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Bronchoalveolar lavage fluid assessment facilitates precision
medicine for lung cancer
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ABSTRACT Lung cancer is the most common and fatal malignant disease worldwide and has the highest mortality rate among tumor-related
causes of death. Early diagnosis and precision medicine can significantly improve the survival rate and prognosis of lung cancer
patients. At present, the clinical diagnosis of lung cancer is challenging due to a lack of effective non-invasive detection methods
and biomarkers, and treatment is primarily hindered by drug resistance and high tumor heterogeneity. Liquid biopsy is a method
for detecting circulating biomarkers in the blood and other body fluids containing genetic information from primary tumor tissues.
Bronchoalveolar lavage fluid (BALF) is a potential liquid biopsy medium that is rich in a variety of bioactive substances and cell
components. BALF contains information on the key characteristics of tumors, including the tumor subtype, gene mutation type,
and tumor environment, thus BALF may be used as a diagnostic supplement to lung biopsy. In this review, the current research
on BALF in the diagnosis, treatment, and prognosis of lung cancer is summarized. The advantages and disadvantages of different
components of BALF, including cells, cell-free DNA, extracellular vesicles, and microRNA are introduced. In particular, the great
potential of extracellular vesicles in precision diagnosis and detection of drug-resistant for lung cancer is highlighted. In addition,
the performance of liquid biopsies with different body fluid sources in lung cancer detection are compared to facilitate more selective
studies involving BALF, thereby promoting the application of BALF for precision medicine in lung cancer patients in the future.
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Introduction been reported that when lung cancer is detected in a localized

stage, the 5-year survival rate can reach 60%, while the 5-year

. . . survival rate drops to 6% when detected in a distant stage'.
Lung cancer is one of the most common malignancies and . . .
. Therefore, an effective screening method to prolong the life
accounts for approximately 21% of cancer-related deaths . . .
i L of lung cancer patients by early diagnosis has always been
worldwide!. The incidence of lung cancer ranks first and . .
. . highly sought. Currently, low-dose computerized tomogra-
second among all cancers in China among adult males and o )
. . . . phy (LDCT) screening is prioritized for the early detection of
females, respectively, representing substantial medical and L L . .
. 5 . . lung cancer, and its implementation is associated with reduced
economic burdens®. Lung cancer is also considered one of ] . ] o
. ) . ) mortality due to improvements in nodule characterization’.
the most fatal malignancies, with a 5-year survival rate of . .
o ) ] . However, LDCT alone lacks specificity for distinguishing
only 23%, which is largely attributable to late diagnosis. It has : ) ) .
between benign and malignant nodules, with a false-positive

rate of up to 24%, which may lead to overtreatment and

cause unnecessary anxiety>*. Thus, it is necessary to establish
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improved detection techniques with high sensitivity and spec-

ificity in the early stage of lung cancer.

cancer (SCLC)]. Over the past two decades, molecular targeted

therapies and immunotherapies have achieved encouraging
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in patient survival. Unfortunately, not all patients respond to
targeted therapies, and for those who do, resistance typically
emerges during subsequent treatment’. The main obstacle
for immunotherapy is how to select appropriate responders®.
SCLC s characterized by a high proliferative capacity, genomic
instability, and early metastasis’. Precision medicine for SCLC
involves multiple dimensions, such as genetics, epigenetics,
proteomics, and the tumor microenvironment. Drug resist-
ance and high tumor heterogeneity are the primary challenges
to effective and accurate treatment®. Therefore, to improve the
survival rate and prognosis of lung cancer patients, both early
diagnosis and the identification of the key tumor character-
istics, including the tumor subtype, gene mutation type, and
tumor microenvironment, are important. Dynamic detection
of relevant indicators during treatment is conducive to moni-
toring efficacy, optimizing treatment strategies, and improving
drug resistance. Tissue biopsy remains the preferred method
for detecting these indicators, but tissue biopsy is impeded by
the scarcity of tissue samples, sampling frequency, and incom-
plete representation of the entire tumor bulk®. It is important
to note that liquid biopsy may be able to compensate for these
defects.

Liquid biopsy, a method for detecting circulating biomark-
ers in body fluids with genetic information from primary
tumor tissues, is a minimally invasive, repeatable, and com-
prehensive option that can provide personalized and dynamic
diagnostic and prognostic information for patient care'’.
Circulating tumor cells (CTCs), cell-free DNA (cfDNA), extra-
cellular vesicles (EVs), cfRNA, and microRNA (miRNA) are
the most commonly used biologic materials in liquid biopsy.
Among these biologic materials, several assays for detecting
CTCs and c¢fDNA have been approved by the FDA’. The clin-
ical use of peripheral blood-derived ¢fDNA as a supplemen-
tary specimen for assessing epidermal growth factor receptor
(EGFR) mutation status and detecting the T790M mutation
when tumor tissue is not readily available has been approved
for NSCLC!L. Currently, the concept of liquid biopsy has been
expanded from blood to bronchoalveolar lavage fluid (BALF),
pleural effusions, and other body fluids.

BALF is obtained from the lung through flexible bronchos-
copy. BALF is an important bioactive material that includes
cellular and non-cellular components which provides infor-
mation on biological processes occurring in the alveoli, such as
inflammation and infection. Over the past few years, BALF has
mainly been used to diagnose interstitial and infectious lung

diseases'2. At the same time, there have been corollary studies

231

focusing on the role of BALF in lung cancer. A review has sum-
marized studies of BALF for lung cancer in analyzing the tumor
immune microenvironment and assessing immune-related
adverse events of immunotherapy'’. Another review described
the cell metabolism changes in BALF at various stages of lung
cancer'. With the advent of liquid biopsy technology, liquid
biopsy using BALF as the medium is expected to become a
diagnostic supplement to lung biopsy, but a comprehensive
summary on BALF in liquid biopsy for lung cancer is lacking.
To fill this gap, we have provided a comprehensive overview
of the current research findings based on BALF in lung cancer
according to the different liquid components and addressed
the advantages and disadvantages of BALF compared to other
liquid biopsy techniques using different body fluids. Finally,
we discussed the challenges and highlight future directions for

implementing these techniques in lung cancer clinical trials.

