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Abstract
Purpose: Exosomes are ubiquitous extracellular vesicles secreted during diseased and physiological
conditions. Exosomal RNA has been associated with cancer development and progression. Enriching
clinically relevant tissue-speci�c exosomes may assist in focusing more on key RNA molecules packaged
during cancer, but the current exosome isolation methods isolate total exosomes. Therefore, this study
focused on isolating lung cancer cell-derived exosomes to get insights into the altered biology of the
disease. 

Method: We developed a rapid immunomagnetic exosome enrichment method that enables the
separation of lung cancer cell-derived exosomes from human plasma. The total RNA puri�ed from these
immunomagnetically enriched exosomes was characterized using a high throughput sequencing to
pro�le the different RNA biotypes packaged and their differential expression in these exosomes. Further,
functional enrichment was performed to determine the functional annotation terms signi�cantly
correlated with the list of identi�ed differentially expressed genes (DEGs). 

Results: In total, 1383 mRNAs and 64 lncRNA were identi�ed as differentially expressed between patient
plasma exosomes than healthy controls (fold change > 2, P < 0.05). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis revealed that the DEGs were mainly enriched in the cancer-related
pathways, purine metabolism, calcium and cGMP-PKG (cyclic-guanosine 3’,5’monophosphate-protein
kinase G) signaling pathways.

Conclusion: The method developed here provided adequate RNA quality for high throughput sequencing.
The total transcriptome analysis of lung cancer cell-derived exosomes revealed that the majority of DEGs
were involved in cancer-related pathways suggesting that this method could be further utilized to identify
disease-speci�c exosome biomarkers for liquid biopsy-based diagnostic applications.

1. Introduction
Lung cancer is the predominant cause of cancer mortalities worldwide, causing deaths in more than 84%
of diagnosed cases. Over 1.1 million new cancer patients were registered in India, and 0.78 million people
died of cancer in 2018. The stage-wise case distribution pro�le revealed that most cases (> 80%) were
found in advanced stages, making their management di�cult (Sahoo, Verma, and Parija 2018; Mathur et
al. 2020; Dikshit et al. 2012). Tissue biopsy, the current gold standard for diagnosing lung cancer, is
invasive, risky, and requires specialized surgeons to perform the procedure. However, it is not considered
ideal for clinical management of advanced lung cancer cases due to the limited accessibility of relevant
tumour tissue at the advanced stages of the disease (Lindeman et al. 2018). Blood being the routinely
collected bio�uid in clinics provides an ideal source for access to critical biological information from
diverse tissues. Circulating extracellular RNA (ex-RNA) in blood has low stability (half-life), but the ex-RNA
packaged in extracellular vesicles (EVs) are well protected against degradation from RNases. It incites
interest in pro�ling the RNAome of blood EVs under diseased conditions (Wang et al. 2010). Thus, many
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studies have shown the association of EV RNAs with disease diagnosis, prognosis, and progression
(Srinivasan et al. 2019; Liu, Zhang, and Lu 2020; Quinn et al. 2015; Ingenito et al. 2019).

Exosomes are nanosized (< 200nm) extracellular vesicles of endocytic origin that circulate in most bodily
�uids and play an essential role in intercellular communication. Exosomal cargo released from tumour
cells re�ects the parent tumour's molecular pro�le and signalling alterations with the ability to modulate
the activity of recipient cells (Raposo and Stoorvogel 2013; Yáñez-Mó et al. 2015). Many studies have
con�rmed that cancer cells release more exosomes than normal cells, and this increase in cancer cell-
derived exosomes is intentional to serve the functions of growing cancer cells (Sun, Luo, et al. 2018;
Whiteside 2016; Zhang et al. 2021). Exosomes play an important regulator in cancer development by
mediating the interactions of cancer cells with the cancer microenvironment (Chen, Huang, et al. 2019). It
can contribute to tumorigenesis by transferring protein-coding or noncoding RNA (ncRNA) molecules.
Non-coding RNA such as miRNA has been the most studied exosomal RNA, but electrophoretic analysis
of EV RNA con�rmed that in addition to intact small RNAs, EVs also contain fragments of longer RNA
(Zhou et al. 2020; Lässer et al. 2011; Skog et al. 2008). Long noncoding RNA (lncRNA) is another class of
ncRNA that is longer in size and affects different hallmarks of cancer through diverse mechanisms.
LncRNA expression is often dysregulated in cancer, indicating their close association with cancer
development (Sun, Yang, et al. 2018; Zhang et al. 2021; Li et al. 2021). So far, exosomal RNA studies have
focused mainly on the involvement of exosomal miRNA in different cancers, but the importance of
exosomal long RNA in cancer has not been explored much. So, exploring exosomal long RNA is also
promising for the novel biomarkers quest that can be used in cancer diagnosis and treatment

Studying the exosomal RNA pro�le packaged during cancer required an isolation approach to enrich the
clinically relevant cancer cell-derived exosomes. Since the exosomes are secreted during both
physiological and diseased conditions, and their concentrations increase in cancer to serve the functions
of growing cancer cells. Therefore, enriching clinically relevant exosomes of tissue-speci�c origin may
assist in focusing more speci�cally on key RNA molecules packaged during cancer. The currently
available methods isolate total exosomes, which may not represent the disease-speci�c tissue pro�le.
Therefore, we developed a rapid immunomagnetic exosome enrichment method to separate lung cancer-
derived exosomes from human plasma, which was further utilized to pro�le the RNA obtained from the
tissue-speci�c exosomes for getting insights into the altered biology of the disease using next-generation
sequencing.

