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ABSTRACT

INTRODUCTION: Exhaled breath condensate (EBC) sampling has been suggested as a less-invasive and cost-effective method to detect
biological macromolecules, including miRNA. To explore the feasibility of its use as a biomarker of early effects of asbestos exposure, we
conducted a preliminary test on male volunteers by comparing the miRNA profile in the EBC and the plasma using 2 different sequencing
platforms.

METHODS: Six male volunteers, all retired and unexposed to dust or fumes, participated in the test. RNA was extracted from 200 uL EBC
samples and same-size plasma samples. Sample aliquots were processed in 2 laboratories using 2 different sequencing platforms: a MiSeq
[llumina® platform and a more performing HiSeq lllumina® platform.

RESULTS: The HiSeq3000® sequencing platform identified twice as many unique molecular indexes (UMI)-validated miRNA as the MiSeq®
platform. The Spearman'’s correlation coefficient between EBC counts and plasma counts was significant in 5/6 subjects with either platform
(MiSeq®=0.128-0.508, P=.026-<.001; HiSeq®=0.156-0.412, P=.001-<.001). The intraclass correlation coefficient confirmed the consist-
ency of the miRNA profile over the 6 participants with both biospecimens. Exploring the agreement between the EBC and plasma samples
with Bland-Altman plots showed that using the HiSeg3000® platform substantially improved the EBC miRNA detection rate.

CONCLUSION: Our preliminary study confirms that, when using the HiSeq® sequencing platform, EBC sampling is a suitable, non-invasive

method to detect the miRNA profile in healthy subjects.
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Introduction

Thirty years after its ban, asbestos-related disorders are still an
occupational health concern in Europe and its continuing use
is a most severe occupational threat in large parts of the world.!
The International Agency for Research on Cancer (IARC)
links asbestos exposure to the risk of malignant mesothelioma
(MM) and cancer of the lung, larynx and ovary. Limited evi-
dence of carcinogenicity exists for cancer of the pharynx, stom-
ach and colon-rectum.? Non-malignant conditions following
occupational asbestos exposure include diffuse pleural thicken-
ing and asbestosis, a specific form of pulmonary fibrosis.!

The initial non-specific symptoms in MM cases are often
the reason for a late diagnosis and the consequent fatal progno-
sis. Currently, the early detection of asbestos-related neoplasms,
and specifically MM of the pleura and lung cancer, relies on
screening programmes using CT-scan or standard, B-reader
classified chest X-rays,3 which have slightly improved the

5-year cancer survival rate.* However, so far, accurate, non-
invasive biomarkers capable of early detecting deadly asbestos-
related diseases in high-risk subpopulations, such as subjects
formerly exposed to asbestos, are simply unavailable. Their
development would be of utmost importance.!

MicroRNAs (miRNAs) are endogenous, non-coding ribo-
nucleic acids approximately 21 nucleotides in length,? offering
promising opportunities in this sense. A number of miRNAs
intervene in regulating key cellular processes and signalling
pathways involved in lung tumourigenesis, including cell pro-
liferation, differentiation, angiogenesis, apoptosis, invasion
and metastasis,® through regulating gene expression at the
post-transcriptional level by acting on the 3’ untranslated
region (UTR) of messenger RNAs.® Because of their critical
role, introducing the miRNA profile might substantially
improve the early diagnosis and prognosis of diseases involv-
ing multiple modifications in gene expression, such as cancer.”
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Recently, numerous miRNAs have been detected as overex-
pressed or underexpressed in patients affected by malignant
mesothelioma (IMM).8 Also, over expression of miR-21, miR-
96, miR-155, miR-182 and miR-183 and under expression of
miR-148a, miR-148b and miR-let-7 reportedly indicate poor
prognosis in non-small-cell lung cancer (NSCLC) patients.>!0
For instance, miR-21 promotes the proliferation of lung can-
cer cells and invasion through increasing the expression of the
matrix proteases MMP-2 and MMP-9, and inhibits apoptosis
through the Caspase 3 signalling pathway!!; miR-155 targets
Rb1 tumour suppressor gene'?; mirR-183 5p also inhibits
apoptosis through the Caspase 2/7 pathway and is inversely
related to the activity of several genes implicated in the syn-
thesis of cell adhesion molecules.!® Instead, miR-148b exerts
the opposite effect and acts as a tumour suppressor through
regulating invasion-, apoptosis- and proliferation-related
oncogenes.'* A case-control study confirmed the NGS ability
to detect hotspot mutations in the EBC of lung cancer
patients.’ Another case-control study reported an increase in
NSCLC risk associated with overexpression of miR-21 and
under expression of miR-486 in plasma and in the exhaled
breath condensate (EBC), which would pave the way towards
a more extensive use of these biomarkers acquired through a
non-invasive method.1®