Overview of the development of
BALF

Bronchoalveolar lavage technology has a long history of
development worldwide. Initially, bronchoalveolar lavage was
used for clinical testing via a rigid bronchoscope, followed by
major breakthroughs in the invention of the flexible bron-
choscope, which is safer and better tolerated by patients. In
1974, bronchoalveolar lavage was first described as a diagnos-
tic method!®. Since then this technique has been progressively
utilized to diagnose abnormal lung diseases, including intersti-
tial, infectious, and even malignant diseases!?. There are three
steps involved in BALF collection. First, the flexible broncho-
scope is “wedged” into the target bronchial segment after local
anesthesia. Second, 100—200 mL (< 300 mL) of normal saline
is injected into the alveolar cavity through the bronchoscope,
followed by negative pressure suction to recover perfusion.
The recollected fluid is termed BALF, and different centers
may have personalized modifications for the collection pro-
tocol. Third, cells and supernatant are obtained from BALF
through pretreatment and centrifugation, which can then be
used for further detection (Figure 1).

Under normal circumstances, “healthy” BALF is sterile;
extra cells, bacteria, or acellular material are aberrant and can
be utilized as a diagnostic tool for various lung disorders!2.
Cellular components of “healthy” BALF include < 0.5%
eosinophils, < 5% neutrophils, < 20% lymphocytes, and

> 80% macrophages'’; however, this pattern is not static. For
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Figure 1 Overall workflow of BALF. Normal saline is injected into the alveolar cavity through the flexible bronchoscope, followed by negative

pressure suction to recover the perfusate. The recollected fluid is BALF. After pretreatment and centrifugation, BALF is divided into two parts
(cells and supernatant). Cells are used for cell smears, liquid-based cytology, and flow cytometry analysis. The supernatant can be subjected
to ELISA, gene sequencing, or multi-omics analysis, such as proteomics, metabolomics, and microbiome analysis, allowing in-depth analysis
of proteins, nucleic acids, metabolites, and the microbiome. (Created with BioRender.com).

example, compared to non-smokers, smokers have a signifi-
cant increase in the absolute cell count, leading to a three-fold
higher number of macrophages. Furthermore, smokers have
a lower percentage of lymphocytes and the ratio of different

subtypes of lymphocytes is also changed.

Application of BALF in the diagnosis
and prognosis of lung cancer

The application of BALF in lung cancer diagnosis and progno-
sis is still in the research stage. The BALF supernatant obtained
by centrifugation is rich in various non-cellular components,
including proteins, nucleic acids, and EVs (Figure 2). Because

it is possible to distinguish cellular and non-cellular content

from proximal airways and lung alveoli, BALF is the ideal
“lung liquid biopsy” material for the acquisition of biomarkers

pertaining to lung cancer!?.

Cytologic examination

Cancer cells

Cell pellets can be obtained from BALF through centrifu-
gation, allowing for cytologic examination. Conventional
methods, such as cell smears, have poor diagnostic perfor-
mance due to the limitations of smear thickness, overlap, and
immune cells. With the advent of liquid-based cytology, the
diagnostic rate of lung cancer has improved, but the sensitiv-

ity of cytologic examinations based on BALF fluctuates widely
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Figure 2 Application of BALF in lung cancer. BALF contains many different components. The cell components can be divided into cancer and
immune cells. The presence of tumor cells reflects the possibility of malignancy. Different proportions of immune cells reflect the local immune
microenvironment to some extent. The studies of protein focus on serum tumor markers and some soluble factors. Molecular analysis includes
microsatellite alterations, mutations in oncogenes, or tumor suppressors and gene methylation. Multiple miRNAs are specifically expressed in
lung cancer. DNA, miRNA, mRNA, and proteins in BALF-EVs also have the potential to serve as biomarkers for lung cancer. Some metabolites
or microbiota are also differentially expressed in BALF of lung cancer patients. (Created with BioRender.com).

in different studies, ranging from 28%-87%'416-20, The pos-
sible reason for such a large fluctuation is that various clini-
cal factors, such as pneumonia, viral infections, and inflam-
matory changes, lead to severely dysplastic cells, which are
difficult to distinguish from malignant cells. Some artificial
factors also affect the accuracy of cytological examinations.
The effects of different bronchoscopic specimens combined
with liquid-based cytology on the early diagnosis of lung
cancer have been compared. The sensitivity and specificity
of BALF are comparable to bronchoscopic wash cultures and
transbronchial lung biopsies; the performance of endobron-
chial ultrasound-guided transbronchial needle aspiration
has the best sensitivity and specificity!”. Other studies have

shown that the sensitivity of liquid-based cytology of BALF
is higher in visible lesions, but can be significantly improved
by combining BALF with bronchial brushing when the lesion
is not visible'®!. Another study evaluated the performance
of peripheral blood-derived CTCs and BALF-derived tumor
cells, and found that the sensitivity and specificity of the two
samples were similar in distinguishing benign lesions from

lung cancer?’.

Immune cells and the tumor microenvironment
BALF contains a variety of immune cells that can be analyzed
by flow cytometry. Most studies have demonstrated that com-

pared to healthy subjects, lung cancer patients exhibit increased



234

levels of neutrophils and T cells in BALF'*2!. Further analysis
of T-cell subtypes in BALF revealed an increase in CD8" T cells,
while the CD4:CD8 ratio was decreased’>. In addition, multi-
ple studies have indicated that BALF from lung cancer patients
has an immunosuppressive microenvironment that is charac-
terized by an elevated proportion of Treg cells and CTLA-4*
Treg cells, as well as polarization of macrophages toward the
M2 population!>?!-23, Compared to NSCLC patients, the pro-
portion of ILI0*CD206*CD14" M2-like macrophages are ele-
vated in BALF from SCLC patients, positively correlated with
tumor stage, and negatively correlated with survival time?.

With the development of immunotherapy, immune
checkpoint inhibitors (ICIs) have been used to treat various
advanced tumors, including NSCLC. PD-1-PD-L1 pathway
blockers have been approved as first-line therapy for advanced
NSCLC, with approximately one-half of patients achieving
a response to ICIs and experiencing longer survival rates,
ranging from 20%-30%3. Therefore, it is essential to analyze
the tumor microenvironment to identify which patients will
benefit from immunotherapy. The tumor microenvironment
includes tumor, stromal, and immune cells, as well as related
cytokines. Tumor biopsies available for tumor microenviron-
ment analysis are very limited, so BALF may serve as a supe-
rior source of information. Compared to peripheral blood,
BALF is more proximal or “vicinal” to the tumor cells in the
lung, so BALF can provide more direct information on the
local immune status in lung tissue'. The detection of PD-L1
expression by cells derived from BALF is more consistent with
paired tissue biopsies, which in turn is better than pleural
effusion cells®>. A tumor microenvironment analysis based
on BALF showed that the expression of CXCL9 in BALF of
NSCLC patients who responded to nivolumab is higher than
non-responders?®, BALF can also be used to evaluate immune-
related adverse events of immunotherapy'?, which manifests
in the lung as pneumonia, and is referred to as checkpoint
inhibitor pneumonitis?’. The number of central memory T
cells is increased in BALF of patients with checkpoint inhib-
itor pneumonitis and the expression of CTLA-4 and PD-1 is
decreased in BALF Tregs compared to patients without this
complication®. Therefore, dysregulation of immune cell sub-
sets in BALF may serve as a potential target for the treatment
of immune-related adverse events.

