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Original Article

Circulating lung cancer exosomes damage the niche of intestinal 
stem cells
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Background: Cancer-associated weight loss occurs frequently in patients with advanced lung cancer. Many 
studies have demonstrated that tumor-derived exosomes could mediate the interplay between tumor cells and 
distal organs. In this study, we explored the interaction between lung cancer cell-derived exosomes (LCCDEs) 
and the niche of intestinal stem cells (ISCs).
Methods: Lewis lung carcinoma-1 (LLC1)-conditional medium (LLC1-CM), N,N'-Bis[5-(2,3-dihydro-
1H-indol-1-yl)pentyl]-1,6-hexanediamine (GW4869)-conditional medium (GW4869-CM), LCCDEs and 
phosphate-buffered saline (PBS) were used to treat 6- to 8-week-old healthy male C57BL/6J mice (18–22 g)  
and B6.129P2-Lgr5tm1(cre/ERT2)Cle/J (Lgr5-EGFP-IRES-creERT2) mice (Lgr5-EGFP mice). Additionally, 
enteroids were treated with LLC1-CM, A549 human lung adenocarcinoma cells (A549)-CM, LCCDEs 
of LLC1 cells and A549 cells and PBS. LCCDEs were characterized by transmission electron microscopy, 
Western blot, and nanoparticle tracking analysis. The influence of LCCDEs on intestine and ISCs was 
explored by hematoxylin & eosin staining, proliferation, differentiation, enteroid culture, and quantitative 
polymerase chain reaction. PKH26-labeled LCCDEs were detected in intestinal epithelial cell line 6 (IEC-6)  
cells and Lgr5-EGFP mice. The changes of ISCs’ niche caused by LCCDEs were examined by p-S6, 
pERK1/2 and p-STAT3 immunostaining.
Results: LLC1-CM damaged the small intestines and small intestinal organoids. The inhibition of 
exosomes by GW4869 partially alleviated these effects. Purified LCCDEs altered the structure of the 
intestines, changed the proliferation and differentiation of ISCs and inhibited the growth of enteroids. 
In addition, PKH26-labeled LCCDEs entered the cytoplasm of IECs and Paneth cells and changed the 
messenger ribonucleic acid (mRNA) expression of many genes, including stem cell marker genes, growth 
factor genes, and epithelial marker genes. Mechanistically, LCCDEs decreased mTORC1 activity in Paneth 
cells and inhibited p-ERK1/2 signaling in ISCs.
Conclusions: We demonstrated that circulating exosomes derived from lung cancer could impair 
ISCs and alter their niche in mice, which further explained the interaction between lung cancer and the 
gastrointestinal tract. This study proposes a promising and novel therapy to overcome weight loss in patients 
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Introduction

In clinical practice, many patients with advanced lung 
cancer experience malnutrition in the terminal stage, which 
is closely related to increased mortality and dysfunction 
of multiple organs (1). There are multiple reasons for this 
problem. According to the American Society of Clinical 
Oncology (ASCO) guidelines for cancer cachexia that were 
presented in 2020, the causes of cancer-associated cachexia 
(CAC) in affected patients include inappropriate dietary, 
disturbed dietary supplements, pharmacological side 
effects and insufficient exercise. Nutritional intervention is 
recommended in these guidelines as a reasonable strategy 
to improve nutritional condition (2). Malnutrition is an 
important factor that negatively affects the outcomes and 
quality of life of patients with advanced lung cancer.

Gastrointestinal (GI) tract is the major system responsible 
for food digestion and nutrient absorption. Moreover, GI 
symptoms and weight loss frequently occur in patients 
with adenocarcinoma and lung cancer (3). The intestinal 

epithelium is a frontline of nutrient absorption and innate 
immunity, and it is the most vigorously renewed tissue 
in mammals. Intestinal stem cells (ISCs) located within 
crypts provide numerous terminally differentiated epithelial 
cells to maintain the structural and functional integrity of 
the intestinal epithelium, but ISCs are sensitive to many 
harmful factors, such as infection, radiation, and aging (4-6).  
Meanwhile, ISCs reside in a niche composed of Paneth 
cells, macrophages, and myofibroblasts. The niche of ISCs 
is important for the physiological maintenance and damage-
induced regeneration of ISCs (7,8). However, the influences 
of lung cancer and its secretory derivatives on ISCs have not 
been well investigated.

Exosomes are round extracellular vesicles (EVs) with 
diameters ranging from 40 to 160 nm, and they are 
encapsulated by a lipid bilayer membrane (9). Exosomes 
are produced in large amounts by cancer cells, and they can 
disseminate into the tumor microenvironment and then 
migrate into the blood and lymphatic circulation. Due to 
the complicated process of exosomes secretion, exosomes 
carry multiple constituents, including proteins, glycans, 
lipids, amino acids, DNA, ribonucleic acids (RNAs) [such as 
microRNAs (miRNAs), small interfering RNAs (siRNAs), 
and long non-coding RNAs (lncRNAs)], and cytosolic and 
cell-surface proteins (9,10). Depending on their cells of 
origin, exosomes may participate in different physiological 
or pathological processes. Tumor-derived exosomes can 
participate in interaction between tumor cells themselves, 
or between tumor cells and the microenvironment (11), 
or distal tissues and organs (12,13). Therefore, tumor cell-
derived exosomes are important exocrine mediators through 
which tumor tissue affects the function of the whole body 
(14-16). Lung cancer cell-derived exosomes (LCCDEs) can 
regulate both the tumor microenvironment in the niche and 
distal organs by influencing intercellular communication 
and processes, such as immune cell evasion, angiogenesis 
and epithelial-mesenchymal transition (EMT) (17,18). As 
an important subtype of EVs, LCCDEs are taken up by 
other cells, with effects on cell phenotypes and cell-cell 
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communication (19). Therefore, exosomes derived from 
Lewis lung carcinoma-1 (LLC1) were injected via tail vein 
of mice to mimic the exosomes produced by human lung 
adenocarcinoma and secreted into the bloodstream.

