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Abstract

Background: Small cell lung carcinoma (SCLC) is a highly aggressive, rapidly proliferating malignancy largely corresponding to
immune-cold tumor type. The role of the key oncogene c-Myc in regulating the complex immune microenvironment of SCLC remains
unknown. Methods: Immunohistochemistry and multiplex immunofluorescence techniques were used to analyze c-Myc expression and
immune cell infiltration. c-Myc and β-catenin expression were analyzed using western blotting. Flow cytometry was used to quantify
the expression of immunosuppressive ligands—including programmed death ligand 1 (PD-L1), CD47, CD155, and human leukocyte
antigen-E (HLA-E)—and characterize the function of T cells and macrophages. Cytokine levels were evaluated using enzyme-linked
immunosorbent assays. Results: c-Myc expression in high tumor-infiltrating lymphocyte infiltration (TILhigh) tumor exceeded that in
TILlow tumors (n = 24) and was positively correlated with CD163+ macrophage infiltration (p = 0.0180). Immunosuppressive ligands
were universally expressed on SCLC cells. 10058-F4—a c-Myc inhibitor—substantially downregulated the expression of PD-L1, CD47,
and CD155 and upregulated HLA-E expression. In the coculture system, the inhibition of c-Myc in SCLC cells significantly upregulated
interferon-gamma production in Jurkat cells, inhibited macrophage phagocytosis, and decreased cytokine concentrations in the super-
natant. Further mechanistic studies revealed that c-Myc inhibition modulated the Notch signaling pathway and reduced the expression
of E-cadherin, vascular endothelial (VE)-cadherin, and β-catenin. A β-catenin agonist improved the regulatory effect of 10058-F4 on the
immunosuppressive ligands in SCLC cells. Conclusions: c-Myc expression in SCLC is associated with immune infiltration and may
regulate the expression of immune-related ligands on SCLC cells via WNT/β-catenin signaling.
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1. Introduction
Of all cancers, lung cancer has the highest incidence

and mortality rates [1]. Small cell lung Carcinoma (SCLC)
accounts for only 13%–15% of lung cancers but is con-
sidered a refractory malignancy because of its rapid pro-
gression and early metastasis [2,3]. In clinical practice, ac-
cording to the system of the United States Veterans Ad-
ministration, SCLC is classified into limited-stage SCLC
(LS-SCLC) and extensive-stage SCLC (ES-SCLC). In the
former case, the disease is confined to one hemithorax—
where the primary tumor and regional lymph nodes can be
adequately encompassed within a single radiation field—
without additional intrathoracic metastasis. In the latter
case, the disease cannot be classified as limited-stage and
involves pleural, pericardial, or distant metastasis [4]. ES-
SCLC accounts for two-thirds of SCLC cases and has a five-
year survival rate of <2% [5]. The emergence of immune
checkpoint therapy has significantly prolonged the survival
of patients with ES-SCLC and changed the SCLC treatment
landscape [6,7]. However, the beneficiary population and
response period of patients with SCLC remain limited be-

cause of the lack of predictive biomarkers for SCLC im-
munotherapy. A comprehensive understanding of the char-
acteristics and regulatorymechanisms of the SCLC immune
microenvironment may provide new insights for clinical
practice and translational research.

c-Myc is a protooncogene that functions as a univer-
sal transcriptional amplifier by interacting with numerous
factors and complexes regulating almost every cellular pro-
cess [8]. In addition to being associated with genomic insta-
bility, c-Myc is involved in the recruitment of elements in
the tumor microenvironment, making the stroma more suit-
able for tumor cell progression, facilitating immune eva-
sion, and promoting tumor growth into more aggressive and
metastatic phenotypes [9]. In SCLC, c-Myc activates the
Notch signaling pathway to dedifferentiate neuroendocrine
(NE) tumor cells and promotes the temporal evolution of
SCLC into a subtype with immune infiltration [10], thus
being a predictive biomarker for SCLC immunotherapy. In
a cohort of 135 ES-SCLC patients receiving chemother-
apy alone or in combination with immune checkpoint in-
hibitors (ICIs), the tumors were stratified into noninflamed
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and inflamed groups, with higherMYC gene expression ob-
served in the former case (p = 0.02). In the chemotherapy
+ ICI cohort (n = 39), patients with low MYC expression
exhibited longer median progression-free survivals (PFS)
(5.3 vs. 4.0 months, p = 0.028, hazard ratio (HR) = 2.18)
and higher 12-month PFS rates (23.5% vs. 4.6%) than
those with high MYC expression, whereas no such differ-
ence was observed in the chemotherapy-only cohort (n =
50) (p = 0.77, HR = 1.09) [11]. The oncogenic activation
of MYC was reported to impair interferon-gamma (IFN-
γ)-mediated transcriptional activation by downregulating
JAK2 in lung cancer [12]. Moreover, c-Myc was found to
regulate the expression of NKG2DL in SCLC cells through
histone deacetylase 3 (thereby modulating the killing func-
tion of natural killer (NK) cells [13]) and promote the pro-
tumor phenotype of macrophages by inducing hypersialy-
lation [14]. Thus, the regulatory mechanisms of c-Myc and
its relationship with the infiltration and function of immune
cells should be investigated further.