However, further studies are warranted to estimate the
repeatability and to calculate the sensitivity, specificity and
negative and positive predictive values of miRNA as biomark-
ers in the surveillance of subjects exposed to asbestos or in the
early diagnosis of malignant mesothelioma of the pleura.’”

Three methods exist to detect miRNA expression levels:
real-time reverse transcription PCR (qRT-PCR), microarray
hybridization and, more recently, next-generation sequencing
(NGS).18-20 The high throughput NGS technology has shown
a higher sensitivity in respect to the real-time reverse transcrip-
tion PCR (qRT-PCR) and microarray techniques. It is more
cost-efficient, allows a much larger sequence coverage and
depth, and can detect new, previously unidentified miRNAs?!
resulting in advancements well beyond the possibility of the
available alternative techniques.

However, apart from the above-mentioned issues of repeat-
ability, specificity and sensitivity, finding the most suitable
specimen for the analysis of miRNAs biomarkers is challeng-
ing. The EBC sampling would be less-invasive, rapid, cost-
effective and easily repeatable.?? EBC sampling has also
provided recent progress in identifying other biological macro-
molecules, such as lipids, proteins, DNA and markers of oxida-
tive stress,”® extending its potential applications in clinics,
prevention and epidemiology. The low yield of miRNA from
the EBC is a major obstacle, which was successfully overcome
in 2 studies using the NGS technology.?>?* Also, its potential
for discovering previously unidentified miRNAs?! would make
it more suitable for the purposes of the project we are about to
launch on detecting new molecular signatures as early

biomarkers of asbestos-related health effects. Based on such
assumptions, we conducted a preliminary test on male volun-
teers to compare of the EBC miRNA profile in the EBC to
that in the plasma using 2 sequencing platforms, different in
terms of cost and performance.

Material and Methods
Study subjects

Six volunteers, all males and retired, aged 65 to 73, who had
never been exposed to respiratory hazards, as judged by an
expert occupational physician on the basis of their working his-
tories, unaffected by malignant or nonmalignant respiratory
diseases, took part in this test, preliminary to the launch of a
project of investigating new biomarkers of early effects of past
exposure to asbestos, which was approved by the Ethics
Committee of the University of Cagliari on 1 October 2021
(protocol No. 889). All participants signed a written informed
consent form.

Exhaled breath condensate (EBC) collection

EBC specimens were collected at the study site with the
TURBO-DECCS system (Medivac, Parma, Italy), with the
temperature setat -5°C.The subjects breathed into a Volmet20®
exhaled air meter (Medivac, Parma, Italy), calibrated at 100L,
for 15 to 20 minutes, at tidal volume, through a mouthpiece
equipped with a 2-way non-rebreathing valve that separates
inspiratory and expiratory air and traps saliva. The condenser
respected the standards for EBC collection recommended by
the American Thoracic Society/European Respiratory Society
(ATS/ERS).* The collected samples (1-2mL) were subse-
quently labelled.

Plasma collection

Both serum and plasma samples have been profitably used to
investigating the miRNA profile. We opted for plasma as a
comparison term with EBC results because of its reportedly
higher miRNA detection rate.?® The participants donated a
5mL blood sample in an EDTA Vacutainer tube. Trained pro-
fessional nurses performed blood withdrawals at the study site.
Samples were delivered within 2 hours to the laboratory, where
they were centrifuged at 3000rpm and 4°C for 10minutes.
Then, the plasma was extracted and centrifuged again at
14000 rpm to remove any residual cellular contamination. The
supernatant was collected for immediate RNA extraction. All
the RNA aliquots were stored at -80°C until analysis.