In this study, we aimed to explore the influence 
of LCCDEs on the epithelial integrity of the small 
intestine, especially the activity of ISCs and their niche, 
using histological methods and an organoid model. We 
found that LCCDEs could impair the proliferation and 
differentiation of ISCs and disrupt the balance of the ISCs’ 
microenvironment, which caused pathological changes in the 
intestinal epithelium. We present this article in accordance 
with the ARRIVE reporting checklist (available at https://
tlcr.amegroups.com/article/view/10.21037/tlcr-24-758/rc).

Methods

Mice

Six- to eight-week-old healthy male C57BL/6J mice (18–22 g)  
were obtained from Beijing HFK Bioscience Company. 
Upon arriving in our laboratory, the mice were acclimatized 
for one week. B6.129P2-Lgr5tm1(cre/ERT2)Cle/J (Lgr5-EGFP-
IRES-creERT2) mice were obtained from Jackson 
Laboratory. All the mice were kept in a specific pathogen-
free (SPF) animal facility with free access to food and water. 
The animal experiments were conducted in accordance with 
the guidelines of the National Institutes of Health (NIH) 
“Guide for the Care and Use of Laboratory Animals (8th 
edition)”, and all the experimental procedures were reviewed 
and approved by the Ethics Committee of Sichuan Cancer 
Hospital & Institute (No. SCCHEC-04-2023-01/8). A 
protocol was prepared before the study without registration.

Cell culture and collection of conditional mediums

The LLC1 cell line was purchased from the National 
Collection of Authenticated Cell Cultures (Shanghai, 
China). IEC-6 cells were obtained from the American 
Type Culture Collection (ATCC) and maintained in 
our laboratory. The cells were cultured in high-glucose 
Dulbecco’s Modified Eagle Medium (DMEM) (HyClone, 
Utah, USA) supplemented with 10% fetal bovine serum 
(FBS) (Biological Industries, Haemek, Israel) and 1% 
penicillin/streptomycin solution (Beyotime, Shanghai, 
China). The cells were cultured in a CO2 incubator 
(Thermo Fisher Scientific, Massachusetts, USA) with 5% 
CO2 at 37 ℃. Cultured cells were digested with 0.25% 

trypsin containing 0.02% ethylenediaminetetraacetic acid 
(EDTA) (HyClone) before passaging. When the LLC1 cells 
reached 80% confluence, the medium was replaced with 
fresh complete medium. After 24 h of incubation, the LLC1 
conditional medium (LLC1-CM) was collected, filtered 
through a 0.22 μm syringe filter, aliquoted and frozen at  
−20 ℃ before use. In addition, N,N'-Bis[5-(2,3-dihydro-
1H-indol-1-yl)pentyl]-1,6-hexanediamine-conditional 
medium (GW4869-CM) was the conditional medium from 
LLC1 cells treated with 20 μM GW4849 for 24 h.

Preparation and preservation of LCCDEs

The preparation of LCCDEs from LLC1 cells and A549 
cells was conducted following a previously described 
method (20). Briefly, LLC1 cells and A549 cells were 
cultured in T75 flasks. When the cells reached 80% 
confluence, the medium was changed to fresh DMEM and 
Roswell Park Memorial Institute (RPMI)1640 containing 
10% exosome-free FBS (Viva Cell, Shanghai, China). The 
cells were subsequently cultured in exosome-free medium 
for 24 hours. Afterward, the culture medium was collected, 
and the cellular debris was removed by centrifugation at 
300 g for 15 min and 2,000 g for 15 min. After the first 
centrifugation step, the supernatant containing exosomes 
were obtained. Then, the supernatant was transferred to a 
35 mL ultracentrifugation tube and centrifuged at 10,000 g 
and 4 ℃ for 30 min, after which the centrifuge tubes were 
washed with 5 mL of phosphate-buffered saline (PBS) 
and centrifuged at 120,000 g for 70 min at 4 ℃ to collect 
LCCDEs. LCCDEs were subsequently resuspended in 
200 μL of ice-cold PBS (21). LCCDEs were characterized 
before use. The concentration of LCCDEs was determined 
with a BCA kit, and the LCCDEs were preserved in an 
Ultra-Low Freezer at −80 ℃ (22,23).

Characterization of exosomes

Exosomes were identified by transmission electron 
microscopy (TEM), Western blot (WB), and nanoparticle 
tracking analysis (NTA). The morphology of LCCDEs 
was examined under an electron microscope (JEOL, 
Tokyo, Japan). The protein concentration of LCCDEs 
was determined with a BCA kit (Bosterbio, Wuhan, 
China). For WB, 4.5 nm PVDF membranes were blocked 
in 3% bovine serum albumin (BSA) for 50 min at room 
temperature. CD63 was used as a marker of exosomes for 
WB. A polyclonal rabbit anti-CD63 antibody (SAB4301607; 
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Sigma, St. Louis, USA) was diluted 1:1,000 and incubated 
overnight. Horseradish peroxidase (HRP)-labeled goat anti-
rabbit IgG (1:10,000, A0168, Sigma) was used to visualize 
the CD63 band. NTA was used to determine the diameter 
and size distribution of LCCDEs.

Treatment of mice and tissue collection

All mice were divided into different groups by random 
number method. In the conditional medium experiment, 
mice were injected with 200 μL of LLC1-CM or PBS 
per mouse via the tail vein for 5 consecutive days. In the 
GW4869 experiment, mice were treated with LLC1-CM 
or GW4869-CM. In the exosome experiment, the mice 
were treated with LCCDEs via tail vein injection. The 
doses of LCCDEs were 1.25 and 2.5 mg/kg/d per mouse, 
and the treatment was administered for five continuous 
days. Mice in the control group were treated with the same 
volume of PBS without LCCDEs. Lgr5-EGFP mice were 
injected with PKH26-labeled LCCDEs and sacrificed for 
frozen sectioning after 6 hours. At the end of treatment 
with LCC1-CM or LCCDEs, the mice were injected with 
100 mg/kg BrdU for 90 min to label proliferative crypt 
epithelial cells and sacrificed by cervical dislocation. The 
intestines were quickly removed, and gross images of the GI 
tract were captured. Then, the intestines were fixed in 4% 
paraformaldehyde (PFA) overnight and subjected to regular 
tissue processing following our laboratory protocols. In 
this study, n referred to number of animals, each group 
contained 3–5 mice and mice were fed in separate cages, 
with three slices obtained from each experimental animal 
used for data analysis. To minimize potential confounders, 
such as the order of treatments and measurements, we 
randomized the sequence of treatments and measurements 
across animals. Additionally, cages were rotated regularly to 
control for environmental factors like light and temperature 
variations due to cage location. The experimenters and data 
analysts were blinded to the group allocation of the mice to 
further reduce bias.