Herein, we analyzed tumor samples from patients with
SCLC to determine the relationship between c-Myc expres-
sion and immune cell infiltration. Moreover, we examined
the regulatory mechanism of c-Myc and its effect on SCLC
cells and the expression of various immune-related ligands,
including programmed death ligand 1 (PD-L1), CD47, hu-
man leukocyte antigen-E (HLA-E), and CD155, as well as
the immune regulator of c-Myc in SCLC, to provide evi-
dence for studying the biomarkers of SCLC immunother-
apy and identifying new immunotherapy targets.

2. Materials and Methods
2.1 Tissue Microarray (TMA)

c-Myc expression was studied using a TMA con-
taining 24 primary tumors from 24 patients with LS-
SCLC (R024Lu01; Zhongke Guanghua bioaitech company,
Xi’an, Shaanxi, China). Tissues were fixed in 4% buffered
formalin and then embedded in paraffin. The tissue spot di-
ameter was 1.5 mm. Informed patient consent was obtained
prior to tissue collection. All procedures complied with the
relevant regulations and the Declaration of Helsinki.

2.2 Cell Culturing
Human SCLC cell lines SHP-77, NCI-H1092

(H1092), SCLC-21H (21H), NCI-H446 (H446), and
NCI-H2227 (H2227), human lung epithelial cell line
Beas-2B, human acute T lymphocyte leukemia cell line
Jurkat, and human monocyte leukemia cell line THP-1
(American Type Culture Collection, Manassas, VA, USA)
were maintained at 37 °C in RPMI-1640 or high-glucose
Dulbecco’s Modified Eagle Medium with 10 vol% FBS
and antibiotics (100 IU/mL of penicillin and streptomycin).
All cell lines were validated by STR profiling, tested
negative for mycoplasma, and cultured in a humidified
incubator under 5% CO2 in air. Cells at passage 3 to 6
were used in this study.

2.3 Multiplex Immunofluorescence
The TMA was baked for 1 h at 63 °C and dewaxed

using an automatic dyeing machine (Leica ST5020, Leica,
Germany). After antigen retrieval, the slides were treated
with H2O2 for 10 min, washed with Tris-buffered saline
with 0.05% Tween-20 (TBST), and incubated with a block-
ing buffer for 10 min and then with the primary CD56
mouse antibody (3576, Cell Signaling Technology, USA,
1:100) at room temperature for 1 h. The slides were washed
with TBST, incubated with the secondary antibody for 10
min at room temperature, and washed again with TBST.
The slides were dropwise treated with the Opal dye dilution
and incubated for 10 min at room temperature. After wash-
ing with TBST, the slides were repaired using a microwave
oven. The other markers were stained, and the blocking
and incubation with primary and secondary antibodies were
repeated until all markers were labeled. The antibodies
were stained in the following order: FOXP3 mouse anti-
body (320202, BioLegend, USA, 1:100), CD163 rabbit an-
tibody (93498, CST, USA, 1:200), CD8A mouse antibody
(70306, CST, USA, 1:200), and panCK mouse antibody
(C2562, Sigma, USA, 1:1000). The slides were incubated
with DAPI (G1407, Servicebio, China) for 5 min at room
temperature and washed with TBST. After mounting with
VECTASHIELD® HardSet Antifade Mounting Medium
(H-1400, Vector Labs), the slides were scanned and ana-
lyzed using the Olympus OlyVIA software 2.9.1 (Olym-
pus Corporation, Münster, Germany). The sum of the ra-
tios of CD163+ and CD8+ cells was used as an indicator to
evaluate the degree of tumor-infiltrating lymphocyte (TIL)
infiltration. The median value (0.103735231) was used to
define TILhigh (≥0.103735231) and TILlow (<0.103735231)
groups (Supplementary Table 1).