For immunomagnetic enrichment, we utilized the ability of exosomes to express surface proteins speci�c
to their cell of origin, assisting in tissue-speci�c capture of exosomes (Tannetta et al. 2017; Hoshino et al.
2015). This study utilized CD151 for the tissue-speci�c enrichment of lung cancer cell-derived exosomes,
for which we relied on a study conducted by Sandfeld-Paulsen on 431 lung cancer patients and 150
healthy controls. They used a 49-antibody printed EV array to pro�le exosomal proteins derived from the
plasma of lung cancer patients and showed CD151 as signi�cantly upregulated (p = 0.00001) across all
signi�cant lung cancer histology compared to noncancer healthy controls (Sandfeld-Paulsen et al. 2016).
Their �ndings showed CD151 as signi�cantly upregulated (p = 0.00001) across all signi�cant lung cancer
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histology compared to noncancer healthy controls (Sandfeld-Paulsen et al. 2016). Other groups also
correlated the high CD151 expression with aggressive behaviour of NSCLC (Kwon et al. 2013; Tokuhara et
al. 2001; Sadej et al. 2014). Therefore, in this study, CD151 was utilized for the immunomagnetic
enrichment of lung-derived exosomes from plasma samples of lung cancer patients and healthy
individuals. Therefore, in this study, CD151 was utilized for the immunomagnetic enrichment of lung-
derived exosomes from plasma samples of lung cancer patients and healthy individuals. The total RNA
obtained from the immunomagnetically enriched population of lung-derived exosomes was then
characterized to check the RNA quality before proceeding with the downstream sequencing application.
To our knowledge, this is the �rst report pro�ling the RNA of the immunomagnetically enriched lung-
derived exosomes population. Here, the total transcriptome of lung-derived exosomes was sequenced
using the Illumina HiSeq X platform. In order to understand the abundance of different RNA species
enclosed in this population of lung-derived exosomes and identify differentially expressed genes and
their associated pathways.

2. Methods

2.1. Reagents
Total Exosome Isolation reagent (TEI- from plasma, Invitrogen Cat No. # 4484450) and CD151 (Cat No. #
MA5-16443, Invitrogen) DNA HS assay kit (Thermo�sher, Cat No. # Q33238) were purchased from
ThermoFisher Scienti�c USA (www.thermo�sher.com). Magnetic nanoparticles (Cat No. # �uidMAG 4106-
5) were bought from Chemicell GmbH, Germany (www.chemicell.com). N'-ethylcarbodiimide
hydrochloride 98% (EDC, Cat No. # E7750-5G), N-Hydroxysuccinimide 98% (NHS, Cat No. # 130672-5G)
were procured from Sigma-Aldrich, USA (www.sigmaaldrich.com). Protein assay dye Reagent concentrate
(BioRad, Cat No. # 5000006) and iScript™ cDNA synthesis kit (BioRad, Cat No. # 170-88897), Ssofast
evagreen supermix (BioRad, Cat No. # 1725203) were purchased from Bio-Rad, USA (www.bio-rad.com).
Tween-20 (Cat No. # 9005-64-5) was obtained from Merck & co., USA (www.merck.com). The reagents
used in the study all were of analytical grade. Ultrapure water (with 18 MΩ.cm resistivity) was used to
prepare the reagents. The plasma samples obtained from non-small cell lung carcinoma (NSCLC)
patients and healthy individuals were collected and acquired from the Department of Medical Oncology,
All India Institute of Medical Sciences (AIIMS), New Delhi, India (www.aiims.edu).

2.2. Collection and processing of human samples
Peripheral blood samples from treatment naïve and histologically con�rmed NSCLC patients and healthy
volunteers were collected after getting informed consent from the participants. Approximately 5 ml of
peripheral blood (PB) was collected in a sterile EDTA-coated vacutainer tube. Within 1-hour, the peripheral
blood samples were processed for plasma extraction. The blood sample was centrifuged twice at
2,500×g for 15 minutes, followed by 10,000×g for 10 minutes to remove residual cellular debris. The
extracted plasma was aliquoted and stored at -80°C until use.
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Table 1
Baseline and clinical characteristics of the study cohort.