5'-ethynyl-2'-deoxyuridine (EdU) assay

A BeyoClickTM EdU-555 Cell Proliferation Kit (Beyotime) 
was used to evaluate the proliferation of IEC-6 cells. Briefly, 
IEC-6 cells were seeded in 96-well plates overnight. When 
the IEC-6 cells had completely adhered to the bottom of the 
plate, fresh complete DMEM containing 25% (v/v) LLC1-
CM was added to the wells of the experimental group, 

and no LLC1-CM was added for the control group. The 
cells were further cultured for another 24 h. Afterward, 
EdU was added to all the wells at a final concentration of 
1 mM, and the cells were incubated for 2 h. Finally, the 
IEC-6 cells were fixed with 4% PFA at room temperature 
for 30 min and washed with PBS. EdU staining was 
conducted following the manufacturer’s protocol. Nuclei 
were stained with 4',6-diamidino-2-phenylindole (DAPI) 
solution. Images were captured with a Leica SP5 confocal 
microscope.

Histological analysis and immunostaining

Intestinal blocks were sectioned into 4 μm thick sections. 
The sections were stained with hematoxylin & eosin (H&E). 
Immunohistochemistry (IHC) was conducted as previously 
described. Briefly, paraffin slides were deparaffinized in xylene 
and gradient ethanol, and antigen retrieval was performed 
in Tris-EDTA buffer (pH =9) at 100 ℃ for 20 min.  
Primary antibodies in blocking buffer were used at a dilution 
of 1:200, including mouse anti-BrdU, rabbit anti-Olmf4, 
rabbit anti-cleaved-caspase-3, rabbit anti-pERK1/2, and 
rabbit anti-p-STAT3 antibodies. The slides were incubated 
overnight at 4 ℃. Afterward, the tissues were thoroughly 
washed with PBS and incubated with the appropriate 
secondary antibodies for 40 min. 3,3’-diaminobenzidine 
(DAB) solution was used to visualize positive signals. 
Finally, the IHC slides were mounted with neutral balsam. 
For immunofluorescence staining, tissues were incubated 
with rabbit anti-phospho-S6 ribosomal protein (Ser240/244, 
p-S6) and goat anti-lysozyme antibodies overnight, and then 
Alexa FluorTM 488 donkey anti-rabbit IgG and Alexa FluorTM 
594 donkey anti-goat IgG (Thermo Fisher, Massachusetts, 
USA) were used to identify cells positive for staining. Nuclei 
were counterstained with DAPI, and the slides were mounted 
with anti-fade fluorescence mounting medium.

Alcian blue staining and periodic acid-Schiff (PAS) 
staining

Alcian blue and PAS staining was used to visualize Paneth 
cells and goblet cells, which are important for maintaining 
homeostasis of the intestinal epithelium. Rehydrated 
slides were prepared as described above. The slides were 
stained with Alcian blue staining solution (Sangon, Shanghai, 
China) for 15 minutes. Then, the slides were washed and 
counterstained with nuclear fast red for 5 minutes. PAS 
staining was performed with a commercial kit (Solarbio, 
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Beijing, China) following the manufacturer’s protocols. The 
slides were counterstained with hematoxylin before mounting.

Enteroid culture

Small intestinal crypts were freshly isolated as described 
previously (7). Briefly, 5–8 cm of jejunal tissues were 
removed, flushed with cold PBS and opened longitudinally 
on ice. The tissues were then cut into 3–5 mm pieces with 
scissors. The jejunal segments were washed briefly with cold 
PBS and then placed in ice-cold PBS supplemented with  
2 mM ethylenediaminetetraacetic acid (EDTA) (Invitrogen, 
California, USA). The tissue was incubated for 30 min 
on ice and then washed with PBS. Villi and crypts were 
separated from the lamina propria by vigorous shaking, 
and the crypts were purified via passage through a 70-μm 
strainer. Individual crypts were collected by centrifugation 
at 4 ℃ and 1,000 ×g for 3 min. Finally, the crypts were 
resuspended in Matrigel (Corning, New York, USA) and 
seeded in 96-well flat-bottom plates (100 crypts/well). The 
plates were incubated at 37 ℃ for 10 min, after which 
IntestiCultTM OGM (StemCell Technologies, Vancouver, 
Canada) supplemented with 1× penicillin/streptomycin 
(Beyotime) was added to the plates. The culture medium 
was replaced every 3 days.

Treatment of enteroids

After 6 hours of culture at 37 ℃ with 5% CO2, the intestinal 
enteroids were treated with LLC1-CM and A549-CM or 
LCCDEs of LLC1 cells and A549 cells. LLC1-CM and 
A549-CM was added to the culture medium at percentages 
of 25% (v/v) and 50% (v/v), respectively. The GW4869-
CM group was treated with IntestiCult OGM supplemented 
with 50% (v/v) LLC1-CM and pretreated with 20 μM 
GW4869 for 24 h. To evaluate the influence of exosomes 
from LLC1 cells and A549 cells on small intestinal enteroids, 
enteroids were treated with different concentrations of 
LCCDEs, including 50, 100 and 200 μg/mL. The growth 
characteristics of the enteroids were observed every day. All 
enteroid quantifications were conducted by three different 
researchers on the first day and the third day after LCCDEs 
treatment.

Image capture and processing

Images of H&E-stained slides and IHC-stained sections 
were captured with an Olympus BX51 microscope. 