2.4 Immunohistochemistry
The TMA was baked at 63 °C for 1 h, dewaxed in

a graded ethanol series and xylene, and subjected to anti-
gen retrieval. After blocking, the slides were incubated
with rabbit antihuman c-Myc antibody (ab32072, Abcam,
UK, 1:50) overnight at 4 °C, rewarmed, and washed with
PBS buffer. Blocking, secondary antibody binding, and
DAB chromogenic procedures were performed using an
automated immunohistochemistry instrument (Autostainer
Link 48, Dako) and followed by counterstaining with hema-
toxylin for 1 min. The TMA was mounted using neutral
resin and imaged under a microscope. c-Myc expression
was categorized as negative (0) or positive with semiquan-
titative scoring for intensity (1 = weak, 2 = moderate, 3 =
strong) and percentage of stained cells (1%–100%) using
light microscopy. The product of the intensity score and
stained cell percentage yielded a histoscore (H-score) rang-
ing from 0 to 300.
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2.5 Western Blotting
Western blotting was performed as described else-

where [15]. Cells were lysed in RIPA buffer contain-
ing 1 mM phenylmethylsulphonyl fluoride and centrifuged
at 15,000 g for 15 min at 4 °C. The protein concen-
tration of the supernatant was determined using the En-
hanced BCA Protein Assay Kit (P0010, Beyotime, Shang-
hai, China). Proteins (30 μg) were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA), blocked with skimmed milk, and in-
cubated overnight at 4 °C with primary antibodies in 5%
skimmed milk. After washing with TBST, the membranes
were incubated with secondary antibodies for 1 h at room
temperature. The blots were examined using chemilumi-
nescence (P0018AM, Beyotime, Shanghai, China), with
images analyzed using the Image J software v1.8.0 (Na-
tional Institutes of Health, Bethesda, Maryland, USA).
The following antibodies were used: GAPDH (1:50,000)
(WL01114, Wanleibio, Shenyang, China), Notch1 (1:1000)
(3068, CST, USA), cleaved Notch 1 (1:1000) (4147, CST,
USA), RBPSUH (1:1000) (5313, CST, USA), MAML1
(1:1000) (12166, CST, USA), c-Myc (1:1000) (5605,
CST, USA), p21 (1:1000) (2947, CST, USA), HES1
(1:1000) (11988, CST, USA), cyclin D3 (1:1000) (2936,
CST, USA), β-catenin (1:1000) (WL0962a, Wanleibio,
Shenyang, China), E-cadherin (1:1000) (WL01482, Wan-
leibio, China), VE-cadherin (1:1000) (WL02033, Wan-
leibio, China), and horseradish peroxidase–conjugated goat
antirabbit IgG (1:3000) (7074, CST, USA) and horse anti-
mouse IgG (1:1000) (7076, CST, USA).

2.6 Inhibitor or Agonist Incubation
Beas-2B, H446, and SHP-77 cells were cocul-

tured with 10058-F4 (SC6650, Beyotime, Shanghai,
China), SKL2001 (HY-101085, MedChemExpress, Italy),
or 10058-F4 combined with SKL2001 for 48 h and col-
lected for the following studies.

2.7 Flow Cytometry
The cultured cells were harvested, washed twice with

PBS containing 2% FBS, and stained with PE-labelled
mouse antihuman HLA-E (566921, BD Pharmingen,
USA), FITC-labelledmouse antihumanCD47 (556045, BD
Pharmingen, USA), PE-labelled PD-L1 (329706, BioLe-
gend, USA), Alexa Fluor® 647–labelled mouse antihuman
CD155 (566305, BD Pharmingen, USA), or PE-labelled
mouse IgG2a κ isotype ctrl antibody (400212, BioLegend,
USA) with 5 μL/test on ice in the dark for 30 min. After
staining, the cells were washed twice with PBS containing
2% FBS and analyzed using a flow cytometer (FACSCanto
II, BD, USA). We first gated total cells on FSC/SSC dot
plots. Doublets were excluded via FSC-A versus FSC-H
gating. Live cells were gated by forward and side scat-
ter. Fluorescence compensation was calibrated with single-

color stained cells. Isotype controls were applied to define
positive gates for each marker. Complete hierarchical gat-
ing procedures were performed to analyze target cell pop-
ulations. Data were processed using the FlowJo software
v10 (BD Biosciences, Ashland, OR, USA).

2.8 Coincubation of SCLC Cells With T Cells
Beas-2B and SCLC cells (5 × 105 cells/well), includ-

ing untreated and 10058-F4-treated groups, were seeded in
12-well plates and cultured overnight. Jurkat cells were
then added (SCLC:Jurkat = 1:10) without 10058-F4. After
48 h, the supernatants and cocultured cells were harvested
for enzyme-linked immunosorbent assay (ELISA) and flow
cytometry, respectively.