RNA extraction and miRINA library preparation
RNA was extracted from 200 uL. of EBC sample and from a

same size sample of plasma using the miRNeasy Serum/Plasma

Advanced Kit (Qiagen, Hilden, Germany) following the
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manufacturer’s instructions. MiRNA libraries were prepared
from 5 uL of total RNA using the QIAseq miRNA Library Kit
according to the manufacturer’s recommendations for biofluid
samples. A key advantage of this method is that unique molec-
ular indexes (UMIs) are incorporated during cDNA synthesis,
tagging each strand prior to amplification, which more accu-
rately reflects endogenous miRNA levels by controlling for
library amplification bias.

Individual libraries were quantified using a fluorometric
high sensitivity double strand (ds) DNA assay (Qubit 3
Invitrogen). Library quality was assessed on a high sensitivity
DNA chip on the Bioanalyzer (Agilent, Santa Clara, CA,
USA); library batches were pooled, re-quantified, denatured
and diluted to 10 pM. Library pools were sequenced on MiSeq”
(Illumina, San Diego, CA, USA) using a MiSeq reagent kit V3
150 cycles. A 75 cycles SR run was applied yielding about
0.5M of reads for EBC samples and 2M for plasma samples.
An aliquot of the same samples was delivered to a second labo-
ratory to create independent libraries and to sequence the same
library preparation protocol with an HiSeq3000° sequencing
platform (Illumina, San Diego, CA, USA), which provided
about 2M of 75bp single reads allowing the identification of
the UMI sequences. We explored the library quality results
with the criteria proposed by Aparicio-Puerta et al.?” Using the
HiSeq3000” platform, the percentage of short reads ranged
52% to 67% in the EBC and 6% to 16% in the plasma, and that
of ribosomal RNA ranged 1.2% to 2.1% in the EBC and 0.5%
to 3.3% in the plasma. The respective percentages with the
MiSeq"® platform for short reads were 2% to 26% in the EBC
and 5% to 18% in the plasma, and the figures for ribosomal
RNA were 0.004% to 1.4% in the EBC and 0.8 to 3.0% in the

plasma.

Sequencing data alignment and counts generation

After demultiplexing, the FASTQ files containing the sequence
datawere analysed using the GeneGlobe Qiagen Bioinformatics
Analysis Portal. Briefly, reads were first processed by trimming
off the 3" adapter and low-quality bases using cutadapt (https://
cutadapt.readthedocs.io/en/stable/guide.html). Then, the
insert sequences and UMI sequences were identified. Reads
with less than 16bp insert sequences or less than 10bp UMI
sequences (UMI_defective_reads) were discarded.

A single set of sequences was used to annotate the insert
sequences for all reads/samples sets. A sequential alignment
strategy was followed to map them to different databases (per-
fect match to mature miR-Base, miRBase hairpin, non-coding
RNA, mRNA and other RNAs). Finally, a second mapping to
mature miRBase was performed using bowtie (https://bowtie-
bio.sourceforge.net/bowtie2/index.shtml), with tolerance up to
2 mismatches. At each step, only unmapped sequences pass to

the next step. Read counts for each RNA category (miRBase
mature, miRBase hairpin, piRNA, tRNA, rRNA, mRNA and

otherRNA) are calculated from the mapping results. miRBase
V21 is used for miRNA, and piRNABank is used for piRNA.
To identify possible novel miRNA molecules, all remaining
unmapped sequences are aligned to the Genome Reference
Consortium GRCh38.

For each sample, all reads assigned to a particular miRNA
or piRNA ID are counted, and the associated unique molecular
indexes (UMIs) are aggregated to count unique molecules.

Based on the Aparicio-Puerta et al?” criteria on sequencing
quality, with the HiSeq3000” platform, the percentage of valid
reads ranged 22% to 42% in the EBC and 82% to 93% in the
plasma. The respective percentages with the MiSeq” platform
were 15% to 37% in the EBC and 30% to 70% in the plasma.

Statistical methods

Overall, the analysis with the HiSeq3000® platform resulted in
detecting 600 UMI-validated miRNA reads versus 303
detected with the MiSeq” sequencing system, a difference
expected due to the different sensitivity of the 2 instruments.