Cases Patient (n = 6)  Control (n = 3)

Gender

Male 3 2

Female 3 1

Histology

Adenocarcinoma 6  

Non malignant 3  

Brain metastasis 3  

Mutation status

ALK fusion  2  

Stage

Stage 3A 2  

Stage 4 2  

Average age 51 years 44 years

Smoking status

Smoker 5   

Non-smoker 1  

2.3. MNP-Antibody conjugation
Lung cancer cell-derived exosomes were immunomagnetically captured using CD151 monoclonal
antibody conjugated with magnetic nanoparticles (MNPs) (Chemicell GmbH). MNPs were conjugated to
CD151 monoclonal antibodies using N’-ethylcarbodiimide hydrochloride (EDC)- N-Hydroxysuccinimide
(NHS) chemistry. Brie�y, 50 µL EDC and NHS solution from 20 mg mL− 1 of their respective stocks were
added one after the other to 50 µL of MNPs containing ~ 1011 nanoparticles. This solution was incubated
on a roto spin for 30 minutes at room temperature. After mixing, the activated MNPs were washed twice
with 1X PBS (pH 7.2) and resuspended in ultrapure water. Subsequently, CD151 monoclonal antibody
(from a stock of 1 mg mL− 1) was added and mixed with the solution on the roto spin overnight at 4˚C.
After incubation, the antibody-conjugated MNPs (MNP-CD151) were washed twice using a wash buffer
containing 0.1% Tween-20 in 1X PBS (pH 7.2) to remove unbound residual antibodies. Finally, the
antibody-conjugated MNP pellet was resuspended in a 500 µL storage buffer containing 0.1% Tween-20
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and 1% Bovine serum albumin (BSA) in 1X PBS (pH 7.2) and kept at 4˚C for 2 hours before use (Singh et
al. 2016).

2.4. Immunomagnetic capture of exosomes from plasma.
MNP-CD151 conjugate targets an exosomal-surface protein, CD151 upregulated in lung cancer, for
immunomagnetic capture of exosomes (Sandfeld-Paulsen et al. 2016). Before capturing the plasma-
derived exosomes, the stored plasma samples were clari�ed to remove cryoprecipitate. The plasma was
centrifuged twice at room temperature (RT), �rst at 2000×g, followed by 10,000 ×g for 20 minutes. The
supernatant was collected, and the clari�ed plasma was diluted in a 1:1 ratio. 50 µL of the MNP-CD151
conjugates were mixed with 250 µL of this diluted clari�ed plasma on a rotator for 20 minutes. After
incubation, a magnet was used to pull down the exosomes. The puri�ed exosomes were resuspended in
50 µL 1X PBS (pH 7.2) and used for further downstream experiments.

2.5. Characterization of exosomes

2.5.1. Dynamic light scattering (DLS)
The size distribution of immunocaptured MNP-exosomes was measured based on the particle intensity
using Zetasizer Nano ZS90 (Malvern Pananalytical Ltd, UK). The samples were diluted to 1:1000 in 1mL
of 1X PBS (pH 7.2) and sonicated before the measurement. DLS analysis was carried out using the
standard settings, viscosity: 0.89 and temperature: 25˚C. With following Refractive index (PBS): 1.331,
Refractive index (exosomes): 1.38, Refractive index ( -Fe2O3): 2.42.

2.5. 2. Total exosomal protein estimation using Bradford
assay
The total exosomal protein isolated by both immunomagnetic and TEI-precipitation method was
quanti�ed and compared using the Protein Assay Dye Reagent Concentrate (BioRad). A standard curve
was prepared using a set of BSA standards. 10 µL of each BSA standard and diluted (1:5) exosome
sample was taken in a �at bottom 96 well plate to which 200 µL Bradford concentrate reagent (1:5
dilution) was added and incubated in the dark at RT. The readings were taken within �ve minutes using
Perkin Elmer Victor Nivo™ multimode plate reader at 595 nm (Théry et al. 2006).

2.5.3. High-Resolution TEM (HR-TEM)
The morphology of MNP-exosome conjugates was analyzed with an HR-TEM (TEM, FEI Tecnai TF20).
The captured exosomes were negatively stained for visualization by placing a drop (10 µL) of exosomes
on a 300-mesh carbon-coated copper grid. The sample on the grid was allowed to dry for 45 minutes,
followed by washing with 1X PBS (pH 7.2). The sample was �xed by depositing a drop of 2%
glutaraldehyde on the grid and dried for 10 minutes. The grid was washed with deionized water, and a
drop of 2% uranyl acetate was added and dried for 15 minutes to achieve better contrast in the images.
The sample was then embedded by incubating the grid for 10 minutes with 0.13% methylcellulose and
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0.4% uranyl acetate. Finally, the grid was air-dried for 5 minutes and examined under the HR-TEM
microscope (Lässer, Eldh, and Lötvall 2012).

2.5.4. Nanoparticle Tracking Analysis (NTA).
The immunomagnetically captured exosomes were diluted to a 1:1000 ratio in 1X PBS (pH 7.2). 300 µL
from the diluted exosomes suspension was loaded into the sample chamber of the NTA instrument
(NanoSight LM20) using a disposable syringe. The video capture was initiated after purging the sample
and choosing the optimal acquisition settings. All measurements were recorded at room temperature, and
the collected data was evaluated using Nanosight software version NTA 3.1.

2.6. Exosomal RNA extraction and characterization
The total RNA from exosomes was isolated using the miRNeasy kit (Qiagen) following the manufacturer’s
protocol with slight modi�cation. The concentration of extracted RNA was estimated by measuring the
absorbance at 260 nm using Nanodrop (Thermo Fisher Scienti�c). The exosomal RNA quality for
downstream applications was examined by quantitative reverse transcription PCR (qRT-PCR) for different
transcripts such as GAPDH, β-actin, snU6, and miR-21 (Patel et al. 2019; Schageman et al. 2013).