Immunofluorescent images were captured with an A1R 
Nikon confocal microscope (Nikon, Tokyo, Japan) or 
Leica SP5 confocal microcope. Enteroids were observed 
and imaged with an M5000 (ThermoFisher) or Cytation 
5 (BioTek, Vermont, USA) system. The characteristics of 
the intestinal villi and crypts were evaluated with ImageJ 
software (NIH, Maryland, USA). Images of the slides and 
sections were edited with Adobe Photoshop and Adobe 
Illustrator.

Quantitative polymerase chain reaction (qPCR) assay

Total RNA was extracted from small intestines using TRIzol 
reagent (Ambion, Texas, USA) following the manufacturer’s 
protocol. First-strand cDNA was amplified from 1 μg of 
RNA. The relative mRNA expression levels of different 
genes were quantified with Hieff qPCR SYBR Green 
Master Mix reagent (Yeasen, Shanghai, China), normalized 
to β-actin expression, and calculated via the 2−ΔΔCt method. 
Quantitative real-time PCR was performed on a Bio-Rad 
iQ5 System. The primers used for qPCR were synthesized 
by BGI Genomics (Beijing, China). The specific primer 
sequences used for the target genes were listed in Table 1.

Statistical analysis

All the statistical analyses were performed with GraphPad 
Prism 9.4.1 (GraphPad, San Diego, CA, USA) and 
ImageJ 1.52q software. The data were presented as the 
mean ± standard deviation (SD). Statistical significance was 
evaluated using Student’s t-test for comparisons between 
two groups, and we applied the Kruskal-Wallis H test for 
comparisons among three or more groups and the Mann-
Whitney U test for pairwise comparisons. P values less than 
0.05 were considered to indicate statistical significance.

Results

Medium of lung cancer cells impaired morphology and 
proliferation in the small intestine

In this study, mice were first treated with LLC1-CM for 
five consecutive days via tail vein injection. The length 
of the small intestine was substantially decreased in the 
LLC1-CM group than in the control group (34.07±1.17 
vs. 28.53±3.18 cm) (Figure 1A). Statistical analysis revealed a 
significant difference between these two groups (Figure 1B).  
Since there were many nonepithelial cells present in the 
small intestine in vivo, we also examined how LLC1-CM 
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affected the growth of intestinal epithelial cells (IECs) 
in vitro using IEC-6 cells. EdU incorporation assays 
showed that the administration of LLC1-CM significantly 
increased the number of EdU+ IEC-6 cells (15±2.58 vs. 
30±6.96) (Figure 1C,1D). In addition, LLC1-CM decreased 
enteroid formation in a dose-dependent manner both at the 
first day and the third day after treatment (Figure 1E,1F, 
Figure S1A,S1B), but it had no significant effect on the 
differentiation of enteroids (Figure S1A,S1C). Similarly, 
the enteroids treated by A549-CM showed a similar 
pattern as well (Figure S1D-S1H). Therefore, these results 
demonstrated that the medium of lung cancer cells could 
impair the morphology of the small intestine and affect 
cellular proliferation and enteroid formation, indicating 
that LLC1-CM could inhibit the activity of ISCs.

GW4869 alleviated the intestinal damage caused by 
LLC1-CM

As demonstrated above, LLC1-CM affects the structure 
of the intestines. Thus, we inferred that exosomes from 
LLC1-CM might be responsible for this impairment. 
We prepared LLC1-CM and GW4869-CM, and mice 
were then treated with these two conditional mediums 
for 5 consecutive days. Interestingly, the length of the 
small intestine in the GW4869-CM group was much 
greater than that in the LLC1-CM group (Figure 2A,2B), 
indicating that removal of exosome by GW4869 alleviated 

the impairment of LLC1-CM in the small intestine. We 
also examined the influence of GW4869 on the growth of 
LLC1 cells and found that GW4869 did not inhibit the 
growth of LLC1 cells, indicating that GW4869 inhibited 
the secretion of exosomes without impairing the viability 
of LLC1 cells (Figure 2C,2D). Afterward, we repeated the 
enteroid experiments. The crypts in the GW4869-CM 
group formed more enteroids at 24 h than did those in the 
LLC1-CM group (Figure 2E,2F). Moreover, we examined 
the characteristics of purified LCCDEs, and we found that 
LCCDEs expressed CD63, which is a classic marker of 
exosomes, and they had the typical appearance and diameter 
of exosome (Figure 2G-2J). Therefore, the results of these 
experiments supported the idea that the exosomes in LLC1-
CM were the major components that impaired the health of 
small intestines.

LCCDEs impaired body weight and disrupted the intestinal 
structure

Since LLC1-CM had negative effects on the intestinal 
health of mice, we further treated the mice with purified 
LCCDEs (Figure 3A). Interestingly, compared with those 
in the control group, the mice in 2.5 mg/kg/d LCCDEs 
group began to lose weight on day 3, and there was a 
significant decrease in weight on days 4 and 5 (Figure 3B). 
More importantly, we found that 2.5 mg/kg/d LCCDEs 
dramatically reduced the length of the small intestine after 

Table 1 Primer sequences used for qRT-PCR experiments

Gene Forward Reverse

Lgr5 CTCCCAGGTCTGGTGTGTTG GAGGTCTAGGTAGGAGGTGAAG

Olmf4 CAGCCACTTTCCAATTTCACTG GCTGGACATACTCCTTCACCTTA

Bmi1 ATCCCCACTTAATGTGTGTCCT CTTGCTGGTCTCCAAGTAACG

Mki-67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT

IL-1β ACCTCACAAGCAGAGCACAA TTGGCCGAGGACTAAGGAGT

Wnt3 TGGAACTGTACCACCATAGATGAC ACACCAGCCGAGGCGATG

Mist1 GCTGACCGCCACCATACTTAC TGTGTAGAGTAGCGTTGCAGG

Lyz-1 ATGGAATGGCTGGCTACTATGG ACCAGTATCGGCTATTGATCTGA

CHGA ATCCTCTCTATCCTGCGACAC GGGCTCTGGTTCTCAAACACT

Muc2 AGGGCTCGGAACTCCAGAAA CCAGGGAATCGGTAGACATCG

Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

qRT-PCR, quantitative reverse transcription polymerase chain reaction; Lgr5, Leucine rich repeat containing G protein coupled receptor 5; 
Omlf4, olfactomedin 4; Bmi1, B cell-specific Moloney murine leukemia virus integration site 1; Mki67, marker of proliferation Ki-67; IL-1β, 
interleukin1 beta; Wnt3, wingless-type MMTV integration site family, member 3; Mist1, basic helix-loop-helix family, member a15; Lyz-1, 
Lysozyme 1; CHGA, chromogranin A; Muc2, mucin2, oligomeric mucus/gel-forming; Actb, beta actin.