There are significant differences in the immune cell profile
between BALF and peripheral blood. The same cells account
for a high proportion in BALF and may be very low in periph-

eral blood?"??°. The consistency between the immune cell
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profile based on BALF and the tumor-infiltrating lymphocytes
detected in tumor resection tissues also differs. A study has
shown that a higher proportion of Treg cells is present in the
BALF of adenocarcinoma patients®?, which is consistent with
the results directly obtained from tumor tissues®’. However,
another study comparing the immune cell subtypes of lym-
phocytes, dendritic cells, myeloid suppressor cells, and mac-
rophages in BALF and tumor tissues showed that except for
myeloid-derived suppressor cells, the proportion of other cells
in the two samples had no significant correlation®!. The above
disparities may be because BALF reflects the overall immune
environment of the lung, and various contributing factors,
including smoking and chronic obstructive pulmonary dis-
ease (COPD), ultimately affect the proportion of immune

cells, while tumors principally cause a local immune response.
Tumor-related proteins

Tumor markers

There are some common serum tumor markers that have been
used in the clinical diagnosis of lung cancer. Carcinoembryonic
antigen (CEA) is a glycoprotein complex expressed on the
surface of tumor cells. Compared with a control group, CEA
expression in the BALF of lung cancer patients is significantly
upregulated®?3*. Numerous studies have reported that the
level of CEA expression in the BALF of lung cancer patients is
higher than serum, so the sensitivity of detecting CEA in BALF
is higher*?¢. By comparing the expression of CEA in BALF
and serum among patients with lung cancer and pneumonia,
and healthy individuals, it was found that CEA expression in
serum could not discriminate between lung cancer and pneu-
monia patients, while these levels were significantly higher in
BALF from lung cancer patients than BALF from pneumo-
nia patients®”. Another study showed that CEA expression in
BALF was significantly increased in non-smokers with tumors,
while no significant difference was observed in smokers with
tumors®. Another study demonstrated non-significant vari-
ations in the CEA concentration in BALF from patients with
various pathologic types**. Neuron-specific enolase (NSE) is a
neuronal form of the glycolytic enzyme, enolase. NSE mainly
exists in neural and neuroendocrine tissues, as well as tumors
derived from these tissues®®. SCLC is classified as a neuroendo-
crine tumor and serum levels of NSE are elevated in 66%—81%
of patients with SCLC*’. The NSE content in BALF samples
from tumor groups has been shown to be significantly higher

than BALF from control groups®>34142, However, unlike NSE
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in serum, most studies (with the exception of one study**) have
indicated no difference in the expression of BALF-derived NSE
in SCLC and NSCLC?>#142, The expression of NSE between
BALF and serum was not shown to be significantly different,
but simultaneous detection of NSE from two sources could
improve the sensitivity??. Cytokeratin 19 fragment antigen
21-1 (CYFRA21-1) is a fragment of cytokeratin 19 and serves
as the most sensitive serum marker of NSCLC, especially in
patients with lung squamous cell carcinoma (LSCC)*}; how-
ever, there has been ongoing debate regarding the diagnostic
value of CYFRA21-1 in BALE An early study concluded that
CHFRA21-1 had poor diagnostic value**, while subsequent
studies reported improved diagnostic performance*?*. In
addition to the tumor markers mentioned above, research has
been conducted on other markers, such as squamous cell car-
cinoma antigen and precursor gastrin-releasing peptide®>.
Based on existing reports, however, the detection of tumor
markers in BALF is insufficient for the diagnosis of lung can-
cer, but combined detection can significantly improve the sen-
sitivity of diagnosis®>*4.

Soluble factors

In addition to common tumor markers, BALF also contains
several soluble factors that can be detected by ELISA. Among
the soluble factors, the vascular endothelial growth factor
(VEGEF) family has been extensively studied. The content of
VEGE-A is notably elevated in the BALF of lung cancer patients
and higher than plasma*>*¢. VEGF-C is another member of the
VEGF family, the expression of which in the peripheral blood of
lung cancer patients is significantly increased*’. In the BALF of
LSCC patients, VEGF-C expression has been shown to be sig-
nificantly increased*. VEGF-D expression is also upregulated
in the BALF of patients with LSCC*. Indeed, there are several
other soluble factors that warrant consideration. Among these
findings, transforming growth factor beta (TGF-f) expression
has been shown to be upregulated in the BALF of patients
with primary lung cancer®. In a subsequent study of NSCLC,
researchers also showed that the level of TGF-f in the BALF
of cancer patients was higher than healthy controls and posi-
tively correlated with the overall survival of patients with stage
IIB NSCLC>!. In the same study high mobility group box 1
in BALF was associated with metastasis and overall survival
of patients with stage IIIB NSCLC®!. A series of studies have
indicated that the expression of various soluble factors in
BALEF, such as B-cell-attracting chemokine 1(BCA-1), hepat-
ocyte growth factor (HGF), interleukin 18 (IL-18), IL-22,
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IL-27, and IL-29, are abnormal in NSCLC patients, some of
which are related to disease progression and response®2->.
NSCLC patients with higher sSRANKL>? or BCA-1% levels in
BALF were associated with poorer survival. Another study also
demonstrated a significant rise in the level of IL-27 expression
in the BALF of early NSCLC patients®. Researchers have only
demonstrated relevant evidence for the above indicators but
have not conducted in-depth studies, which is insufficient for
clinical practice. In a recent study involving patients with lung
nodules < 8 mm in size that were suspicious for cancer, the
BALF was assessed for combination indices (VEGF, TGF-f,
and HGF) and compared to the histopathologic findings.
The accuracy of detecting malignant and benign nodules was
71.4% and 74.5%, respectively®”. This finding may be used for
preliminary screening of small nodules for which histopatho-

logic specimens could not be obtained.