2.7. qPCR analysis of exosome-derived total RNA
The reverse transcription (RT) master mix was prepared with gene-speci�c RT and stem-loop primers
(SLP) for mRNA targets (GAPDH and β-actin) and miRNA targets (miR-21 and snU6). The reaction was
set up for a total volume of 30 µL using the iScript™ cDNA synthesis kit (BioRad). For each RNA target, 6
µL from 5x iScript master mix, 4 µL of step loop primers (for mRNA master mix, random priming was
opted), 1.5 µL reverse transcriptase enzyme, and 15 µL of RNA template was added. The volume was
adjusted with nuclease-free water (NFW) and transferred into a 96 well plate that was incubated in a BIO-
RAD CFX96 Real-Time system at 16°C for 30 minutes, 42°C for 30 minutes, and 85°C for 5 minutes.
Reactions were kept on hold until use at 4°C. (Patel et al. 2019; Schageman et al. 2013)

qPCR master mix for each target RNA was prepared by combining 10 µL Ssofast evagreen supermix
(BioRad), 1.2 µL of forward and reverse primers, 5 µl cDNA template, and the volume was adjusted with
nuclease free water (NFW). Each RNA target master mix was added in triplicate to the 96 well plate for
quanti�cation. The sealed plate was then placed in a CFX96 Real-Time system (BioRad) and ran
following the protocol: 95°C for 10 min + (95°C for 15 seconds and 60°C for 1 min) for 40 cycles. After
the run was completed, automatic Ct analysis was performed with CFX Maestro software (BioRad), and
the mean and standard deviation for each sample was calculated and plotted (Patel et al. 2019;
Schageman et al. 2013).

 

2.8. cDNA library construction and library quality check (QC)
For each sample, 30 ng of exosome-derived RNA was used to construct a cDNA library. The cDNA
libraries were synthesized following the manufacturer’s instructions from NEBNext® Ultra™ II Directional
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RNA Library Prep Kit for Illumina. After the library preparation, each library was quanti�ed using a DNA
HS assay kit on Qubit 4.0 �uorometer (Thermo Fisher Scienti�c). The ampli�ed libraries were then
resolved on Tapestation 2200 (Agilent) utilizing high sensitive D1000 screentapes (Agilent, Cat No. #
5067–5582). The �nal library concentrations were in the range of 20–200 nM. These libraries were then
pooled and run-on Illumina Hiseq X.

2.9. Sequence acquisition and processing of raw reads
The raw reads generated post-sequencing were subjected to a quality check using FastQC (version
0.11.9) (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc) to evaluate basic quality parameters
including %GC content, quality score, and read length. Read �ltering and trimming were performed using
FastP (version 0.2.1)(Chen et al. 2018) based on the parameter values. Read trimming included adapter
trimming and removal of bases with low-quality scores. Short reads were also �ltered out. The
parameters for quality trimming were con�gured as quality Phred score cut-off at 30 bp and minimum
read length cut-off post trimming at 70 bp.

2.10. Reads alignment and transcriptome assembly
The high-quality reads were aligned against the thirteenth patch release for the Genome Reference
Consortium Human Build 38 (GRCh38.p13) reference assembly using Hisat2 (Kim, Langmead, and
Salzberg 2015) (version 2.2.1) with default parameter settings for alignment. The genes were then
assembled from the alignment information (encoded in BAM �les) using Stringtie, which also generates
the normalized expression values.

2.11. Gene annotation of aligned reads

To analyze the overall RNA biotypes enclosed in these enriched exosomes, the raw counts were �rst
processed through Stringtie to obtain the normalized expression level of genes per sample in Fragments
Per Kilobase of transcript per Million mapped reads (FPKM). The detected genes across all samples were
then annotated with their respective biotype (‘lncRNA,’ ‘mRNA,’ ‘miRNA,’ etc.) using the HGNC database
(https://www.genenames.org/) and Uniprot database (https://www.uniprot.org/). Post biotype
annotation, the relative biotype abundance was calculated as (Average FPKM count of a particular
biotype across all samples)/ (Average FPKM count of all biotypes across all samples). The most
abundant genes in biotypes ‘lncRNAs’ and ‘mRNAs’ across the samples selected in terms of total FPKM
count were further analyzed to study their variations in expression levels between the two categories. All
data were expressed as mean ± standard deviation.

2.12. Differential expression analysis

The samples were categorized into two groups based on the condition of the donor: “Control” from
healthy individuals and “LC” from patients diagnosed with NSCLC. Raw reads count was then processed
using DeSeq2 (Love, Huber, and Anders 2014) (version 3.13) to generate the normalized count of genes
per sample and identify the DEGs between the two categories. The parameters set for de�ning the
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differential expression were as follows: p-value < 0.05, |log2FC|>2, to focus on DEGs with substantial fold
change across the categories.