https://cdn.amegroups.cn/static/public/TLCR-24-758-Supplementary.pdf
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five consecutive days of injections (Figure 3C,3D). However, 
the quantitative results demonstrated that the height of villi 
increased after the administration of LCCDEs (Figure 3E,3F).  
The mean depth and width of crypts also increased after 

the injection of LCCDEs (Figure 3G,3H). In summary, our 
results suggested that LCCDEs was able to decrease the 
body weight of mice in vivo, although there were increases 
in some structural parameters of the small intestine.
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Figure 1 LLC1-CM impaired the morphology and proliferation of small intestines in vivo and in vitro. (A) The gross appearance of small 
intestines from control group and LLC1-CM group. (B) The length of small intestines in LLC1-CM group was significantly decreased 
compared with control group (n=3 per group). (C) IEC-6 cells were stained with EdU (red fluorescence) using a BeyoClick™ EdU-555 cell 
proliferation kit (Beyotime) to show those proliferating cells, and cell nuclei were counterstained with DAPI (blue fluorescence) (bar =50 μm). 
(D) The percentage of EdU+ IEC-6 cell was significantly increased after the treatment by LLC1-CM for 24 h (n=3 wells per group). (E) 
Representative images of enteroids in control group and different LLC1-CM groups after 24 h culture (bar =200 μm). The red arrows 
indicated representative enteroids at this time. (F) Normalized enteroid formation efficacy at 24 h in different groups (n=4 wells each group). 
*, P<0.05; **, P<0.01; ns, not significant. LLC1-CM, Lewis lung carcinoma cell conditional medium; IEC-6, intestinal epithelial cell line 6; 
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Figure 2 GW4869-CM abolished the impairment of small intestines caused by LLC1-CM. (A) Representative appearance of small 
intestines treated by LLC1-CM and GW4869-CM. (B) The length of small intestine in GW4869-CM group was increased compared 
with LLC1-CM (n=4 per group). (C) The crystal violet staining of LLC1 treated by different concentrations (0, 5, 10, 20, 40, 80 μM) of 
GW4869. (D) Quantification of cell proliferation ability of LLC1 cells treated by GW4869 (n=4 wells each group). (E) The representative 
images of enteroids treated by LLC1-CM and GW4869-CM after 24-hour culturing (bar =200 μm). Red arrows indicated representative 
enteroids at this time. (F) Enteroid formation efficacy in GW4869-CM group was increased compared with LLC1-CM group (n=4 wells 
per group). (G) CD63 was examined by Western blot to confirm the purification of LCCDEs. (H) The representative image of LCCDEs 
under electron microscope. (I,J) Diameter characteristics of LCCDEs were analyzed by NTA. *, P<0.05; ns, not significant. GW4869-
CM, GW4869-conditional medium. LLC1-CM, Lewis lung carcinoma-1-conditional medium; LLC1, Lewis lung carcinoma-1; NTA, 
nanoparticle tracking analysis; FWHM, full width at half maximum.
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Figure 3 LCCDEs caused loss of body weight and changed the morphological characteristics of small intestines. (A) Schematic flowchart 
for isolation and administration of LCCDEs in vivo. (B) The average weight of mice was significantly decreased after the administration of 
LCCDEs (2.5 mg/kg/d, n=5 per group). (C) The representative gross images of gastrointestinal tract in control group and LCCDEs groups. 
(D) LCCDEs treatment dramatically decreased the length of small intestines (2.5 mg/kg/d, n=5 per group). (E) Representative H&E 
images of small intestinal tissues in different groups (bar =100 μm). (F) Comparison of average villous heights (n=5 mice per group). (G) 
Comparison of cryptal depth in different groups (n=5 mice per group). (H) The comparison of cryptal width of small intestine crypts (n=5 
mice per group). *, P<0.05; **, P<0.01; ns, not significant. LCCDEs, lung cancer cell derived exosomes; H&E, hematoxylin & eosin; FBS, 
fetal bovine serum; LLC1, Lewis lung carcinoma-1; iv, intravenous; SI, small intestine.

0        5        10       15       20       25       30       35       40       45 (cm)

Culture in exosome free FBS for 24 h

Treat with LCCDEs

(1.25 or 2.5 mg/kg/d, iv, 5 days)

LLC1 cell
P

ur
ify

 L
C

C
D

E
s

LC
C

D
E

s
C

tr
l

24

22

20

18

W
ei

gh
t, 

g

LCCDEsCtrl

0         1         2         3         4         5
Day after LCCDEs injection

*

**

40

30

20

10

0Le
ng

th
 o

f s
m

al
l i

nt
es

tin
es

, c
m

**

LCCDEsCtrl

Control 1.25 mg/kg/d 2.5 mg/kg/d

100 μm 100 μm 100 μm

350

280

210

140

70

0

H
ei

gh
t o

f S
I v

ill
us

, μ
m

**

ns

Ctrl

1.2
5 m

g/
kg

/d

2.5
 m

g/
kg

/d

150

100

50

0

D
ep

th
 o

f S
I c

ry
pt

, μ
m

**

ns

Ctrl

1.2
5 m

g/
kg

/d

2.5
 m

g/
kg

/d

80

70

60

50

40

30

20

10

W
id

th
 o

f S
I c

ry
pt

, μ
m **

ns

Ctrl

1.2
5 m

g/
kg

/d

2.5
 m

g/
kg

/d

A B

C D

E

F G H



Translational Lung Cancer Research, Vol 14, No 3 March 2025 727

© AME Publishing Company.   Transl Lung Cancer Res 2025;14(3):718-735 | https://dx.doi.org/10.21037/tlcr-24-758