Comparison of the miRNA expression in the EBC and
plasma. To compare the miRNA expression in the EBC and
the plasma, for each participant, we first assumed the distri-
bution of the UMI-validated miRNA counts that were
detected and then categorized them using the following cut-
offs: not detected, less than the median count, above the
third quartile, above the fourth quartile and above the 90th
percentile. The ‘below the median’ category combined the first
and the second quartile because, when using the MiSeq®
platform, EBC miRNA reads represented by 1 count only
exceeded or were close to the 50th percentile of the count
distribution in the 6 participants. For consistency, we kept
the same categories for plasma samples and for the analyses
with the HiSeq3000” platform.

Correlation analyses. We used the Spearman’s correlation coef-
ficient to test the correlation between the UMI-validated
miRNA reads in the EBC and that in the plasma of the 6 par-
ticipants, separately by sequencing platform. The same correla-
tion was tested for the total miRNA.

Between participants agreement. 'To explore the inter-individual
agreement between the miRNA profiles, we calculated the
intraclass correlation coefficient for the UMI-validated
miRNA counts and the respective categories in the EBC and
in the plasma, separately by sequencing platform.?®

EBC-plasma agreement. We used Bland-Altman plots on the
normalized miRNA count distribution to visualize the
agreement between results in the EBC and plasma samples
with each of the 2 sequencing platforms.?’ Briefly, we set the
paired difference between the log, count in the plasma and
the log, count in the EBC of each individual miRNA
detected in the y-axis and their mean value (Log, P + Log, E)/2
in the x-axis.
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Figure 1. Frequency distribution of the miRNA counts in the EBC and the plasma (white: undetected; increasing shade of grey from the left: below the
median; third quartile; fourth quartile; above the 90th percentile) of the 6 participants: A EBC, MiSeq® platform; B plasma, MiSeq® platform; C EBC,

HiSeq3000° platform; D plasma, HiSeq platform®.

Results

As expected, the HiSeq3000” platform outperformed the
MiSeq” in the sequencing yield but, in terms of library quality,
the second had a lower percentage of short readings and it was
equivalent for the ribosomal RNA percentage. Figure 1 shows
the frequency distribution of the miRINA count categories in
the EBC and the plasma obtained using either sequencing
platform. The HiSeq3000” sequencing platform identified
twice as many UMI-validated miRNA (No.=600) in respect to
the MiSeq” platform (No.=303), and the proportion of null
readings among those detected at least once was much lower,
ranging 2% to 20% versus 67% to 87% with the MiSeq®
platform.

Table 1 shows the Spearman’s correlation coefficients
between the counts of the UMI validated miRNA in the EBC
and in the plasma, by sequencing platform. The regression
coefficients varied around fair to moderate values and differed
by the platform in most individuals; however, with the excep-
tion of 1 subject with either platform, they were all statistically
significant, indicating that the 2 biofluids represent a similar
pattern of miRNA expression. There was no correlation for the
total number of UMI-validated miRNA reads in the EBC ver-
sus plasma over the 6 participants with either platform (MiSeq®
Spearman’s correlation coefficient: .371, P=.468; HiSeq3000”
Spearman’s correlation coefficient: -0.086, P=.872).

The overall agreement between the EBC and the plasma
miRNA count was studied by calculating the intraclass correla-
tion coefficient (ICC) for all miRNA over all study partici-
pants separately by sequencing platform. As shown in Table 2A,
using the less sensitive MiSeq” platform, the ICC was higher

Table 1. Spearman’s correlation coefficients between the UMI-
validated miRNA counts in the EBC and the respective counts
in the plasma by sequencing platform.

SUBJECT ID MISEQ® HISEQ3000®
SPEARMAN’S SPEARMAN’S
CORRELATION CORRELATION
P-VALUE P-VALUE

1 .508 <.0001 412 <.0001

2 103 .074 .308 <.0001

3 .325 <.0001 .070 .089

4 .334 <.0001 .169 <.0001

5 .396 <.0001 .239 <.0001

6 .128 .026 .156 .0001

for absolute count in respect to the categorized values. Besides,
the absolute count in the EBC showed a good correlation over
all subjects, while the correlation was moderate for the plasma
absolute count. The analysis conducted with the more sensitive
HiSeq3000” platform confirms the better correlation using the
absolute count; that using the plasma samples scored as excel-
lent and that using EBC samples as fair.