2.13. Functional enrichment of DEGs

The functional enrichment of the identi�ed DEGs was performed using the Database for Annotation,
Visualization, and Integrated Discovery (Huang, Sherman, and Lempicki 2009b, 2009a) (DAVID) (version
6.8) to identify functional annotation terms signi�cantly correlated with the list of differentially expressed
RNA. Pathway and process enrichment analysis was carried out with the whole set of genes in the
genome as the enrichment background and using the following ontology databases: Gene Ontology (GO):
Biological Processes (BP), Cellular Component (CC), Molecular Function (MF), and Kyoto Encyclopedia of
Genes and Genomes (KEGG) Pathway. The parameters for functional annotation using DAVID were �xed
as: EASE Score Threshold (Maximum Probability) at 0.1 and Count Threshold (Minimum Count) at 2.

3. Results

3.1. Characterization of immunomagnetically enriched
exosomes
The exosomes captured from the plasma samples were characterized for their size distribution,
concentration, and morphology using DLS, NTA, and HR-TEM analysis. The DLS measurement revealed
that the size of immunocaptured exosomes (MNP-CD151-exosomes: average size ~ 283.96 ± 56.38 nm)
was larger than the exosomes extracted using the precipitation method from plasma (average size ~ 
127.06 ± 24.55 nm), and the MNP-CD151 conjugates (average size ~ 188.26 ± 31.05 nm) as shown in
Fig. 2A. HR-TEM micrograph con�rmed the spherical morphology of the exosomes (Fig. 2B). The
immunomagnetically captured plasma-derived exosomes concentration as measured through
nanoparticle tracking analysis was 3.63x109 particles mL− 1, as shown in Fig. 2C. The exosomes
recovered after immunomagnetic capture were predominantly 141.5 nm in size, while the mean size of
the isolated exosomes was ~ 194.5 nm (Fig. 2C). The total exosomal protein obtained using the
immunomagnetic enrichment and commercial kit (TEI-precipitation method) was compared. With
reference to the total exosomal protein obtained using the commercial kit, ~ 68% of exosomal proteins
were recovered following the immunomagnetic capture approach from the clari�ed plasma, as exhibited
in Fig. 2D.

3.2. Exosomal RNA characterization
The quality of exosomal RNA extracted from immunomagnetically enriched exosomes for sequencing
was assessed through quantitative PCR (qPCR). Different RNA transcripts such as GAPDH, β-actin, snU6,
and miR-21 were examined in the isolated RNA. Each transcript was detected in the exosomal RNA
sample, as shown in Fig. 2E. Comparing the exosomal RNA isolated from the immunomagnetic and TEI-
precipitation method, the ct values obtained for GAPDH, β-actin, snU6, and miR-21 were similar for both
methods, as shown in Fig. 2E. It suggested that the exosomal RNA from the immunomagnetically
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enriched exosome population was similar in quantity to the commercial kit isolated exosomes. However,
the total protein measured for exosomes isolated using the TEI method was higher than the
immunomagnetic capture method. This indicate the immunomagnetically captured exosome population
was purer than the exosomes precipitated using the commercial kit.

3.3. Library construction and sequencing on Illumina
platform.
The concentration of total RNA library obtained from immunocaptured exosomes was quanti�ed from 
83–878 ng across the samples (Supplementary Table 1). The average size of the ampli�ed libraries was
around 420 bp, a representative image is depicted (Supplementary Fig. 1). Paired-end sequencing was
run on the Illumina HiSeq X platform. The raw sequence reads varied from 41,824,152 to 71,183,902
across the samples (details are provided in Supplementary Table 2). After the raw sequence acquisition,
the quality of raw reads was observed using fast QC that computes the essential metrics like the % GC,
adaptor content, quality Phred score of bases, and read length. The GC content varied from 52–57%
across the samples, as depicted in Supplementary Fig. 2, and the Phred score cut-off was �xed at 30 to
de�ne the base calling accuracy (99.9%). The minimum read length cut off for the read to be retained
post-�ltering and trimming was 70 bp. After the alignment against the hg38 human reference genome
(Supplementary Fig. 3), around 12368 genes were detected in plasma-derived exosome, sample wise
distribution is given in Fig. 3A.

3.4. Pro�ling the RNA packaged inside the lung cancer cell
derived exosomes
RNA biotypes obtained in the immunomagnetically enriched exosomes from clinical samples were
assessed. For this, the genes detected in the samples were annotated with their respective biotype
(lncRNA, mRNA, miRNA, etc.) using HGNC database (https://www.genenames.org/) and Uniprot database
(https://www.uniprot.org/). Post biotype annotation, relative biotype abundance was calculated as

Relativebiotypeabundance =

AverageFPKMcountofaparticular
biotypeacrossallsamples

AverageFPKMcountofallbiotype
acrossallsamples

1
…

The detailed biotype summarization is provided in the Supplementary Table 3.