LCCDEs changed the pattern of proliferation and 
differentiation of ISCs

Due to the above differences in body weight, intestinal 
length and structure observed after LCCDEs treatment, 
we further explored cellular dynamics in response to 
LCCDEs. First, apoptosis was evaluated by IHC staining 
for cleaved-caspase-3. There were more cleaved-caspase-3-
positive apoptotic cells in the villi after the administration 
of LCCDEs (Figure 4A). Interestingly, the quantity of 
BrdU-positive proliferating cells was also significantly 
greater within intestinal crypts (Figure 4B,4C). Importantly, 
we stained ISCs with Olfm4, which is a widely used 
marker of ISCs. The number of Olfm4+ ISCs decreased 
after LCCDEs treatment (Figure 4D,4E). In addition, we 
found that there were more Alcian blue+ and PAS+ goblet 
cells in the villous epithelium after LCCDEs treatment 
(Figure 4F-4I). The number of Alcian blue+ cells within 
the crypts was gradually decreased with increasing doses of 
LCCDEs, while the quantity of PAS+ cells was not changed 
siginificantly (Figure 4F,4H,4J,4K). Therefore, these data 
suggested that the administration of LCCDEs greatly 
impaired ISCs and altered their niche, with effects on the 
proliferation and differentiation patterns of ISCs.

LCCDEs inhibited the formation and growth of small 
intestinal organoids

Although LCCDEs significantly decreased the number of 
Olfm4+ ISCs in vivo, we wondered whether LCCDEs could 
directly affect the activity of ISCs in vitro. The enteroids 
(intestinal organoids) were “mini guts” cultured in vitro 
containing ISCs and their differentiated epithelial cells. 
Since there were no mesenchymal cells in the enteroids, 
they could be used to directly observe the biological 
influence of LCCDEs on ISCs. LCCDEs were extracted 
and determined to be at a concentration of 1 μg/µL with 
a BCA kit. LCCDEs of LLC1 and A549 decreased in 
the efficacy of enteroid formation at day 1 and day 3 
after the treatment with LCCDEs, and this decrease was 
concentration dependent, which indicated that a higher 
concentration of LCCDEs was accompanied by greater 
impairment of small intestinal organoid proliferation 
(Figure 5A-5D, Figure S2A,S2B). The impairment of small 
intestinal organoid proliferation persisted and could not be 
rescued quickly. However, the budding capacity of the small 
intestinal organoids was not affected by LCCDEs, even 
though the number of enteroids significantly decreased 

(Figure 5E,5F, Figure S2C-S2F). Taken together, these 
in vitro observations suggested that LCCDEs inhibited 
small intestinal organoid proliferation in a dose-dependent 
manner, but no difference in differentiation was observed.

LCCDEs negatively reshaped the niche of ISCs

Considering the above results, we further explored 
whether LCCDEs could be absorbed by IECs and how 
they changed the niche of ISCs. We used PKH26 to label 
LCCDEs and found that PKH26-positive LCCDEs could 
be absorbed by IEC-6 cells (Figure 6A,6B). Moreover, we 
treated Lgr5-EGFP mice and their enteroids with PKH26-
labeled LCCDEs. PKH26-positive LCCDEs could be 
absorbed by enteroids (Figure 6C) and Paneth cells, which 
were intermingled between Lgr5-EGFP+ ISCs (Figure 6D).  
Quantitative real-time PCR showed that LCCDEs 
treatment substantially changed the mRNA levels of many 
important genes. For example, LCCDEs significantly 
decreased the expression levels of Lgr5 and Olfm4 (marker 
genes of active ISCs), but they did not influence the 
mRNA expression of Bmi1 (a marker of quiescent ISCs)  
(Figure 6E-6G). The expression of Mki67, a cellular 
proliferation marker, was increased (Figure 6H), which 
was consistent with the findings of IHC staining of BrdU 
in Figure 4B. The microenvironment-related genes  
(IL-1, Wnt3, and Mist1) and secretory lineage marker genes 
(Lyz1, Chga, and Muc-2) were also changed (Figure 6I-6N) 
(24,25). In addition, we stained p-S6 to examine mTORC1 
activity and found that LCCDEs-treated mice had fewer 
p-S6-positive Paneth cells (Figure 7A,7B). Meanwhile, the 
numbers of p-ERK1/2-positive and p-STAT3-positive 
cryptal cells were also substantially decreased after the 
administration of LCCDEs (Figure 7C-7F). These findings 
indicated that circulating LCCDEs could be absorbed by 
IECs, and negatively affected the niche-related signaling 
pathways of ISCs.

Discussion

Lung cancer is the most frequent type of cancer, and it 
has a high mortality rate worldwide. Many lung cancer 
patients experience GI symptoms. In the present study, 
we demonstrated that LCCDEs reduced the body weight 
of mice and the lengths of the small intestines. Moreover, 
LCCDEs could impair the homeostasis of ISCs and their 
niche, as shown by decreased Olmf4+ ISCs abundance, poor 
formation of enteroids, and altered mRNA expression of 

https://cdn.amegroups.cn/static/public/TLCR-24-758-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-24-758-Supplementary.pdf
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Figure 4 LCCDEs caused significant changes of ISCs’ proliferation and differentiation pattern. (A) Representative images of cleaved-
caspase-3 IHC staining between control mice and LCCDEs-treated mice. (B) Representative images and (C) quantification of BrdU+ 
proliferating cryptal epithelial cells in control and LCCDEs-treated mice (n=3 per group). (D) Representative pictures and (E) quantification 
of Olmf4+ ISCs in different groups (n=3 per group). (F) Representative pictures and (G,H) quantification of Alcian blue staining of villus 
and crypt in control and LCCDEs-treated mice (n=5 each group). (I) Representative picture and (J,K) quantification of PAS positive cells 
in villus and crypt in control and LCCDEs-treated mice (n=5 each group). **, P<0.01; ns, not significant. ISCs, intestinal stem cells; IHC, 
immunohistochemistry; BrdU, 5-bromo-2'-deoxyuridine; Olmf4, Olfactomedin 4; PAS, periodic acid-Schiff; AB, Alcian blue.