Proteomics

Proteomics technology has also been applied to BALF research.
The relevant clinical studies using this method are summarized
in Table 1. Matrix-assisted laser desorption/ionization time of
flight (MALDI-TOF) mass spectrometry was first reported
for detecting BALF in NSCLC patients, suggesting that BALF
is a suitable biofluid for screening biomarkers of NSCLC.
Subsequently, bidimensional polyacrylamide gel electropho-
resis (2D-PAGE) and MALDI-TOF/TOF were utilized to ana-
lyze the BALF of NSCLC patients; seven specific proteins were
identified (CTSD, ALDO A, FBP1, ERZ, AKR1B10, TKT, and
SELENBP1). Further validation via western blotting of paired
BALF proteins showed that only the AKRIBI10 protein was
upregulated in the NSCLC group®. The proteome of BALF
was analyzed by 2D-PAGE and mass spectrometry (MS). In
combination with bead-based immunoassays, a panel of pro-
teins (APOA1, CO4A, CRP, GSTP1, and SAMP) was screened
out. The sensitivity and specificity of this panel were 95% and
81%, respectively, indicating an effective assay for lung can-
cer diagnosis. This study also identified two proteins, STMN1
and GSTPI1, which can be used to distinguish SCLC from
NSCLC with a sensitivity and specificity of 90% and 57%,
respectively®!. Proteomics quantification of BALF in patients
with primary lung adenocarcinoma was performed by liquid
chromatography—mass spectrometry (LC-MS). Thirty-three
proteins were identified to be consistently overexpressed in
all samples, some of which were shown to be associated with
lung cancer progression®?. Proteomic analysis was conducted

for the first time using sequential windowed acquisition of all
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Table 1 Continued

Ref.

Comments

Specific proteins
(numbers/name)

2/CNDP2 and
RNPEP

Validation method

Validation subjects

Proteomic analysis

Study subjects

1. CNDP2 and RNPEP appeared to be potential
indicators for ASCL1-high and NEUROD1-

SCLC-CellMiner

NA

+

resource”

high subtypes of SCLC. 2. CNDP2 was found

to be positively correlated with responses to

etoposide, carboplatin, and irinotecan.

NSCLC, non-small-cell lung cancer; MALDI-TOF/TOF, matrix-assisted laser desorption/ionization time of flight; MS, mass spectrometry; NA, not available; COPD, chronic obstructive

pulmonary disease; 2D-PAGE, two-dimensional polyacrylamide gel electrophoresis; iTRAQ, isobaric tags for relative and absolute quantitation; LC-MS/MS, liquid chromatography
tandem mass spectrometry; SQCC, squamous cell carcinoma; SCLC, small cell lung cancer; SWATH, sequential windowed acquisition of all theoretical fragment ion mass spectra;

DIA, data-independent acquisition; ELISA, enzyme-linked immunosorbent assay; Sn, sensitivity; Sp, specificity; DEPs, differentially expressed proteins; TMT, tandem mass tags; IHC,

immunohistochemistry.

‘Indicates the analysis of BALF proteins by LC-MS/MS combining a simple sample pre-treatment and a DIA approach.

“Indicates a bioinformatic resource for SCLC cell line genomics and pharmacology based on genomic signatures (https://discover.nci.nih.gov/rsconnect/SclcCellMinerCDB/).
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theoretical fragment ion mass spectra (SWATH) MS on the
BALF of patients with lung adenocarcinoma. A total of 44 spe-
cific and highly expressed proteins were screened out, among
which HPT, CO4A, and GTSP1 were consistent with previ-
ous reports®®. Label-free MS was performed to analyze the
proteome of BALF in NSCLC patients. Compared to patients
without tumors, significant changes in protein abundance and
molecular function were found in NSCLC patients. The pro-
tein expression profile was also different between adenocar-
cinoma and LSCC patients. According to proteomic analysis,
four proteins (cystatin C, TIMP-1, lipocalin-2, and HSP70/
HSPA1A) were significantly elevated in NSCLC patients, and
the expression of the first three proteins was further verified in
plasma samples®. An in-depth proteomics method for BALF
analysis was further developed that effectively detected both
high- and low-abundance proteins, enabling the identification
of the largest number of BALF proteins®. The control samples
for the above studies were all from patients without tumors.
In one study, however, BALF was collected from the tumor-
bearing and healthy lungs of the same patient. According to
tandem mass tag (TMT)-based quantitative MS analysis, four
proteins (DSTN, RNPEP, CNDP2, and CA1) were shown to be
highly expressed in tumor-bearing lungs, and these proteins
were validated by tissue immunohistochemistry®®. According
to the expression of prominent transcription factors, SCLC
can be categorized into four subtypes. ASCL1 and NEUROD1
are associated with neuroendocrine-high (NE-high) mark-
ers. All five patients in the study were NE-high, and further
bioinformatics analysis revealed that CNDP2 and RNPEP are
potential markers for ASCL1-high and NEUROD1-high sub-
types of SCLC®®,

Given that the majority of the secreted proteins in BALF are
glycoproteins, N-glycoproteins were detected through the use
of isobaric tags for relative and absolute quantitation (iTRAQ)
labeling and LC-MS. Eight glycoproteins were highly expressed
in the BALF of lung adenocarcinoma. Among these glycopro-
teins, Napsin A has been reported to be highly expressed in
lung adenocarcinoma tissues®. Therefore, the expression of
Napsin A was further validated in BALF samples by ELISA
in another independent cohort, and a significant increase in
Napsin A was found in the BALF of lung adenocarcinoma
patients®. The MS-based quantitative N-glycoproteomic tech-
nique was also used to analyze BALF samples, revealing perios-
tin in all samples from lung cancer patients. Validation of the
screened periostin with ELISA in another 39 BALF samples

also yielded the same conclusion®.
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The above studies collectively indicate that proteomics-
based analysis of BALF can be used to screen potential diag-
nostic markers for lung cancer, especially when combined with
other experimental methods for validation to further narrow
the range of target proteins. However, owing to the diversity
of proteomic techniques, validation populations and sample
types, the different selection of control groups, and the limited
sample size of the studies, the clinical translation of proteom-

ics technology on BALF analysis has not been established.
Molecular analysis

DNA

Common genetic alterations of tumor-related molecules
include microsatellite alterations, mutations in oncogenes
or tumor suppressors, and gene hypermethylation. Initially,
researchers collected BALF cells for molecular analysis. With
the advances in liquid biopsy technology, research on BALF
supernatants has gradually increased. The clinical studies per-
taining to BALF genetic analysis-based lung cancer detection
are listed in Table 2.