2.9 Enzyme-Linked Immunosorbent Assay (ELISA)
The concentration of IFN-γ in the medium for the co-

incubation of Jurkat cells with Beas-2B and SCLC cells
with or without 10058-F4 treatment was determined using
a human IFN-γ ELISA kit (EK180-96, MULTI SCIENCE,
China). Human interleukin (IL)-6, IL-10, and granulocyte-
macrophage colony-stimulating factor  (GM-CSF) ELISA
kits (EK106-96, EK110-96, EK-163-96, MULTI SCI-
ENCE, China) were used to detect the corresponding con-
centrations in the medium used for the coincubation of
macrophages with SCLC cells. After soaking and pat-
ting dry, the strips were sequentially treated with the stan-
dard and culture supernatant (100 μL/well) and a freshly
prepared detection antibody solution (1:100 dilution, 50
μL/well) and incubated at room temperature with shaking
(100–300 rpm) for 2 h after sealing. The strips were sub-
sequently washed six times with 1× washing solution and
patted dry. After sealing, diluted horseradish peroxidase-
labeled streptavidin (1:100 dilution, 100 μL/well) was
added and incubated at room temperature with shaking
(100–300 rpm) for 45min. After washing six times and pat-
ting dry, each well was supplemented with 100 μL of chro-
mogenic substrate (TMB), incubated at room temperature
for 5–30 min in the dark, and supplemented with 100 μL of
the stop solution. A microplate reader was used for dual-
wavelength detection within 30 min, and optical density
(OD) was determined at the maximum absorption wave-
length of 450 nm and reference wavelength of 630 nm. The
difference between the former and latter values was used as
calibrated OD.

2.10 Macrophage Differentiation
THP-1 cells (5 × 105 cells/well) were seeded in 12-

well plates and differentiated into macrophages by incuba-
tion with 5 ng/mL phorbol 12-myristate 13-acetate (Sigma-
Aldrich, USA) for 48 h and then with lipopolysaccharide
(Sigma-Aldrich, USA) for 24 h. After incubation, the cells
were stained using PKH67 (HY-D1421, MCE, USA) ac-
cording to the manufacturer’s protocol. Briefly, 106 cells
were incubated with 100 μL of a 250-fold diluted working
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Fig. 1. Correlation between c-Myc expression and TIL infiltration in SCLC tissues. (A) Multiplex immunofluorescence and im-
munohistochemistry results for representative samples in TILhigh and TILlow groups. Scale bar = 50 µm. Correlations between (B) CD163
and c-Myc H-scores (n = 24 for biological duplication) and (C) CD8A and c-Myc H-scores (n = 24 for biological duplication). The cor-
relations between the CD163 H-score or CD8A H-score and c-Myc H-score were analyzed using Spearman’s correlation analysis. TIL,
tumor-infiltrating lymphocyte; SCLC, small cell lung carcinoma.

solution at 37 °C for 5 min and then at 4 °C for 15 min, cen-
trifuged at 1000 g for 5 min, and then washed twice with
PBS.

2.11 Coincubation of SCLC Cells With Macrophages
Beas-2B and SCLC cells were labeled with Vybrant™

DiD Cell-Labeling Solution (V22887, Invitrogen, USA).
Briefly, the cells were suspended in serum-free 1640
medium at 1 × 106 cells/mL, mixed with 5 μL/mL label-
ing solution, incubated at 37 °C for 20 min, and centrifuged
at 1000 g for 5 min, with the supernatant discarded. The
cells were gently resuspended in prewarmed medium and
washed at least twice. The labeled Beas-2B and SCLC cells
were then counted and cocultured with macrophages at a
1:5 ratio. Phagocytosis percentage was assessed by flow
cytometry after 48 h.

2.12 Statistical Analysis
All experiments were carried out using three indepen-

dent replicates. The Shapiro-Wilk test was adopted to test
the normality of all continuous measurement data before
statistical analysis. For normally distributed continuous
variables, the results were presented as means ± standard
deviations. One-way analysis of variance (ANOVA) with
post-hoc multiple comparisons was used for comparisons
among three or more groups, while student’s two-tailed t-
test was was applied to compare two groups. Correlations
between the CD163 H-score or CD8A H-score and the c-
Myc H-score were analyzed using Spearman’s correlation
analysis. p < 0.05 was considered statistically significant.
Data were analyzed using the GraphPad Prism software
(version 8.0) (GraphPad Software, San Diego, CA, USA).
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Table 1. Correlation between c-Myc expression and clinicopathological characteristics in SCLC.