Figure 2 shows the Bland-Altman plots for the 6 partici-
pating subjects with the MiSeq® (graphs A1-A6) and the
HiSeq3000° (graphs B1-B6) sequencing platforms. In the
graphs, the distance between the average difference (thick
line) and the line of no difference (thin line) parallel to the
x-axis indicates a systematic larger miRNA count in the
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a

Table 2. Intraclass correlation coefficients for the miRNA assays over the 6 participants. A: analysis conducted on the 303 UMI-

validated miRNA detected with the MiSeq® sequencing platform; B: analysis conducted on the 600 UMI-validated miRNA detected

with the HiSeq3000® sequencing platform.

A.
ICC 95% CONFIDENCE INTERVAL CORRELATION
EBC categorized 0.5168 0.4670-0.5677 Fair
EBC absolute counts 0.8371 0.8117-0.8608 Good
Plasma categorized 0.5168 0.4670-0.5677 Fair
Plasma absolute counts 0.6703 0.6281-0.7116 Moderate
B.
ICC 95% CONFIDENCE INTERVAL CORRELATION
EBC categorized 0.4781 0.4420-0.5151 fair
EBC absolute counts 0.5700 0.5359-0.6043 fair
Plasma categorized 0.6591 0.6287-0.6892 good
Plasma absolute counts 0.9114 0.9009-0.9213 excellent
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Figure 2. Bland-Altman plots of agreement between miRNA counts in the EBC and plasma using the MiSeq® (a) and the HiSeq3000® (b) platforms. In the
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plasma in respect to the EBC. The Al to A6 plots also show
that the difference between EBC and plasma counts becomes
larger with the increasing mean number of reads and is mostly
negative, indicating an insufficient detection rate in the EBC
using the MiSeq” sequencing platform. In the B1 to B6 plots,
the average-difference line is much closer to the line of no dif-
ference, and the increasing difference between EBC and
plasma count with the increasing number of reads appears
approximately symmetric around the line of zero difference.
These findings suggest an improvement in the EBC miRNA
detection using the HiSeq3000° platform. In all instances,
more than 95% of the individual measurements lie within the
95% confidence interval.

With the less sensitive MiSeq” platform, 10 UMI-validated
miRNA (3.3%) were detected on all subjects. Five of these (let-
7a-5p, let-7b-5p, miR-16-5p, miR-92a-3p and miR-486-5p)
had a count above the 75th percentile in all the participants.
With the more sensitive HiSeq3000 platform, 239 miRNA
(39.8%) were detected in all subjects, and 17 of these had a
count above the 90th percentile in all the subjects (let-7a-5p,
let-7b-5p, let-7f-5p, let-7i-5p, miR-16-5p, miR-25-3p, miR-
92a-3p, miR-93-5p, miR-122-5p, miR-126-3p, miR-197-3p,
miR-223-3p, miR-423-5p, miR-486-5p, miR-3915, miR-6083
and miR-6756-3p). All the 5 miRNAs with a count above the
75th percentile in all the participants using the less sensitive
platform were included among the 17 miRNA hyper-expressed

in all the participants with the more sensitive platform.

Discussion

The results of our pilot study indicate that EBC sampling is a
non-invasive method capable of detecting early epigenetic
changes. EBC miRNA expression is substantially lower than in
plasma, but it is fairly correlated with that and consistent across
individuals not known to suffer from malignant or non-malig-
nant lung diseases. From the one side, the fair to moderate cor-
relation between EBC and plasma samples we observed would
reflect the origin from a single organ, the lungs, while what can
be found in the plasma originates from all organs. From the
other side, the lower miRNA expression in the EBC is reassur-
ing about the absence of relevant contamination from saliva
during sample gathering. Overall, our preliminary test suggests
that the miRNA expression in the EBC reflects that in the
plasma in absence of known pathological conditions. We also
confirmed that the NGS technology is substantially more sen-
sitive than less advanced sequencing platforms in detecting a
larger number of miRNA and achieving higher expression lev-
els for those more frequently represented.