In 1999 researchers used the molecular analysis results of
tumor tissues as a reference to detect the genetic alterations
in the corresponding BALF cell-derived DNA and found that
the detection rates of microsatellite alterations, P53 and KRAS
mutations, and P16 methylation were 13.6% (3/22), 39.3%
(11/28), 33.3% (4/12), and 63.2% (12/19), respectively’’. The
detection of EGFR mutations was better than detection of
P53 or KRAS mutations 7787?, The most common mutation
in NSCLC involves the EGFR gene. It has been shown that
BALF has higher sensitivity than pleural fluids for detecting
EGFR mutations in lung adenocarcinoma patients based on
next-generation sequencing (NGS)®. The sensitivity of BALF-
derived cfDNA for detecting EGFR mutations was 91.7% in
lung adenocarcinoma patients, which was better than paired
bronchial washing samples (18.2%)”°. In 13 lung adenocarci-
noma patients with confirmed EGFR mutations, BALF identi-
fied 2 additional mutations compared with tissue biopsy and
had higher sensitivity (92.3%) than peripheral blood samples
(38.5%) for detecting EGFR mutations’. These results suggest
that EGFR mutation detection in BALF may become a conven-
ient and sensitive method for the diagnosis of NSCLC.

In addition to determining the status of EGFR mutations
before treatment, monitoring changes in drug resistance
gene mutations during treatment is also critical. After EGFR-

tyrosine kinase inhibitor (TKI) treatment, most patients with
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EGFR mutations will develop secondary mutations 9-14
months later, among which the T790M mutation is most com-
mon’%8%. At present studies involving detection of the T790M
mutation in ¢fDNA mainly focus on serum/plasma®"82, but
there are several studies showing that the T790M mutation
can also be identified in BALE. A patient with lung adenocar-
cinoma developed a T790M mutation 3 months after initia-
tion of gefitinib. The detection results of BALF-derived cfDNA
were consistent with tumor tissues, but the mutation could
not be detected in bronchial washing samples”. Two addi-
tional mutations were detected in BALF samples compared to
the corresponding lung adenocarcinoma tissue samples, one
of which was the T790M mutation”®.

In addition to EGFR mutations, TP53, KRAS, and BRAF
were also found in BALF cfDNA from lung cancer patients,
and the genomic profile had a sensitivity of 67.7%72. Analysis
of tumor-associated gene mutation profiles using a tumor-
naive or -informed approach showed that BALF ¢fDNA exhib-
ited higher sensitivity than plasma cfDNA for detecting lung
cancer-derived mutations in stage I-II disease. A diagnostic
classifier for lung cancer-derived mutations was then devel-
oped with a sensitivity of 64.7%, which was superior to BALF
cytology (11.8%)7%. The above results indicate that BALF, as a
liquid biopsy medium, has good sensitivity in the detection of
gene mutations from lung cancer and may be used as a diag-
nostic supplement for tissue biopsy.

Epigenetic studies have revealed a close association between
DNA methylation and the occurrence and progression of lung
cancer. Aberrant methylation of gene promoters has been
used as a biomarker for diagnosing lung cancer®’. Methylation
typically occurs in the early stage of lung cancer and has been
extensively studied in liquid biopsy®*. Methylation of 8 gene
promoters (CDHI, APC, MGMT, RASSF1A, GSTPI, P16, RAR-
p2,and ARF) in BALF cell-derived DNA from 31 patients with
primary lung cancer was examined and abnormal methylation
of these genes was shown in 67.7% of the samples’. Aberrant
methylation of SHOX2 and RASSFIA genes has also been
widely reported in various studies on lung cancer. The clini-
cal specimens include tumor tissues, plasma, pleural effusions,
and bronchial aspirates®»35-87, In recent years studies based
on BALF samples have also begun to increase. The combined
detection of SHOX2 and RASSFIA methylation improves the
detection rate of lung cancer compared with individual assess-
ment or cytologic examination of BALE. Interestingly, SHOX2
methylation has a histologic subtype preference, with optimal
results in SCLC, followed by LSCC and adenocarcinoma’.
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This finding was consistent with previous studies carried out
on plasma and bronchial aspirates®>#°. Another study yielded
similar results. At all stages of lung cancer, the sensitivity of
the BALF-derived SHOX2 and RASSFIA methylation assay
was higher than cytology and serum CEA, especially in stage
I, with a sensitivity of 85.7%. Therefore, BALF-based meth-
ylation analysis of SHOX2 and RASSFIA can be used as an
effective complement to cytological examination, especially in
the early stage of lung cancer®®. The results of this study also
showed that the SHOX2 and RASSFIA methylation assay has
a preference for histological subtypes, and the conclusion is
consistent with previous findings that the sensitivity is highest
in SCLC®. Another study investigated the correlation between
gene methylation in BALF and patient prognosis and found
that the methylation of RASSFIA was associated with shorter
progression-free survival in NSCLC patients treated with
pemetrexed®®. The above methylation detection was based on
BALF cell-derived DNA. Another study performed methyla-
tion profiling of c¢fDNA from BALF. The findings indicated
that the methylation analysis of BALF-cfDNA possessed high
sensitivity in distinguishing small malignant tumors (< 2 cm)
from benign nodules”2.

In summary, BALF-based genetic analysis exhibits good
sensitivity with specific methods for the identification of lung
cancer. For precision treatment, BALF also has an auxiliary

role in the detection of secondary drug-resistant mutations.

RNA

MicroRNAs, small non-coding RNA composed of 20-24
nucleotides, are an important part of liquid biopsy. In fact,
miRNAs have been widely reported in blood and other body
fluids but are less studied in BALE. In one study researchers
analyzed the expression of a specific miRNA panel (miR-21,
miR-143, miR-155, miR-210, and miR-372) in BALF from
NSCLC patients and found that the diagnostic sensitivity was
85.7%, which was higher than sputum (67.8%)%. In another
study, miR-205-5p and miR-944 were used as a prediction
model to distinguish LSCC and adenocarcinoma. The accu-
racy of miR-205-5p and miR-944 in BALF samples was 95.7%,
which approximated frozen tissue (96.6%) and paraffin-
embedded formalin-fixed tissue (96.4%) and better than
cytology (68.1%)%°. The above results indicate that this pre-
diction model may have clinical value in differentiating LSCC
from adenocarcinoma in tumor tissues and BALF liquid biop-
sies. Specific miRNAs (miRNA-34a, miRNA-141, miRNA-143,
and miRNA-217) that regulate tumor suppressor genes (RARfS
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and FHIT) were subsequently detected in the BALF of patients
with LSCC, but the results showed that the expression of these
miRNAs may not have diagnostic value for LSCC’!. Based
on the above findings, the detection of BALF-derived miR-
NAs may be a potential means for lung cancer diagnosis in
some cases; however, few studies have explored this possibility.
Among the studies that have studied BALF-derived miRNAs
for lung cancer diagnosis, the miRNAs screened have been dif-
ferent and may require a larger sample size, further screening,