Variables
c-Myc expression

p r
Low High Total

Sex
Male 4 1 5

0.317 0.308
Female 8 11 19

Age
≤54 7 5 12

0.684 0.167
>54 5 7 12

T
I–II 7 10 17

0.371 −0.275
III 5 2 7

N
N0 4 6 10

0.680 −0.169
N1/N2/N3 8 6 14

M
M0 11 12 23

1.000 −0.209
M1 1 0 1

Tumor size
≤4 cm 5 7 12

0.684 −0.129
>4 cm 6 5 11

TNM
I–II 6 9 15

0.400 −0.258
III–IV 6 3 9

LNM
Existent 4 6 10

0.680 −0.169
Nonexistent 8 6 14

Pathological type
SCLC 10 8 18

0.640 0.192
C-SCLC 2 4 6

TILs
Low 9 3 12

0.039* 0.500
High 3 9 12

* significant difference. TNM, tumor/node/metastasis; LNM, lymph
nodes metastasis.

3. Results
3.1 Correlation Between c-Myc Expression in SCLC
Tumor Tissues and Immune Cell Infiltration

Owing to the difficulty in obtaining a sufficient
amount of ES-SCLC tissue for molecular analysis, we em-
ployed a TMA derived from 24 LS-SCLC patients to as-
sess the expression of c-Myc, CD163, CD8, Foxp3, CD56,
and panCK in tumor tissues and thus determine whether c-
Myc expression in SCLC is associated with immune cell
infiltration. The H-score was used to quantify the expres-
sion of each marker. The histologic characteristics of the
TMA are detailed in Supplementary Table 2. The average
patient age was 53.33 (standard deviation: 10.11), and the
male-to-female ratio was 1:3.8. CD163+ macrophages and
CD8+ T cells were found to infiltrate SCLC tissues. The
sum of CD163+ and CD8+ cell counts divided by the to-
tal cell count was used as an indicator of the degree of TIL
infiltration [16], and the cutoff was determined as the me-
dian value (Supplementary Table 1). c-Myc expression in
TILhigh tumors exceeded that in TILlow tumors (Fig. 1A).
TIL infiltration was significantly correlated with c-Myc ex-
pression (Table 1, p = 0.039), and the CD163 H-score was
positively correlated with the c-Myc H-score (Fig. 1B, p
= 0.0180). The correlation between the CD8A and c-Myc
H-scores was not as strong (Fig. 1C, p = 0.0465), which im-
plied that c-Myc expression was positively correlated with

immune cell infiltration, especially with the degree of infil-
tration by CD163+ macrophages.

3.2 Regulatory Effect of c-Myc on the Expression of
Immune-Related Ligands in SCLC Cells

Common immunosuppressive ligands in tumors in-
clude PD-L1, CD47, CD155, and HLA-E, and the corre-
sponding receptors are PD-1, signal regulatory protein α
(SIRPα), T cell immunoreceptor with Ig and ITIM domains
(TIGIT), and NKG2A, respectively. These ligands cause
the transmission of inhibitory signals and inhibit the func-
tion of T cells, macrophages, and NK cells. To investigate
the regulatory effect of c-Myc on the expression of these in-
hibitory ligands in SCLC, wemeasured the expression level
of c-Myc in different SCLC cells and Beas-2B cells, reveal-
ing that all six cells expressed c-Myc (Fig. 2A). SHP-77
and H446 cells, which are commonly used for in vitro stud-
ies and represent A and N subtypes, respectively [17], were
selected for further investigation, as these two subtypes col-
lectively constitute ~70% of SCLC cells and thus repre-
sent the majority of cases [18]. Beas-2B, H446, or SHP-77
cells were treated with different concentrations of c-Myc
inhibitor 10058-F4. c-Myc expression was suppressed at 5
μM 10058-F4 in Beas-2B and H446 cells and at 80 μM in
SHP-77 cells (Fig. 2B–D). Therefore, the working concen-
tration of 10058-F4 was chosen as 5 μM in Beas-2B and
H446 cells and 80 μM in SHP-77 cells.
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Fig. 2. Expression of c-Myc and inhibition of 10058-F4 in SCLC cells. c-Myc expression level in (A) untreated Beas-2B, SHP-77,
H1092, 21H, H2227, and H446 cells and (B) Beas-2B, (C) H446, and (D) SHP-77 cells treated with different concentrations of 10058-F4.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase .

The mean fluorescence intensity (MFI) of PD-L1,
CD47, CD155, and HLA-E was determined on the surface
of Beas-2B, H446, SHP-77, H2227, and H1092 cells and
found to be highest for CD155 (Fig. 3A). 10058-F4 signif-

icantly downregulated CD155 expression on the surface of
H446 and SHP-77 cells while downregulating PD-L1 and
CD47 expression and upregulating HLA-E expression on
the surface of SHP-77 cells (Fig. 3B). However, the expres-
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Fig. 3. Expression levels of PD-L1, CD47, HLA-E, and CD155 on the surface of cells treated or not treated with 10058-F4. (A)
Flow cytometry results of the expression levels of PD-L1, CD47, HLA-E, and CD155 on different cells, including Beas-2B, H446,
H2227, H1092, and SHP-77 cells. (B) Expression levels of PD-L1, CD47, HLA-E, and CD155 on Beas-2B, H446 and SHP-77 cells with
or without 10058-F4 treatment. Data are presented as mean ± standard deviation from three independent experiments and analyzed by
Student’s two-tailed t-tests. PD-L1, programmed death ligand 1; HLA-E, human leukocyte antigen-E; MFI, mean fluorescence intensity.
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sion levels of immunosuppressive ligands on the surface of
Beas-2B cells were not significantly altered by treatment
with 10058-F4.