3.4.1. Protein coding RNA packaged in lung derived
exosomes
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In the studied clinical cohort, ~ 16,529 protein-coding genes (i.e., mRNA) were detected in exosomal RNA
obtained from the immunomagnetically enriched lung cancer cell-derived exosomes. Among these, ~ 
6426 protein-coding genes were explicitly identi�ed in lung cancer patients, ~ 626 in healthy controls and
~ 9477 protein-coding genes were common in both categories (Fig. 4A). The most abundant protein-
coding RNA in the clinical cohort was studied. The heat map in Fig. 4B exhibits the top 50 abundantly
packaged protein-coding RNA in lung cancer-derived circulating exosomes, list of these abundant protein-
coding RNAs is provided in Supplementary Table 9. Some of these genes have been used as
normalizer/reference genes in many NSCLC studies, such as RPS18, RPL13A, and RPL30. At the same
time, some genes have been reported to be involved in processes such as tumor progression,
proliferation, invasion, metastasis, and immune micro-environment such as TMSB10, EEF1A1, S100A8,
FTH, RPS15, and B2M.

The clinical cohort of this study was divided into “Control” from healthy individuals and “LC” from
patients diagnosed with NSCLC. Raw reads count was processed using DeSeq2 (version 3.13) to
generate the normalized count of genes per sample and identify the differentially expressed genes
(DEGs) between the two categories. The parameters set for this differential expression were p-value < 
0.05, |log2FC|>2, to focus on DEGs with substantial fold change between the categories. The overall
DEGs identi�ed between the two categories are represented in the volcano plot (Fig. 4C). In total, 1316
upregulated and 67 downregulated differentially expressed genes were identi�ed between these
categories. The top 50 differentially expressed protein-coding genes identi�ed between patient and
control samples are represented in Fig. 4D and the detailed list of DEGs is provided (Supplementary
Table 10). The roles of most dysregulated RNA identi�ed in the lung cancer cell-derived plasma
exosomes are described in Supplementary Table 6. Some RNA from these DEGs were previously
associated with NSCLC.

3.4.2. LncRNA packaged in lung cancer derived exosomes
This study also identi�es long noncoding RNA (lncRNA) as the abundant RNA biotype. Approximately
1144 lncRNAs were detected in the lung cancer cell-derived exosomal RNA, out of which 757 lncRNAs
were found in the patient samples, and 322 lncRNAs were common in the patient and healthy controls
(Fig. 5A). The boxplot in Fig. 5B lists the top 20 most abundant lncRNA packaged in the lung cancer cell-
derived exosomes of this clinical cohort (detailed list is provided in Supplementary Table 7). Many of the
lncRNAs found in the immunomagnetically enriched exosome's RNA have been previously associated
with lung cancer. This study revealed that the lncRNAs are also abundantly packaged into the exosomes.
A higher proportion of noncoding RNA reads came from RNSL2, which codes for the signal recognition
particle's noncoding RNA component (7SL), followed by RN7SK. Interestingly, these transcripts have been
identi�ed as highly abundant transcripts in human cells, and this study also suggests their abundant
packaging inside the exosomes (Boivin et al. 2018). The roles of other abundant lncRNA packaged inside
the lung-derived exosomes in NSCLC are described in Supplementary Table 4. Overall, 64 differentially
expressed lncRNA (DELs) were identi�ed between the NSCLC patient and healthy control groups, which is
represented as a scatter plot between statistical signi�cance (log10 P-value) versus magnitude of fold
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change (log2 FC) in Fig. 5C. A heatmap representing the top 50 DELs is shown in Fig. 5D (detailed list is in
Supplementary Table 8). The roles of DELs that have been previously reported in lung cancer are
described in Supplementary Table 5.

3.5. Functional Enrichment analysis of DEGs identi�ed in
lung derived exosomes
To understand in which processes and pathways the identi�ed DEGs are involved, gene ontology (GO)
enrichment analysis was performed on DEGs identi�ed between lung adenocarcinoma patients and
healthy controls using the DAVID bioinformatics resource. This tool uses a Fisher’s Exact test with
Benjamini-Hochberg correction. In total, 158 GO categories with 79 Biological Process (BP) categories, 27
cellular components (CC) categories, and 31 molecular functions (MF) categories were enriched from
1363 exosome DEGs using P-value cut off p < 0.05. The list of top 10 GO terms in each category is shown
in Fig. 6. The DEGs identi�ed from lung-derived exosomes were involved in biological processes such as
regulating transmembrane ion transport, Wnt signaling pathway, nitric oxide biosynthetic process, and
tricarboxylic acid cycle (Fig. 6A). While the GO CC functions were associated with cell junction, integral
component of the plasma membrane, cell surface (Fig. 6B), and GO MF functions were associated with
Wnt protein binding, 3’,5’ cyclic-AMP phosphodiesterase activity, metal ion binding, and delta catenin
binding (Fig. 6C). These differentially expressed genes of plasma-derived exosomes fell into related
KEGG pathways, such as pathways in cancer, purine metabolism, calcium signaling, and TCA (citric acid)
cycle; the list of top 10 KEGG pathways is presented in Fig. 6D.