and verification.
EVs

EVs are vesicles with lipid bilayer membrane structures that
are released by cells into the extracellular matrix and can be
divided into exosomes, microvesicles and apoptotic bod-
ies according to the origin and size. A variety of cells secrete
EVs into BALE including bronchial epithelial cells, alveolar
macrophages, and endothelial cells. EVs are rich in various
components, including DNA, RNA, and proteins. Tumor cells
also secrete a large number of EVs. The cargos in EVs reflect
information from parental tumor cells, so EVs can be used
as biomarkers to assist in the diagnosis of some tumors®.
To avoid interference from viruses, proteins, or other aggre-
gates, high-purity EVs are a prerequisite for further analysis.
Common methods for isolating EVs include differential cen-
trifugation, density gradient centrifugation, size-exclusive
chromatography, and commercial kits. BALF contains many
soluble proteins, and the methods for EV isolation from BALF
are still in the early stage of development®®. The current stud-
ies of lung cancer based on BALF-EVs are shown in Table 3.
BALF-derived EVs are a reliable source for identifying
gene mutations. Researchers compared BALF-EV DNA and
tissue DNA based on targeted NGS and found that although
the yield and coverage depth of BALF-EV DNA were not as
good as tissue DNA, the mutation concordance between
the two samples could reach 81%!%2. Compared with tissue
biopsy, EGFR genotyping based on BALF-EVs may be more
sensitive. BALF-EV DNA was able to detect not only all of
the EGFR mutations detected in tissue samples but also six
additional cases®. BALF-EV DNA can also be used to detect
the T790M mutation in patients with secondary resistance to
EGFR-TKIs, even more efficiently and conveniently than tis-
sue re-biopsy®*. In addition, the sensitivity of EGFR genotyp-
ing based on BALF-EVs was increased with TMN grading and

even reached 100%°°. This is contrary to the detection results
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Table 2 Continued

Ref.

Comments

Sn/Sp (%) Comparison (Sn/Sp) (%)

Source of Methods

origin

Genetic mutations

Study population of BALF

76

BALF cell methylation analysis had relatively

Total

Total:

Lung cancer (n = 284); benign Methylation of SHOX2 and Cell pellet RT-PCR

lung diseases (n = 35);

satisfactory diagnostic accuracy for lung cancer,

81/97.4 Cytology:

Stage I:

and Sanger
sequencing

RASSF1A

especially at early stage, and was complementary

to cytology diagnosis.

68.3/97.4;

malignancies in other systems

(n

Serum CEA:
30.6/100
Stage |

85.7/NA

=3)

Cytology:

46.4/NA

Serum CEA:
10.7/NA

Sn, sensitivity; Sp, specificity; NA, not available; NGS, next-generation sequencing; WT, wild type; PCR, polymerase chain reaction; PNA-PCR, peptide nucleic acid-mediated PCR;

RT-PCR, real-time PCR; RT-MSP, real-time methylation-specific polymerase chain reaction.

‘Indicates PANAMutyper™ R EGFR kit with PNA clamping-assisted fluorescence melting curve analysis was used for mutation detection and genotyping.

“Indicates non-centrifuged BALF.
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of BALF ¢fDNA, which is more sensitive in the early stage of
lung cancer. For liquid biopsy, DNA derived from EVs is bet-
ter than cfDNA. EGFR genotyping of EV-DNA and cfDNA
from BALF and plasma samples was conducted for NSCLC
diagnosis. The results showed that the sensitivity of EV-DNA
was better than cfDNA from both sources, which may be
due to the protective effect of the EV bilayer membrane on
internal DNA%. Furthermore, BALF samples exhibited sig-
nificantly higher sensitivities for cfDNA and EV DNA than
plasma samples®*. Another study of patients with stage I1I-IV
NSCLC also showed that EGFR genotyping based on BALF-
EVs had higher sensitivity and specificity than EGFR genotyp-
ing based on plasma cfDNA®. The above results indicate that
EGFR genotyping with BALF-EVs has satisfactory accuracy
and is more convenient than solid tissue biopsy and cfDNA-
or plasma-based liquid biopsy. Moreover, EGFR genotyping
based on BALF-EVs has higher sensitivity in advanced tumors
and can detect the T790M mutation. Therefore, EGFR geno-
typing based on BALF-EVs can be utilized as a substitute for
tissue biopsy to guide the prompt treatment of EGFR-TKIs,
especially for patients with an advanced disease stage or from
whom sample collection is difficult.

For RNA in EVs, current studies primarily focus on detect-
ing the expression of tumor-related gene mRNA and miRNA.
Exosomes are one type of EV with a diameter of 30-100 nm.
Compared to plasma, BALF contains fewer exosomes.
Moreover, the miRNA content in BALF exosomes showed
no difference between patients with and without tumors,
while the miRNA content in plasma exosomes of tumor
patients was higher than patients without tumors. This find-
ing suggested that more tumor-derived miRNAs are released
into plasma than into BALF®’. MiR 126 and Let-7a concen-
trations are elevated in the BALF of lung adenocarcinoma
patients compared with to control subjects. However, sub-
sequent validation utilizing an independent set of matched
adenocarcinoma and normal tissue samples (n = 4) demon-
strated that only miR-126 expression is increased in cancer
tissues compared to healthy tissues®®. In a study related to
drug resistance, plasma and BALF samples were collected
from NSCLC patients before and after icotinib/gefitinib
treatment. Exosomes were isolated and mRNA expression of
10 metastasis-related genes was detected. It was found that
MET expression in exosomes was associated with lung cancer
metastasis, but there was no significant difference between
BALF and plasma®. These results indicated that BALF may
not offer benefits in identifying RNA related to lung cancer.
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The miRNAs screened in the previous study need to be fully

Ref.
0

validated before clinical use.
In addition to nucleic acids, EVs contain numerous pro-
tein components. Exosome proteins make up 35% of the

differentially expressed proteins in the BALF of lung cancer

Table 3 Continued

patients!'%%. Protein detection in BALF-EVs can be used to fur-
ther study the therapeutic mechanism underlying lung can-
cer. Suppressors of cytokine signaling 3 (SOCS3) vesicles from
alveolar macrophages are secreted into BALE The level of
SOCS3, as detected by ELISA, is significantly downregulated
in NSCLC patients, independent of adenocarcinoma, LSCC,
and smoking status'?. In another study, proteomic analysis of
BALF-EVs was performed with LC-MS. The results showed
that the DNMT3B complex is greatly augmented in tumor

correlated with lung cancer stage IV and
2. DNMT3B complex was significantly up-
regulated in tumor tissue and BALF-EVs.