3.3 Effect of c-Myc Expression in SCLC Cells on the
Function of Immune Cells

To investigate the regulatory effect of c-Myc expres-
sion in SCLC cells on the immune microenvironment,
SCLC cells with or without 10058-F4 treatment were co-
cultured with T cells and THP-1-derived macrophages, and
CD3 expression levels, IFN-γ levels in the supernatant,
and phagocytosis percentages were determined. The per-
centage of Jurkat cells and the expression level of CD3
thereon in the 10058-F4 groupwere not different from those
in the control group (Fig. 4A,B). The IFN-γ concentra-
tion in the supernatant of the H446 coculture system in the
10058-F4 group significantly exceeded that in the control
group (p = 0.0055), whereas no such difference was ob-
served for the supernatant of the SHP-77 coculture system
(Fig. 4C). 10058-F4 significantly downregulated phagocy-
tosis by THP-1-derived macrophages cocultured with SHP-
77 and H446 cells but not Beas-2B cells (Fig. 4D). IL-6
and IL-10 concentrations in the supernatant were decreased
for the H446 cells + macrophage coculture system in the
10058-F4 group, whereas there was a trend of downregula-
tion was observed in the SHP-77 cell coculture system (Fig.
4E). These results imply that c-Myc inhibition in SCLC
cells can significantly upregulate IFN-γ production by T
cells but inhibit phagocytosis by macrophages and decrease
IL-6 and IL-10 concentrations.

3.4 Regulatory Effect of c-Myc on β-Catenin Expression

Based on the interaction between c-Myc and the Notch
signaling pathway [10], we measured the expression lev-
els of related molecules in the latter pathway in Beas-2B,
H446, and SHP-77 cells with or without 10058-F4 treat-
ment. Notch1, cleaved-Notch1, RBPSUH, and P21 lev-
els were changed by 10058-F4 in SCLC cells (Fig. 5A),
which confirmed that 10058-F4 regulated the Notch signal-
ing pathway in these cells. Additionally, 10058-F4 inhib-
ited the expression of E- and VE-cadherins (Fig. 5B), the
hallmarks of the epithelial–mesenchymal transition [19],
which confirmed the regulatory effect of c-Myc on this tran-
sition in SCLC cells. Given that the Notch signaling path-
way regulates the immune microenvironment of hepatocel-
lular carcinoma throughWNT signaling [20], we quantified
β-catenin expression in Beas-2B and SCLC cells with or
without 10058-F4 treatment. 10058-F4 significantly down-
regulated β-catenin expression (Fig. 5C) and could there-
fore regulate the WNT/β-catenin pathway in SCLC cells.

3.5 Effect of a β-Catenin Agonist on the Regulatory Effect
of 10058-F4 on Suppressor Ligands in SCLC Cells

To determine whether c-Myc inhibition regulates
the expression of immunosuppressive ligands on SCLC

cells through the WNT/β-catenin pathway, we determined
the concentrations of SKL2001—a β-catenin agonist—
sufficient to upregulate the expression of β-catenin in Beas-
2B, H446, and SHP-77 cells. These concentrations were 5
μM for Beas-2B andH446 cells and 20 μM for SHP-77 cells
(Fig. 6A), and the optimal working concentrations were set
accordingly. Subsequently, we treated Beas-2B, H446, and
SHP-77 cells with 10058-F4, SKL2001, and a combination
of 10058-F4 and SKL2001 for 48 h. SKL2001 increased the
MFI of PD-L1, CD47, andHLA-E onH446 cells and recov-
ered the MFI of the above ligands, which were downregu-
lated by 10058-F4 (Fig. 6C). In SHP-77 cells, SKL2001
significantly recovered the MFIs of CD155, which were
downregulated by 10058-F4 (Fig. 6D). However, only PD-
L1 was markedly regulated, while other immunosuppres-
sive ligands on Beas-2B cells were not significantly altered
(Fig. 6B). Thus, c-Mycmaymodulate the expression of im-
munosuppressive ligands through the WNT/β-catenin sig-
naling pathway in SCLC cells.