40

30

20

10

0

B
rd

U
+
 c

el
l p

er
 c

ry
pt

**

ns

Ctrl

1.2
5 m

g/
kg

2.5
 m

g/
kg

C

25

20

15

10

5

0

PA
S

+
 c

el
l p

er
 v

ill
us **ns

Ctrl

1.2
5 m

g/
kg

2.5
 m

g/
kg

15

10

5

0

O
Im

f4
+
 c

el
l p

er
 c

ry
pt

**

ns

Ctrl

1.2
5 m

g/
kg

2.5
 m

g/
kg

25

20

15

10

5

0

A
B

+
 c

el
l p

er
 c

ry
pt

**

Ctrl

1.2
5 m

g/
kg

2.5
 m

g/
kg

**

25

20

15

10

5

0

A
B

+
 c

el
l p

er
 v

ill
us

**

ns

Ctrl

1.2
5 m

g/
kg

2.5
 m

g/
kg

20

15

10

5

0

PA
S

+
 c

el
l p

er
 c

ry
pt

Ctrl

1.2
5 m

g/
kg

2.5
 m

g/
kg

ns ns

Ctrl 1.25 mg/kg 2.5 mg/kg

C
le

av
ed

 
ca

sp
as

e3
B

rd
U

O
Im

f4
A

lc
ia

n 
bl

ue
PA

S

A

B

D

F

H

E G

I J K



Translational Lung Cancer Research, Vol 14, No 3 March 2025 729

© AME Publishing Company.   Transl Lung Cancer Res 2025;14(3):718-735 | https://dx.doi.org/10.21037/tlcr-24-758

Figure 5 LCCDEs inhibited the formation and growth of small intestinal organoids in vitro. (A,B) Higher concentrations of LCCDEs 
caused more significant impairment of small intestinal organoid proliferation at day 1. Red arrows indicated the formed enteroids at day 1. 
(C,D) Higher concentration of LCCDEs was accompanied by greater impairment of small intestinal organoid proliferation at day 3. (E,F) 
LCCDEs had no impairment on the differentiation of enteroids. The concentrations of LCCDEs were 50, 100, and 200 μg/mL respectively 
(n=4). Buds of enteroids were counted and the percentage was shown in dot matrix (0: enteroids had no buds; 1–3, enteroids had 1–3 buds; 
>3, enteroids had more than 3 buds). *, P<0.05; ns, not significant. LCCDEs, lung cancer cell derived exosomes.
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Figure 6 LCCDEs negatively reshaped the niche of ISCs. (A,B) PKH26-positive LCCDEs were absorbed by IEC-6 cells. IEC-6 cells were 
stained with DAPI to visualize nuclei, and PKH26 (a red fluorescent dye) was used to label LCCDEs. (C) PKH26 labeled LCCDEs were 
absorbed by enteoirds derived from Lgr5-EGFP mice. PKH26 staining was used to label LCCDEs, and the green fluorescence indicated 
EGFP positive Lgr5+ ISCs from Lgr5-EGFP mice derived enteroids. (D) Representative longitudinal section and cross section images of 
intestinal crypts after administration of PKH26 labeled LCCDEs. PKH26 was used to label LCCDEs, and the green fluorescence indicates 
intestinal stem cells from Lgr5-EGFP mice. (E-N) Relative mRNA changes of Lgr5, Olmf4, Bmi1, Mki67, IL-1, Wnt3, Mist1, Lyz1, Chga, 
Muc-2 in small intestines of LCCDEs-treated mice (n=3 per group). *, P<0.05; ***, P<0.001; ****, P<0.0001; ns, not significant. LCCDEs, 
lung cancer cell derived exosomes; ISCs, intestinal stem cells; IEC-6, intestinal epithelial cell line 6; DAPI, 4',6-diamidino-2-phenylindole; 
Lgr5, Leucine rich repeat containing G protein coupled receptor 5; Olmf4, Olfactomedin 4; Bmi1, B cell specific Moloney murine leukemia 
virus integration site 1; Mki67, marker of proliferation Ki-67; IL-1, interleukin 1; Wnt3, wingless-type MMTV integration site family, 
member 3; Mist1, basic helix-loop-helix family, member a15; Lyz1, lysozyme 1; Chga, chromogranin A; Muc-2, mucin2.
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Figure 7 LCCDEs inhibited the activity of mTORC1, ERK and STAT3 signaling pathways. (A) Representative immunofluorescent images 
of p-S6 and lysozyme. (B) Quantification of pS6+/Lysozyme+ Paneth cells in control mice and LCCDEs treated mice (n=5 per group). (C) 
Representative images of p-ERK1/2 positive cells and (D) the number of p-ERK1/2 positive cryptal epithelial cells were decreased after the 
treatment of LCCDEs (n=5 per group). (E) Representative images of p-STAT3 positive cells and (F) statistical analysis of p-STAT3 positive 
cryptal epithelial cells (n=5 each group). *, P<0.05; **, P<0.01. LCCDEs, lung cancer cell derived exosomes; p-S6, phospho-S6; p-ERK1/2, 
phospho-extracellular regulated protein kinases 1/2; p-STAT3, phospho-signal transducer and activator of transcription 3.
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niche-associated genes. Therefore, we inferred that the 
phenotype caused by LCCDEs in the small intestine could 
be attributed to its negative influence on ISCs.

Here, we demonstrated how LCCDEs impaired gross 
condition and intestinal function in mice, and a similar 
association between lung cancer and weight loss has also 
been reported by other researchers. They explained CAC 

from different perspectives. First, inflammatory mediators, 
such as tumor necrosis factor-alpha (TNFα), interleukin-6 
(IL-6), and lipocalin-2 (LCN2), are the major drivers of 
CAC, which results in changes in the secretory profile 
of cancer-associated fibroblasts (CAFs) (26-28). Second, 
many mediators that are necessary for tissue homeostasis, 
especially components of the GDF15-GFRAL pathway, 
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are promising targets for overcoming CAC (29). Third, 
metabolic products of cancer cells can induce diurnal 
and metabolic changes in the liver. Finally, some studies 
revealed through tumor genomics and plasma proteomics 
analysis the key factors linking cancer and weight loss. 
For instance, it has been reported that in primary non-
small cell lung cancer (NSCLC) patients, altered tumor 
genomic profiles and plasma proteomic profiles are strongly 
associated with cachexia and can decrease body weight and 
lead to loss of skeletal muscle content (30). However, we 
wondered whether other unmentioned factors, in addition 
to mediators of inflammation and tissue homeostasis and 
metabolic products, are related to lung cancer-induced 
cachexia. Since exosomes are widely secreted by cancer 
cells, we proposed that LCCDEs, the most widely studied 
extracellular microvesicles, might be a potential circulating 
mediator that can circulate through the bloodstream to 
the GI tract and can thus be used as a promising target to 
alleviate CAC in lung cancer patients.