1. Proteome complexity of BALF-EVs
mortality within 2 years of follow-up.

Comments

tissues and BALF-EVs, and protein markers associated with
innate immune cells and fibroblasts in BALF-EVs are associ-
ated with a poorer prognosis (4 of 5 patients died during the

2-year follow-up)!oL.

Comparison (Sn/Sp) (%)

NA

Others

Metabolomics

Sn/Sp (%)
NA

In addition to the above common components, some studies
have analyzed other components in BALF. Metabolomics is

a systems biology method that emerged after genomics and

Targets

proteomics. The non-targeted qualitative and quantitative
analysis of metabolites is expected to provide a new perspec-

tive for the study of pathologic processes and biomarkers for

Proteome DNMT3B

Cargos

diseases!'%. There have been numerous studies on metabolo-
mics analysis of serum, plasma, urine, and sputum!%-198 of
lung cancer patients, but there are few metabolomics studies
involving BALF. Two complementary metabolomics tech-
niques were performed to detect lung cancer-related metab-
olites in BALF samples (24 cases of lung cancer and 31 cases
of non-tumor lung disease) for the first time and identified

42 different metabolites. Glutamic acid and glutamine meta-

Differential centrifugation

Methods of isolation
1. 3000 g x 20 min
2.12,000g x 1 h
3.100,000g x 2 h

bolic pathways are the main changed pathways. Glycerol and
phosphate have promising potential as biomarkers that are

both sensitive and specific for diagnosing and predicting lung

Type
Vs

cancer outcomes'?””. Subsequently, a combined metabolom-

ics analysis was performed on serum, urine, and BALF from

12)

and non-lung cancer

(n=12)

patients with lung cancer. Compared to non-tumor lung dis-

ease, researchers identified 16 metabolites that are altered in
the BALF of lung cancer patients, 6 of which were detected in
serum and urine. Among these metabolites, phosphoric acid

‘Indicates a separation technique separating and removing components other than EVs from BALF in a stepwise manner, and all the centrifugation steps are performed at 4°C.

Sn, sensitivity; Sp, specificity; NSCLC, non-small-cell lung cancer; WT, wild type; EVs, extracellular vesicles; NA, not available; TKIs, tyrosine kinase inhibitors.
*Plasma and BALF were collected at the time of primary diagnosis and after the treatment with icotinib/gefitnib within a follow-up period of 3-6 months.

Study population
Lung cancer (n

was the most sensitive and specific!!®. The aforementioned
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studies indicate that phosphoric acid/phosphate may have a
significant involvement in the pathologic process underlying

lung cancer.

Microbiome

The pulmonary microbiome has a vital role in respiratory dis-
eases, but the significance in lung cancer has not been estab-
lished. Some studies have reported that dysbiosis of the micro-
biota during the disease process mainly includes the following:
enrichment of potential pathogenic bacteria; loss of probiot-
ics; and change in microbial composition!!'!. The BALF micro-
biota of patients with lung cancer (20 cases) and benign lung
masses (8 cases) were assessed via 16S rRNA-based NGS. The
findings demonstrated that two phyla (Firmicutes and TM7)
were increased and two genera (Veillonella and Megasphaera)

were enriched in lung cancer!!?

, among which Veillonella has
also been reported to be enriched in the saliva of patients with
lung cancer!''. Another study showed that Veillonella is dom-
inant in BALF of NSCLC patients in high-PD-L1 and immu-
notherapy responder groups!!%. Our group collected BALF
samples for the purpose of investigating the microbiome of
the lower respiratory tract (LRT) in individuals with lung
cancer. Compared to healthy subjects (30 cases), LRT microbi-
ome richness was decreased in lung cancer patients (91 cases).
However, there was no significant distinction between the lung
cancer and non-malignant lung disease groups (29 cases). We
further established a diagnostic model of lung cancer (includ-
ing age, smoking history, and 11 types of bacteria), with areas
under the curve (AUCs) of 0.882 and 0.796 in the training and
validation sets (57 lung cancer and 28 non-malignant lung dis-
ease patients), respectively, confirming that biomarkers based
on the BALF microbiome may be effective in identifying lung
cancer!!>. Similarly, another study discovered that there was no
significant distinction in the main microbial composition in
BALF between NSCLC (n = 32) and non-tumor patients (1 =
15)11%, The BALF microbiome of patients with stage | NSCLC
(n = 48) before resection was analyzed. It was shown that the
BALF microbiome differs between patients with and without
a tumor recurrence after surgery during the 32-month fol-
low-up!!?. A distinctive microbiome signature was also iden-
tified, which was associated with shorter recurrence-free sur-
vival''?. Despite several differentially expressed genera being
identified in the above studies, the particular function of these
genera in the pathogenesis of lung cancer needs further inves-
tigation due to the dynamics and diversity of the microbial

composition and the complexity of patient diets, regions, and
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lifestyles. In addition, a study analyzing the microbiomes of
the saliva samples, BALF samples, and non-malignant, peri-
tumoral, and tumor tissue samples from 18 NSCLC patients
revealed that BALF has a unique microbial diversity compared

to the other three types of lung tissues'8.

BALF and liquid biopsy

Tissue biopsy is the gold standard for the clinical diagnosis
of lung cancer. Percutaneous lung aspiration and transbron-
chial lung biopsies are invasive diagnostic procedures with
restrictions on sampling tumors that are undetectable by
bronchoscopy. Liquid biopsy, in contrast, offers many advan-
tages, including simple sampling, low invasiveness, and rela-
tive safety. In addition, traditional surgical biopsy tends to be
a single-site sample that cannot be used to obtain compre-
hensive information on the disease. Liquid biopsy contains
more representative information and provides a more accu-
rate assessment of the disease because liquid biopsy is used
to detect molecules shed/released from different parts of the
tumor. Furthermore, liquid biopsy can be used to conduct
real-time detection during treatment process and provide
objective evidence for clinicians to adjust treatment plans and
appraise prognosis.