4. Discussion
Over the years, various studies have shown an increased exosome concentration during cancer, and most
exosomes in this condition come from cancer cells to support its function. Dissecting the cargo of
cancer-derived clinically relevant exosomes can reveal key elements responsible for establishing tissue-
tissue communication, tumor development, factors responsible for priming the secondary sites to receive
metastasized cells and identifying biomarkers for early diagnosis and prognosis or predictive markers for
precision medicine. Thus, unbiased analysis of the exosomal whole transcriptome, without any inherent
prejudice of methodologies such as size selection, is necessary to know the overall landscape of RNA
species packaged in such cancer-derived exosomes and their involvement in cancer. In this study, a
prespeci�ed population of lung cancer cell-derived exosomes from clinical plasma samples was enriched
utilizing a novel immunomagnetic capture approach that allowed us to analyze the abundance of
different RNA species packaged into the lung cancer cell-derived exosomes and their differential
expression in cancer vs. healthy controls. Both protein-coding and noncoding RNA transferred through the
exosomes can affect cancer development and progression directly or indirectly by establishing
interaction with the cancer microenvironment. Noncoding RNA such as lncRNA comprised the most
abundant RNA species detected in these samples, followed by protein-coding RNA and other noncoding
RNA. It could be due to the absence of a size selection step in the whole transcriptome library preparation.
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For each sample in the study, an average of 54.4 million reads were generated. Extracellular vesicles are
enriched with rRNA fragments, which also form a larger cellular RNA composition (80–90%) where the
cargo of these vesicles is packaged. The rRNA percentage composition in EVs could reach up to 97%, as
described in Supplementary Table 11. Contrary to cell RNA, many studies involving whole transcriptome
sequencing of EVs did not perform rRNA depletion (as described in Supplementary Table 11), essentially
because the current rRNA depletion kits require a high starting RNA quantity (> 100ng) which is far more
than the RNA content available in typical clinical patient-derived samples (< 1ng). Even performing the
rRNA depletion could further reduce the RNA quantity for downstream processing. Sometimes, even the
kit chemistry or design of probes is not e�cient enough to remove fragmented rRNA present in EVs; for
example, Jenjaroenpun et al. reported that the short probes size of RiboMinus Eukaryote Kit could not
e�ciently target the exosomal rRNA fragments to deplete it (Jenjaroenpun et al. 2013). As listed in
Supplementary Table 11, EV RNA sequencing studies suggest that the type of library preparation also has
a role in circumventing rRNA detection. The size selection step incorporated in small RNA library
preparation enriches the small RNA, avoiding rRNA due to the difference in transcript length. However, it
may provide a biased view of EV transcriptome by excluding a substantial protein-coding and long
noncoding RNA population. Therefore, more than 50 million reads per sample were generated for this
study to avoid the bias that the high rRNA reads could bring in the comparative analysis of other RNA
biotypes in the samples.

The most abundant protein-coding RNA and lncRNA packaged in the lung cancer cell-derived exosomes
are listed in Fig. 4B and Fig. 5B. Many of the abundantly packaged lncRNA found here have been
previously identi�ed as biomarkers in cancer diagnosis, prognosis, or predictive markers, as described in
Supplementary Table 4. Several reports have shown that exosomes transmit speci�c lncRNAs that lead to
the proliferation of NSCLC and other cancers (Li et al. 2019; Zang et al. 2020; Zhang et al. 2021). The
expression of tumor-related exosomal lncRNAs has been correlated with the disease severity in patients.
Thus, exosomal lncRNAs are an emerging class of cancer biomarkers. Some lncRNAs detected here have
not been described previously in lung cancer, but their involvement was described in other cancers. For
example, the role of lncRNA LRRC75A-AS1 has been identi�ed as a ceRNA that facilitates cell
proliferation and invasion in triple-negative breast cancer (Li et al. 2020); in contrast, in colorectal cancer,
it acts as an anti-oncogene that inhibits cell proliferation and migration (Chen, Lan, et al. 2019). This
lncRNA also targets the miR-199b-5p/PDC4 axis to repress multiple myeloma (Pang et al. 2020). C6orf48
or SNHG32 is a relatively new noncoding; this primate-speci�c gene has been identi�ed in the
glioblastoma and prostate cancer network. SNHG32 has been associated with several ribosomal proteins
that interact with lncRNA GAS5 (oncogene), suggesting its role in coordinating translation in response to
GAS5-induced growth arrest in colon cancer (Maertens et al. 2020). Exosomal GAS5 has a diagnostic
value in NSCLC, and it can distinguish between early-stage NSCLC patients and healthy controls with an
AUC of 0.822 (Li et al. 2019). However, in this study, we did not notice a difference in the expression
pattern of GAS5 between patient and control. LINC01506 is another abundant lncRNA associated with
immune system regulation and responses, and it has been linked to better overall survival in lung
adenocarcinoma (LUAD) (Salavaty, Rezvani, and Naja� 2019).
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Protein-coding RNA is the next abundant RNA species packaged into the exosomes, followed by lncRNA.
These lung-derived exosomes were enriched with protein-coding genes involved in ribosomal subunit
assembly and protein synthesis, ribosome biogenesis, translational elongation, alpha, and beta-globin
synthesis, consistent with some previous reports. For example, the presence of elongation and translation
factors has been demonstrated in brain tumor-derived exosomes (Graner et al. 2009), and mRNA
associated with many ribosomal proteins has been found in mouse mast cell line-derived exosomes
(Valadi et al. 2007). It has been hypothesized that these exosomal cargo mRNAs are translated into
proteins to support the ribosomal functions for ensuring e�cient translation of other mRNAs packaged
inside exosomes when the exosomal content is released into the cellular compartment of recipient cells
(Ratajczak et al. 2006; Valadi et al. 2007; Jenjaroenpun et al. 2013).

