B pathway in
NSCLC. (a) Alignment of cluster miRNAs with the 3'-UTR of MITF. (b) Western blot demonstrating that
cluster overexpression suppresses MITF and MHC-I while increasing eIF3B in NSCLC cells. (¢c) qRT-PCR
showing cluster overexpression inhibits MITF mRNA levels in NSCLC cells. (d) Western blot indicating that
cluster-mediated MHC-I downregulation is reversed by MITF restoration or eIF3B knockdown in H1299
cells. NSCLC cells were transfected with the specified constructs and analyzed 72 hours later. Assays were
performed in triplicate (b-d). (e) Luciferase reporter assay revealing that cluster overexpression inhibits wild-
type MITF 3'-UTR-driven luciferase activity but not mutant versions in NSCLC cells. (f) Representative IHC
staining and scores for MITF, elF3B, and MHC-I in C57BL/6J xenograft tumors from Figure 2d (scale bar:
50 um). (g) Representative IHC images and scores for MITF, elF3B, and MHC-I in NSCLC patient tumors
with high (n = 67) or low (n = 15) cluster expression (scale bar: 50 um). Data represent mean + SD.
Significance determined by t-test (¢ and d), Wilcoxon signed-rank test (f), or Wilcoxon rank-sum test (g).
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miR-cluster, miR-23a/27a/24-2 cluster; miR high, high cluster miRNA expression; miR low, low cluster
miRNA expression.

miRNAs from the miR-23a/27a/24—2 cluster sustain their own expression via the [f-catenin/TCF4 pathway in
NSCLC

To elucidate how the miR-23a/27a/24-2 cluster miRNAs are regulated in NSCLC, we identified potential
transcription factors and determined that TCF4 binds the cluster promoter (Figure 6a). TCF4, a downstream
effector of Wnt/B-catenin signaling, controls miRNA transcription by engaging promoter regions [24]. Our earlier
work showed that these cluster miRNAs activate Wnt/p-catenin signaling, thereby enhancing TCF/LEF-driven
gene expression in NSCLC [9]. We therefore hypothesized that the cluster perpetuates its own expression through
the B-catenin/TCF4 axis. To validate this, we first established TCF4's role in cluster regulation. TCF4
overexpression markedly increased levels of miR-23a, miR-27a, and miR-24-2 (Figure 6b) and boosted
promoter-driven luciferase activity (Figure 6c). EMSA confirmed direct TCF4 binding to the cluster promoter
sequence containing TCF4 motifs, with binding strongly diminished by site mutation (Figure 6d). These data
demonstrate that TCF4 drives cluster miRNA expression via direct promoter interaction. We then assessed -
catenin's influence on TCF4-mediated cluster transcription. B-catenin overexpression enhanced TCF4 recruitment
to the cluster promoter (Figures 6e and 6f), increased promoter luciferase activity (Figure 6g), and elevated
cluster miRNA levels (Figure 6h). Notably, the small-molecule inhibitor LF3, which disrupts -catenin—TCF4
interaction, abolished B-catenin-induced cluster miRNA upregulation (Figure 6i). Collectively, these results show
that the miR-23a/27a/24-2 cluster maintains its expression in NSCLC through a B-catenin/TCF4-dependent
mechanism.
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Figure 6. The miR-23a/27a/24-2 cluster sustains its own expression via the B-catenin/TCF4 pathway in
NSCLC. (a) Predicted TCF4-binding sequences within the miR-23a/27a/24-2 cluster promoter region. (b)
gRT-PCR demonstrating that TCF4 overexpression elevates levels of all miR-23a/27a/24-2 cluster miRNAs
in 293T cells. (c) Luciferase reporter assay indicating that TCF4 overexpression boosts activity driven by the
wild-type miR-23a/27a/24-2 cluster promoter in 293T cells. (d) EMSA confirming direct binding between
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TCF4 and the miR-23a/27a/24-2 cluster promoter in 293T cells. (¢) ChIP-qPCR results revealing that 3-
catenin overexpression enhances TCF4 recruitment to the miR-23a/27a/24-2 cluster promoter in 293T cells. ,
p <0.01 versus Vector control (IgG); ##, p < 0.01 versus Vector control (TCF4 Ab). (f) EMSA
demonstrating that f-catenin overexpression strengthens TCF4 binding to the miR-23a/27a/24-2 cluster
promoter in 293T cells. (g) Luciferase reporter assay showing that f-catenin overexpression stimulates wild-
type miR-23a/27a/24-2 cluster promoter-driven luciferase activity in 293T cells, without impacting the
mutated promoter version. (h) qRT-PCR indicating that B-catenin overexpression raises expression of all
miR-23a/27a/24-2 cluster miRNAs. (I) qRT-PCR showing that disrupting -catenin—TCF4 interaction with
30 uM LF3 (6 h) prevents B-catenin-driven elevation of miR-23a/27a/24-2 cluster miRNAs in 293T cells.
For (B-H), 293T cells were transfected with specified constructs for 72 h prior to analysis. Data represent
mean + SD. Significance by t-test (b, c, g, h) or one-way ANOVA with Duncan’s multiple range test (e, 1).
miR-cluster, miR-23a/27a/24-2 cluster; ns, no significance; WT, wild type; MT, mutant; WCL, whole cell
lysate.