A few previous studies monitored specific miRNA in the
EBC, which over- or under-expression was assumed to indi-
cate a neoplastic transformation in the lung tissue or the
pleura?? and asthma in children.3 More recently, a study per-
formed with GeneChip miRNA Array showed the potential of
EBC analysis in identifying new lung cancer biomarkers.3!

In respect to the previous positive findings on EBC micro-
arrays, our preliminary test brought 2 novel pieces of informa-
tion: (1) the assessment of inter-individual variability of several
hundred miRNA molecules in subjects not known to suffer
from pulmonary diseases and (2) the acceptable correspond-
ence of EBC results to what can be found in the plasma of
healthy individuals using deep sequencing, considering the ori-
gin of the first from an unique organ.

Our results suggest the feasibility of detecting the miRNA
profile in the EBC using a high throughput NGS platform.
Next, we aim to assess its prognostic value in the early detec-
tion of asbestos-related diseases. A previous case-control study
of lung cancer patients identified 3 miRNA up-regulated in
the tumoural tissue and the serum, namely miR-96, miR-182
and miR-183.3! Using the MiSeq” platform, we detected these
3 miRNAs in the EBC of 1 (miR-96 and miR-182) and 3
(miR-183) participants, and in the plasma of all of them. Using
the HiSeq"” platform, miR-96 was detected in the EBC of 4/6
subjects and miR-182 and miR-183 in all of them, while the 3
miRNAs were expressed in the plasma of all the subjects.
Another Italian study classified the expression of 24 miRNA in
69 lung cancer cases and 870 individuals without lung cancer
into 3 levels of increasing risk (a priori defined) and explored
survival using a Cox proportional hazard model.3? The results
showed that the microRNA signature classifier they used had
predictive, diagnostic and prognostic value and could reduce
the false-positive rate of C'T scans, so improving the predictive
value of lung cancer screening. Examining the plasma samples
with the MiSeq” platform, we detected 21/24 and with the
HiSeq3000° platform 23/24 miRNA listed in that study.
Examining the EBC samples with the MiSeq” platform, only
6/24 miRNA were expressed in all the 6 study participants
while, with the HiSeq® platform, these were 16/24.

Several papers evaluated the miRNA expression in MM
patients®*-3% and, overall, identified 42 mi-RNA which expres-
sion was altered. With the MiSeq” platform, we detected 28/42
of those, 6 of which were expressed in all the participating sub-
jects. With the HiSeq” platform, we detected 33 out of the 42
miRNAs, and 16 of these were detected in both the EBC and
the plasma of all the participating subjects. According to these
results, the use of the HiSeq” platform in the analysis of the
EBC would confer greater potential of detecting specific
miRNA and panels thereof associated with asbestos related
lung diseases and specifically with lung cancer, mesothelioma
and interstitial fibrosis.

The present test was preliminary to a vast-scale screening of
workers formerly exposed to asbestos to explore the feasibility
of using the non-invasive EBC sampling to detect the miRNA
profile and possible new miRNA signatures as early biomark-
ers of malignant and non-malignant asbestos-related diseases.
We conducted the analyses with 2 sequencing platforms with
different levels of sensitivity, working blindly from each other.
In conducting our test, we only relied on a few male volunteers.
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We acknowledge the small number of participants in our test
as a limitation in interpreting the inter-individual variation in
the miRNA profile and count in the EBC and plasma as well
as the correlation between the 2 bio-fluids. The small study
size also did not allow us to explore whether age or gender
would have any modifying effect on the miRNA profile in the
EBC with respect to the plasma. However, at this stage, we
were mainly interested in understanding whether sampling the
EBC might be a non-invasive and effective method to detect
miRNAs possibly related with lung diseases.

In conclusion, our results confirm that monitoring the
miRNA profile in the exhaled breath condensate is feasible.
The easy, non-invasive method of collection allows the applica-
tion in population screenings such as the health screening in
workers formerly exposed to asbestos we are planning.
Nonetheless, further investigation is warranted to confirm the
extent to which the EBC miRNA profile corresponds to that
detectable in the plasma. In this regard, the use of high-
throughput NGS technologies is recommended.
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