In the liquid biopsy of lung cancer, distinct characteristics of
various body fluids are summarized (Figure 3). Conventional
serum markers are metabolic byproducts frequently generated
and released by tumor cells. However, false-positives and -neg-
atives are common since these markers can also be present in
some benign lesions'!°. With respect to molecular analysis, the
components in peripheral blood are relatively complex and
cfDNA may come from any part of the body, so cfDNA lacks
specificity. Other body fluids also have certain limitations.
Sputum contains few cells, making sputum difficult to meet
detection requirements. Moreover, it is also rich in pathogens
from the upper respiratory tract, which easily causes inter-
ference. Pleural effusions, which are usually produced after
lung cancer or lung infection, are invasive and challenging
to sample early. In addition, the environment of these body
fluids is intricate and affects the integrity of DNA sequences
to some extent. Compared with these body fluids, BALF has
advantages. BALF is in proximity to the tumor site, contains
a larger amount of lung cancer cells, and is less likely to be
contaminated with cancer cells from other organs, thus has a
relatively higher sensitivity and specificity in early diagnosis.

Furthermore, the low invasiveness of BALF is appropriate for
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Sputum

Advantages Disadvantages

e Low cell content
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upper respiratory
tract

e Non-invasiveness
e Easy acquisition

BALF
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e Low invasiveness

e Proximity to tumor site
e Abundant cell content
e No interference of
tumor cells from

other organs

e Susceptibility to
artificial factors
e Lack of standard
operation
procedure

Figure 3 Characteristics of different body fluids. (Created with BioRender.com).

advanced patients who are difficult to sample and holds the

possibility for serial sampling during treatment.
Conclusions and future directions

Precision medicine involves accurate diagnosis and classifi-
cation of disease, accurate administration of drugs, accurate
evaluation of curative effects, and accurate prediction of
prognosis. Precision medicine is not only a public require-
ment, but also a clinical necessity for advancement. At pres-
ent, BALF has been utilized in the accurate diagnosis of
several diseases. For example, a lymphocytic-predominant
BALF is sufficient for diagnosing lung sarcoidosis or upper
respiratory infection with matching medical symptoms
and imaging findings'?’. In patients with intense alveolar
phacoemulsification on chest imaging, the presence of sig-

nificant eosinophils in BALF accurately predicts eosinophilic

pneumonia'?!. For pulmonary infectious diseases, assess-
ment of BALF can be used to effectively identify etiologic
pathogens, including bacteria, fungi, parasites, and viruses,
to provide focused antimicrobial therapy, reduce the use of
unnecessary antibiotics, and slow the rise of antimicrobial
drug resistance. With respect to pulmonary alveolar pro-
teinosis (PAP), researchers showed that serum levels of o-
and PB-defensins cannot differentiate PAP from COPD and
sarcoidosis patients, while the BALF of patients with PAP
has extremely high levels of these defensins'?2. For critically
ill patients with COVID-19 pneumonia, analysis of cellular
composition in BALF as biomarkers is reliable for disease
management and prediction'??.

The high heterogeneity of lung cancer determines the neces-
sity for precision medicine. EGFR genotyping based on BALF
has a satisfactory detection rate, which is expected to achieve

accurate diagnosis of lung cancer®7194%, The prediction
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model established by proteomics or microbiomics exhibits
good sensitivity and specificity and may serve as an effective
indicator for the precise prediction of lung cancer®"!!>. Some
special proteins or miRNAs have been identified from BALF
that can be used to distinguish SCLC from NSCLC or LSCC
from adenocarcinoma, which may make precise typing of
lung cancer possible®>?. The analysis of BALF components is
also helpful to determine whether a patient is a candidate for
immunotherapy of NSCLC with nivolumab?®. Additionally,

>1-53 methylation of genes®, and specific

some soluble factors
cell subsets?* from BALF may also have been shown to be asso-
ciated with the prognosis of lung cancer. Thus, the assessment
of BALF exhibits promising potential in advancing precision
medicine for lung cancer.

Although ongoing research into the clinical utility of the
various components of BALF is still evolving and is far from
being as comprehensive as similar studies conducted on
blood, there is no doubt that BALF has great potential for
lung cancer detection, especially using the EV DNA in BALE.
Given the protective nature of the EV bilayer membrane, EV
DNA exhibits heightened stability and is less susceptible to
degradation by external factors compared with cfDNA%. In
the detection of oncogene mutation, it is noteworthy that
BALF-EV DNA exhibits superior sensitivity and specificity
compared to both BALF ¢fDNA and plasma-derived EV DNA.
Remarkably, the mutation detection rate of BALF-EV DNA
even exceeds that of tissue biopsy, indicating that gene muta-
tion detection based on BALF-EV holds significant promise
as the optimal choice for lung cancer prediction. In addition,
the sensitivity of BALF-EV DNA detection escalates with the
TMN stage, and it is also a valuable tool for detecting the
T790M mutation in patients with acquired drug resistance.
These features enhance the advantages of BALF, especially in
advanced lung cancer patients or in patients in whom sample
collection is difficult, and can replace re-biopsy technique in
guiding prompt treatment. It is worth noting that two clinical
trials (NCT05469022 and NCT03228277) based on BALF-
EVs in the context of lung cancer have advanced to phase II,
further underlining the reliability and efficacy of BALF-EV's
as a potential detection tool.

Nevertheless, the translation of BALF-EV detection into
clinical applications faces several substantial challenges.
Interference from viruses, proteins, and other aggregates,
coupled with the inherently viscous nature of BALF, lim-
its the availability of valuable specimens. In addition, the

relatively low concentration of EVs in BALF along with the
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presence of a myriad of EV's from various cellular sources may
often result in limited acquisition of the desired tumor-re-
lated EVs. Consequently, there is an urgent need to develop a
standardized, high-yield and effective protocol for BALF-EV
isolation. Such efforts are crucial to ensure the comparability
and reproducibility of the research findings across different

laboratories'?412

as well as to develop specialized and com-
mercialized kits for BALF EV.

Currently, the assessment of BALF from lung cancer patients
is evolving in various new directions, especially involving the
immune response to lung cancer and immune checkpoint
inhibitors for precision treatment. Elucidating the clinical util-
ity of BALF as a complementary liquid biopsy for the exami-
nation of tumor-related markers will be of paramount impor-
tance in advancing lung cancer diagnostics and personalized
treatment strategies. Additionally, there is a need to promptly
commence large-scale, multicenter trials in pulmonology
units with the involvement of oncologists to further advance
the research and application of BALF in clinical practice for

lung cancer.
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