Inhibiting the elF3B pathway substantially boosts PD-1/PD-L1 blockade effectiveness in lung tumors exhibiting
elevated miR-23a/27a/24—2 cluster miRNA levels

Since miR-23a/27a/24-2 cluster miRNAs alter key factors influencing PD-1/PD-L1 inhibitor response, we
examined if their high levels confer resistance to this therapy. Consistent with expectations, cluster overexpression
diminished tumor responsiveness to PD-L1 monoclonal antibody (Figure 7a) and curtailed CD8+ T cell
infiltration in LLC-derived C57BL/6J mouse xenografts (Figure 7b).
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Figure 7. Overexpression of the miR-23a/27a/24-2 cluster promotes resistance to PD-1/PD-L1 blockade in
LLC-derived C57BL/6J xenografts, while elF3B inhibition reverses this cluster-induced immune checkpoint
blockade (ICB) resistance. (a) Tumor weights from vector-control or cluster-overexpressing LLC tumors in
C57BL/6J mice treated with IgG or PD-L1 monoclonal antibody. (b) Representative immunofluorescence
images of CD8+ T cells and quantification of infiltration (per 100 x 100 pum field; scale bar: 50 um) in
xenograft tumors from (a). (c) Co-IP demonstrating that LF3 markedly decreases -catenin—TCF4 interaction
in C57BL/6J xenograft tumors from (D). (d) Tumor growth curves, (e) final tumor weights, and (f) miR-
23a/27a/24-2 cluster expression levels in C57BL/6J xenografts derived from cluster-overexpressing LLC
cells. Tumors reached ~100 mm? before treatment with IgG, PD-L1 mAb, LF3, or PD-L1 mAb plus LF3. (g)
Representative IHC images and scores for PD-L1 and MHC-I in xenografts from indicated groups in (D)
(scale bar: 50 pm). (H) Representative immunofluorescence for CD8+ T cells and infiltration counts (per 100
% 100 um field) in tumors from indicated groups in (d) (scale bar: 50 um). (i) Tumor weights, (j)
representative immunofluorescence for CD8+ T cells (scale bar: 50 um) with infiltration quantification (per
100 x 100 um field), and (k) representative IHC images (scale bar: 50 um) with scores for PD-L1 and MHC-I
in cluster-high C57BL/6J xenografts treated as indicated. Cluster-high models were established with cluster-
overexpressing LLC cells; treatments began at ~100 mm?® tumor volume, and tumors were harvested after 18
days for analyses (c-k). Each experimental group contained 10 mice. Data represent mean + SD. Significance
assessed by one-way ANOVA with Duncan’s multiple range test (A, B, D, E, F, H, I, J) or Kruskal-Wallis
with Dunn’s test (g, k). miR-cluster, miR-23a/27a/24—2 cluster; miR-cluster OE, miR-23a/27a/24-2 cluster
overexpression; PD-L1 mAb, PD-L1 monoclonal antibody; *, p <0.001 versus IgG group; ###, p <0.001
versus single-agent treatment group.

Prior research has established that activation of the B-catenin pathway [25] and the eIF3B/MHC-I axis [23] in
tumors critically drives resistance to PD-1/PD-L1 inhibitors. Given that elevated miR-23a/27a/24—2 cluster
expression fosters NSCLC resistance to PD-1/PD-L1 blockade—via self-sustainment through the B-catenin/TCF4
pathway and MHC-I suppression through el[F3B—we explored pharmacological interruption of these pathways
to improve PD-1/PD-L1 blockade outcomes in cluster-high lung cancers. In vivo studies showed that disrupting
B-catenin—TCF4 binding with LF3 (Figure 7¢) substantially curtailed growth of cluster-high tumors relative to
controls (Figures 7d-7e). Strikingly, combining LF3 with PD-L1 monoclonal antibody exerted stronger tumor
suppression than either agent alone in cluster-high lung tumors (Figures 7d-7e). LF3 also reduced cluster miRNA
levels (Figure 7f), lowered PD-L1, and restored MHC-I expression (Figure 7g). The LF3 plus PD-L1 mAb
regimen most effectively boosted CD8+ T cell tumor infiltration (Figure 7h). We then compared targeting p-
catenin/TCF4 versus elF3B alongside PD-1/PD-L1 blockade. Using 4EGI-1, which blocks elF3B assembly in
translation initiation and disrupts the MITF/elF3B axis [23, 26], we found that ¢IF3B inhibition more potently
augmented PD-L1 mAb efficacy in cluster-high lung cancers than B-catenin/TCF4 disruption with LF3 (Figure
7i). Furthermore, 4EGI-1 combined with PD-L1 mAb markedly enhanced CD8+ T cell infiltration (Figure 7j)
and upregulated MHC-I without reducing the cluster-driven PD-L1 elevation (Figure 7k). Overall, these findings
demonstrate that elF3B targeting robustly improves PD-1/PD-L1 blockade effectiveness in lung cancers
overexpressing the miR-23a/27a/24-2 cluster.