The functional analysis of the DEGs identi�ed between NSCLC patients and healthy controls revealed the
enriched biological processes, cellular components, molecular functions, and signalling pathways
associated with the overall DEGs enriched in the lung-derived exosomes of the patient vs. healthy
controls, as shown in Fig. 6. The enriched terms were involved in the biological processes such as I)
regulation of transmembrane ion transport- ion channels form a major class of membrane proteins that
play critical roles in signalling with adjacent cells and extracellular events. Dysregulated ion channels can
play a causative role in many diseases, including cancer; for example, an in vivo experiment on mice
showed that the ion channel inhibitors diminish tumor growth. II) Wnt signalling is reported to be among
the main signalling pathways that maintain lung homeostasis, and any aberration in this pathway can
cause several lung diseases. Wnt signalling plays an important role in lung carcinogenesis. III) cAMP
catabolic processes are also highly enriched in these exosomes, which is in line with the previous reports
that claim a signi�cant upregulation of CREB (cAMP-responsive element-binding protein) expression and
phosphorylation in NSCLC tumor tissues compared to the normal adjacent tissues that have been
associated with poor survival of patients. cAMP/PKA signalling pathways have also been associated
with cellular adaptation to hypoxia by hypoxia-induced upregulation of adenylyl cyclases, enzymes
involved in cAMP production. The enriched genes of the exosomes were associated with the following
cellular components cell adhesion, plasma membrane, and cell surface, which are the cellular
components involved in exosome biogenesis.

5. Conclusion
In summary, this study successfully demonstrated our in-house immunomagnetic capture approach in
isolating exosomes from the plasma samples to enrich lung cancer-derived exosomes. The exosomal
RNA extracted from the lung cancer-derived exosomes was of adequate purity for sequencing. The total
transcriptome of exosomal RNA packaged during cancer speci�cally in lung cancer derived exosomes
was pro�led and evaluated using the Illumina Hiseq platform. The description of all identi�ed RNA
biotypes and differentially expressed protein-coding and long noncoding RNA involved in NSCLC are
discussed. Functional annotation of the identi�ed DEGs was performed to understand their involvement
in the disease. Such an approach that targets a speci�c population could be instrumental in identifying
novel diagnostic, prognostic, or predictive biomarkers for an adequate non-invasive liquid biopsy. In the
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future, a more detailed exosomal RNA analysis on a larger cohort is required to evaluate their role in
NSCLC.
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Figure 1

A) Schematic of the sample processing of this study & B) The bioinformatics pipeline that is followed for
data analysis of sequenced RNA.
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Figure 2

Characterization of immunomagnetically enriched exosomes and exosomal RNA A) DLS analysis re�ects
the change in the hydrodynamic size of immunomagnetically captured exosomes. An increase in the size
was observed after capturing the exosomes (MNP-Ab-Exosomes) using MNP-Ab conjugates. While the
exosomes alone were comparatively smaller in size. B)  HR-TEM micrograph of exosomes after magnetic
capture at 100 nm resolution & the vesicles obtained after capture was morphologically spherical, C) size
distribution and concentration of magnetically captured exosomes as measured through NTA, D) the total
protein concentration of TEI isolated and immunomagnetically captured exosomes was measured & the
protein concentration obtained from both methods is shown in the graph for comparison & E) The yield
and quality of exosomal RNA obtained from both the exosome isolation methods were compared through
qRT-PCR for two mRNA and miRNA targets. (Error Bar = Standard deviation, n=3)
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Figure 3

Sequence alignment A) represents the total number of genes detected in each sample & B) distribution of
exosomal RNA biotypes found in the clinical samples.
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Figure 4

Protein coding RNA pro�le obtained from lung cancer cell-derived exosomes A) the total number of
protein-coding RNA identi�ed in different categories (control, patients, and common), B) Top 50
abundantly packaged exosomal protein-coding RNA in the studied clinical cohort based on their FPKM
counts, C) The overall differentially expressed protein-coding RNA identi�ed based on log2 fold change
between controls and patients, represented with its statistical signi�cance & D) Top 50 DEGs identi�ed
between the NSCLC patients and healthy controls using DESeq 2 analysis.
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Figure 5

Immunomagnetically enriched exosomal lncRNA pro�le A) Venn diagram represents the total number of
lncRNAs detected in different categories (control, patients, and common between both categories), B) Box
plot depicts the top 20 abundant lncRNAs in the clinical samples based on FPKM counts, C) Volcano plot
shows the overall DELs (based on log2 fold change) identi�ed between patients and healthy controls with
its statistical signi�cance & D) Heat map of top 50 DELs found between patients and healthy controls.
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Figure 6

GO enrichment analysis of differentially expressed genes identi�ed in plasma-derived exosomal RNA
from lung cancer patients and healthy individuals. The top 10 signi�cant GO terms found between the
two groups are represented as A) based on biological processes, B) Based on cellular components,
C) based on molecular function & D) The most enriched KEGG pathways. 
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