4. Discussion
SCLC is an immune-cold tumor with few infiltrated

cytotoxic lymphocytes and one-fifth of the total immune
cells compared with non-small cell lung cancer (NSCLC)
[21] and exhibits more pronounced immune exclusion and
less pronounced immune invasion than lung adenocarci-
noma [22], which could explain the limited efficacy of im-
munotherapy in SCLC. Relevant study demonstrated that
c-Myc regulates the evolution of SCLC from a NE phe-
notype with less immune infiltration to a non-NE pheno-
type with more immune infiltration [10], highlighting the
regulatory effect of c-Myc on the immune microenviron-
ment of SCLC [23]. Herein, c-Myc expression was found
to be positively correlated with immune infiltration, espe-
cially the CD163+ macrophages in SCLC. c-Myc inhibition
significantly altered the expression of immunosuppressive
ligands—including PD-L1, CD47, HLA-E, and CD155—
on SCLC cells, as well as the secretion of IL-6, IL-10, and
GM-CSF, which was probably regulated by the WNT/β-
catenin pathway (Fig. 7). The results provide reliable ev-
idence for understanding the immune characteristics, key
molecules, and mechanisms regulating immune signatures
in SCLC. Chen et al. identified IL-27RA as an immune
regulator and therapeutic marker for breast cancer through
transcriptomic and single-cell analysis [24].

The composition of immune cells strongly influences
tumor progression and immune evasion [25]. TILs are
primarily classified as T lymphocytes, B lymphocytes,
macrophages, and NK cells. The most infiltrating TILs
in SCLC are T cells and monocytes [22]. Based on their
polarization and activation markers, macrophages are clas-
sified as M1 and M2, with the former phenotype acceler-
ating the inflammatory response and the latter decelerat-
ing it. After being recruited to tumor tissues via numerous
signals in the tumor microenvironment, monocytes even-
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Fig. 4. Regulatory effect of 10058-F4 on the function of T cells and macrophages cocultured with SCLC cells. (A) Percentages of
CD3+ T cells in the coculture systems of Jurkat and Beas-2B or SCLC cells with or without 10058-F4 treatment. (B) CD3 expression
levels on Jurkat cells cocultured with Beas-2B or SCLC cells with or without 10058-F4 treatment. (C) IFN-γ concentrations in the
supernatant of the coculture system of Jurkat cells and Beas-2B or SCLC cells with or without 10058-F4 treatment. (D) Phagocytosis
percentages of THP-1-derived macrophages and (E) concentrations of IL-6, IL-10, and GM-CSF in the supernatant of macrophages
+ Beas-2B or SCLC cell coculture system. Data are presented as mean ± standard deviation from three independent experiments and
analyzed by Student’s two-tailed t-tests. IFN-γ, interferon-gamma; IL-6, interleukin-6; IL-10, interleukin-10; GM-CSF, granulocyte-
macrophage colony-stimulating factor .

tually develop into tumor-associated macrophages, which
are considered M2 macrophages [26] and are significantly
associated with the recurrence of SCLC [22]. Herein, the
high expression of c-Myc was significantly positively cor-
related with M2 macrophage infiltration. As an inhibitory
signal for macrophages, CD47 is often overexpressed on
cancer cells [27], interacts with SIRPα, and initiates a sig-
naling cascade to inhibit phagocytosis. However, c-Myc

inhibition significantly downregulated CD47 expression on
SCLC cells while weakening their phagocytosis by THP-1-
derivedmacrophages. This findingmay be due to the down-
regulated expression of GM-CSF—a potent macrophage
activator [28]—by c-Myc inhibition in SCLC.

The infiltration of CD8+ T cells was reported to
be more pronounced in the inflammatory subtype/non-NE
phenotype SCLC [29] and is known to be associated with
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Fig. 5. Effect of 10058-F4 on Notch signaling, epithelial–mesenchymal transition, and β-catenin expression. (A) Expression levels
of key molecules in Notch signaling (including Notch1, cleaved Notch1, RBPSUH, MAML1, c-Myc, p21, HES1, and Cyclin D3) in
Beas-2B, H446, and SHP-77 cells with or without 10058-F4 treatment. (B) E-cadherin and VE-cadherin expression levels in Beas-2B,
H446, and SHP-77 cells in control and 10058-F4 groups. (C) β-Catenin expression levels in Beas-2B, H446, and SHP-77 cells in control
and 10058-F4 groups. VE, vascular endothelial.