This study demonstrated that LCCDEs was a novel 
mediator of lung cancer-induced cachexia and revealed 
how LCCDEs impaired the function of ISCs. Due to 
the impairment of ISCs caused by circulating LCCDEs, 
the proliferation and differentiation of ISCs were greatly 
impaired. Dysfunction of ISCs was the major cause of 
shortened small intestines and loss of body weight in vivo, 
and it also hindered the formation and growth of enteroids 
in vitro. Similarly, many studies have reported that harmful 
factors derived from the tumor niche are able to flow 
through the blood circulation into the small intestine 
and play essential roles in multiple pathophysiological 
effects (31). Admittedly, LCCDEs-induced impairment of 
ISCs might not be the only mechanism that explains the 
observed phenotypes. For example, the gut microbiota is 
an important factor that shapes the GI microenvironment, 
which regulates the absorption capability of the small 
intestine and can even influence tumor progression and 
clinical therapeutic outcomes (32,33). Additionally, tumor-
derived exosomes can influence intestinal function and 
cause an imbalance in glycometabolism by inhibiting the 
secretion of glucose-dependent insulinotropic peptide (GIP) 
and glucagon-like peptide-1 (GLP-1), which negatively 
regulate the proprotein convertase subtilisin/kexin type 
1/3 (PCSK1/3) (34). Therefore, the present study provides 
new insights into the mechanisms of lung cancer-induced 
cachexia and provides a promising therapeutic target for 
limiting the accumulation of EVs.

Although our studies revealed a novel mechanism 

by which lung cancer and LCCDEs damage the small 
intestine, there are also several limitations that necessitate 
further exploration in the future. Despite the observed 
decrease in intestinal length and loss of ISCs, the intestinal 
epithelium seemed to be more proliferative, and villous 
height and cryptal depth increased in LCCDEs-treated 
mice, which seemed to contradict traditional perspectives 
(24,35-37). This inconsistency might be attributed to 
incomplete compensation by the epithelium. Such a 
difference between ISCs and the epithelium has also been 
reported by Lee et al. (38). They described a phenotype 
in SAMP1 mice in which the proliferation of the crypt-
villus structure compensated for the dysfunction of ISCs 
or their niche. The renewal of the intestinal epithelium 
depends on both ISCs and transient amplification (TA) cells 
(37,39-43). In the case of loss or hypofunction of ISCs, TA 
cells might compensate for the renewal of epithelial cells, 
which might cause the observed inconsistency. Second, the 
exact molecules within LCCDEs that impair ISCs remain 
unclear. Exosomes contain a variety of messengers that have 
multiple functions in intracellular communication, such as 
DNA, mRNAs, miRNAs, circRNAs, proteins and bioactive 
lipids (44,45). Moreover, many harmful exosomal miRNAs, 
including miR-149-3p, miR-223 and miR-126a-3, impair 
the function of the intestine through multiple pathways. 
For instance, miR-149-3p packaged in exosomes could 
mediate intestinal inflammation by facilitating Th17 cell 
differentiation (46). miR-223 induces intestinal barrier 
dysfunction (47), and miR-126-3p damages intestinal cells 
through the PIK3R2 pathway (48). In addition, a decrease 
in the abundance of protective exosomal substances can also 
induce intestinal injury. For example, miR-142 restores the 
gut microenvironment to protect IECs (49), circEZH2_005, 
a significant circRNA, promotes Lgr5+ ISCs proliferation 
to alleviate intestinal injury (50), and miR-129-5p inhibits 
intestinal epithelial ferroptosis mediated by ACSL4 (51). 
Other factors, such as miR-23a-3p, miR-378a-5p, and miR-
22-3p, influence the intestine via different pathways (52-54). 
Hence, it is necessary to validate the specific contents of 
LCCDEs in the future.

Based on the phenotypes and mechanisms discussed 
in this study, the manipulation of LCCDEs could be a 
promising method to partially overcome CAC and intestinal 
damage. For example, it might be useful to inhibit the 
secretion of LCCDEs. Enterotoxigenic Bacteroides fragilis 
has been reported to interfere with exosome secretion in 
vivo (46). In addition, exosomes could be blocked before 
circulating into the small intestine. It has been shown 
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that some biomaterials can precisely identify harmful 
exosomes, including oncogenic exosomes. Oncogenic 
exosomes can be eliminated via molecules that specifically 
bind to positively charged mesoporous silica nanoparticles 
(MSNs) targeted to epidermal growth factor receptor 
(EGFR) (31). Microplastics and nanoplastics are widely 
used to affect intestinal barrier function (48). It might be 
helpful to upregulate the expression of exosomal miR-
142, circEZH2_005, and miR-129-2-3p, which could 
provide an effective approach to protect intestinal function 
by remodeling the intestinal microenvironment. Gprc5a 
signaling and the TIMELESS-mediated cellular senescence 
pathway have been proven to be involved in this process 
(49,50,55). In our study, GW4869 was shown to ameliorate 
the damage caused by LCCDEs in vitro.

Conclusions

Overall, in this study, we reported that lung cancer cell 
derived conditioned medium, and purified LCCDEs 
in particular, could impair the physiology of the small 
intestine, and we revealed that the major cause of this 
phenomenon was the ability of LCCDEs to impair ISCs 
and change the composition of the ISCs niche. This work 
provides a new explanation for CAC, and these findings 
suggest that reducing the level of LCCDEs might be a 
valuable therapeutic approach for the clinical treatment of 
CAC in lung cancer patients.
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