In the present work, we explored the molecular pathways through which miRNAs from the miR-23a/27a/24-2
cluster drive immune escape and resistance to PD-1/PD-L1 inhibition in NSCLC. Mounting evidence highlights
PD-L1 [27] and MHC-I [28] as central regulators of antitumor immunity. PD-L1, displayed on tumor cell surfaces,
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suppresses T cell activity by engaging PD-1 on T cells, making its aberrant overexpression a major route for tumor
immune avoidance. Similarly, reduced MHC-I expression represents another critical escape mechanism. MHC-I
presents peptide antigens on cell surfaces, enabling the immune system to identify and destroy aberrant cells [29].
When these peptides derive from tumor-associated antigens, antigen recognition activates CD8+ T cells,
triggering cytotoxic elimination of malignant cells [29]. Regrettably, diminished or absent MHC-I occurs
commonly across cancers, including lung cancer [30, 31], preventing T cell detection and permitting tumor
survival [31]. Here, we showed that elevated miR-23a/27a/24-2 cluster miRNAs foster NSCLC immune evasion
and PD-1/PD-L1 blockade resistance. Mechanistically, the cluster boosts PD-L1 by directly suppressing its
negative regulator CBLB and lowers MHC-I by elevating the repressor elF3B through direct targeting of MITF.
Immune-suppressive roles for these cluster miRNAs have been noted in other malignancies. For instance, miR-
27a was found to reduce MHC-I and CD8+ T cell infiltration in colorectal cancer [28]. Lin et al. observed miR-
23a upregulation in CDS8+ cytotoxic T Ilymphocytes, where its inhibition countered tumor-induced
immunosuppression in lung cancer [32]. Additionally, heightened miR-23a and miR-27a in macrophages promote
immune evasion via PD-L1 induction through the PTEN/PIK3 pathway in hepatocellular carcinoma [33] and
breast cancer [34], respectively. Altogether, these reports reinforce that increased miR-23a/27a/24—2 cluster
miRNAs facilitate tumor immune escape by elevating PD-L1 and diminishing MHC-I. Our investigation uncovers
a previously unrecognized pathway for concurrent PD-L1 upregulation and MHC-I downregulation in NSCLC.
We also clarified how miR-23a/27a/24-2 cluster miRNAs sustain their elevated levels in NSCLC. Abnormal
overexpression of this cluster occurs in roughly 50% of early-stage NSCLC cases and strongly associates with
disease advancement [9], yet the underlying cause remained elusive. Here, we established that TCF4 directly
binds the cluster promoter to enhance its transcription, with this binding augmented by p-catenin. Notably, our
prior work demonstrated that these cluster miRNAs stimulate TCF/LEF-driven transcription by activating Wnt/f-
catenin signaling through repression of its negative regulators in NSCLC [9]. Together, these observations indicate
a positive feedback loop wherein the miR-23a/27a/24—2 cluster perpetuates its own expression via the -
catenin/TCF4 pathway in NSCLC. Interrupting this loop could thus offer a therapeutic avenue for cluster-high
NSCLC. Indeed, our earlier findings showed that cluster knockdown or B-catenin silencing curbs tumor
progression in such cases [9].

Lastly, we introduce an innovative treatment approach for NSCLC exhibiting high miR-23a/27a/24-2 cluster
levels. Our data link the cluster to activation of B-catenin signaling [9] and the eIF3B axis, both implicated in PD-
1/PD-L1 blockade resistance [23, 35]. We found that inhibiting either the f-catenin/TCF4 interaction or the eIF3B
pathway markedly improves PD-L1 monoclonal antibody efficacy. Strikingly, eIF3B inhibition proved superior
to B-catenin/TCF4 blockade. This difference likely arises from distinct effects on PD-L1 and MHC-I. Clinical
evidence ties PD-1/PD-L1 blockade success to tumor PD-L1 levels [36, 37], and Zhang ef al. showed that boosting
PD-L1 can amplify therapeutic responses [38]. In our models, B-catenin/TCF4 inhibition restored MHC-I but
reduced PD-L1, whereas elF3B blockade preserved cluster-induced PD-L1 elevation while strongly upregulating
MHC-1.

Conclusion

Overall, miR-23a/27a/24-2 cluster miRNAs sustain their abundance in NSCLC by engaging the B-catenin/TCF4
pathway. Elevated cluster expression raises PD-L1 via CBLB suppression and lowers MHC-I by increasing eIF3B
through MITF targeting (Figure 8a). Moreover, this work offers a new therapeutic paradigm: eIF3B inhibition
potently sensitizes cluster-high lung cancers to PD-1/PD-L1 blockade by recovering MHC-I while retaining the
cluster-driven high PD-L1 state (Figure 8b).
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Figure 8. Schematic models illustrating how miR-23a/27a/24—2 cluster miRNAs perpetuate their expression
and drive tumor immune evasion (a), and how elF3B targeting renders cluster-high tumors responsive to PD-
1/PD-L1 inhibition (b).
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