the efficacy of SCLC immunotherapy [30]. However, we
observed no significant correlation between c-Myc expres-
sion and the level of CD8+ T cell infiltration. Although
IFN-γ was upregulated in the coculture system after the in-
hibition of c-Myc in H446 cells, Jurkat cells were not ac-

tivated. This behavior may be attributed to the upregula-
tion of other immunosuppressive ligands, including LAG3
and CTLA-4, on H446 cells, which counteracted the effect
of IFN-γ on Jurkat cells. Conversely, c-Myc suppression
in SHP-77 cells downregulated surface CD155 expression,
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Fig. 6. Effect of SKL2001 on β-catenin expression and that of 10058-F4 on immunosuppressive ligands. (A) Expression levels of
β-catenin in Beas-2B, H446, and SHP-77 cells treated with different concentrations of SKL2001. MFIs of immunosuppressive ligands
(PD-L1, CD47, HLA-E, and CD155) on (B) Beas-2B, (C) H446, and (D) SHP-77 cells treated with SKL2001, 10058-F4, or 10058-
F4 combined with SKL2001. Data are presented as mean ± standard deviation from three independent experiments and analyzed by
Student’s two-tailed t-tests.

potentially because of SCLC lineage heterogeneity. SCLC-
A and SCLC-Y subtypes [10] exhibit different cellular ori-
gins [31] and intrinsic regulatory programs [32], thus fea-
turing divergent immune checkpoint expression [18]. This

implies that CD8+ T cell infiltration is regulated by addi-
tional key molecules, a premise that requires further inves-
tigation.
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Fig. 7. Schematic of the regulatory effects of c-Myc on immunosuppressive ligands in SCLC. In SCLC, c-Myc expression regulates
the cell surface expression levels of PD-L1, CD155, and CD47 via the WNT/β-catenin signaling pathway. CD155 binds to TIGIT on
the surface of natural killer cells, impairing their cytotoxicity. PD-L1 interacts with PD-1 on immune cells such as T cells, causing T
cell immunosuppression. CD47 binds to SIRPα on the surface of macrophages, promoting macrophage differentiation toward the M2
phenotype and thereby suppressing inflammatory responses. Additionally, c-Myc is involved in regulating VE- and E-cadherins, which
are hallmarks of cell adhesion, colonization, and the epithelial–mesenchymal transition. NK, natural killer; TIGIT, T cell immunoreceptor
with Ig and ITIM domains; SIRPα, signal regulatory protein α. The schematic figure was drawn via Figdraw (Hangzhou, Zhejiang,
China).

Our findings, based on the analysis of tumor tissues
from 24 patients with LS-SCLC, provide a potential ratio-
nale for the earlier incorporation of immunotherapy in LS-
SCLC, which is currently confined to consolidation main-
tenance [33]. Patients with high tumor c-Myc expression
may exhibit elevated levels of immune checkpoints, which
can limit the efficacy of ICI monotherapy. In such cases,
the application of β-catenin inhibitors or combination ICI
therapy might effectively suppress the c-Myc-regulated im-
mune checkpoint pathway, reactivate immune cells, and
improve the response to ICI treatment. Consequently, c-
Myc may serve as a potential biomarker for guiding combi-
nation immunotherapy in LS-SCLC. This concept is sup-
ported by similar studies on breast cancer, such as an
mGPS-based prediction study, which highlights the impor-
tance of immune-nutritional markers as clinical predictors
[34]. In the more prevalent and aggressive ES-SCLC, vali-
dating the correlation between c-Myc and immune cells, as
well as the regulatory mechanisms in ES-SCLC samples,

would improve the predictive value of c-Myc for combina-
tion immunotherapy and enable its extension to a broader
patient population. The absence of such validation repre-
sents a notable limitation of this study and a key direction
for future research on ES-SCLC.

5. Limitation
The correlation between c-Myc and immune cells was

identified using tissue samples from a small cohort of pa-
tients with LS-SCLC. Future studies should validate these
findings using larger cohorts of LS-SCLC and ES-SCLC
patient samples to capture tumor characteristics across all
stages of SCLC and examine the generalizability of this cor-
relation. Furthermore, the regulatory relationships in this
study were established using in vitro cell lines. Additional
validation in models better recapitulating the human tumor
microenvironment, such as organoids or humanized mouse
models, is needed to advance the development of targeted
therapies for SCLC.
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6. Conclusions
c-Myc inhibits the function of NK cells and

macrophages, exerting a regulatory effect on the im-
mune microenvironment in SCLC. This result validates
our hypothesis in the tumor tissues of patients with SCLC
and proves that the regulatory effect of c-Myc on different
immune-related ligands is exerted through theWNT signal-
ing pathway. The obtained reliable evidence is suitable for
elucidating the characteristics and formation mechanism
of immune-cold tumors in SCLC and establishing a new
direction for the study of biomarkers and new targets for
SCLC immunotherapy.
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