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Asthma and chronic obstructive pulmonary disease (COPD) are multifactorial respiratory dis-
eases, characterized by reversible and irreversible airway obstruction, respectively. Even if the
primary causes of these diseases remain unknown, inflammation is a central feature that leads
to progressive and permanent pulmonary tissue damage (airway remodeling) up to the total
loss of lung function. Therefore, the elucidation of the inflammation mechanisms and the
characterization of the biological pathways, involved in asthma and COPD pathogenesis, are
relevant in finding new possible diagnostic/prognostic biomarkers and for the validation of
new drug targets. In this context, current advances in proteomic approaches, especially those
based on MS, provide new tools to facilitate the discovery-driven studies of new biomarkers in
respiratory diseases and improve the clinical reliability of the next generation of biomarkers
for these diseases consisting of multiple phenotypes. This review will report an overview of the
current proteomic methods applied to the discovery of candidate biomarkers for asthma and
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COPD, giving a special emphasis to emerging MS-based techniques.
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1 Introduction

Asthma and chronic obstructive pulmonary disease (COPD)
are the most common chronic respiratory diseases and also
represent two of the principal leading causes of morbidity
and mortality worldwide [1, 2]. Both these pathologies show
airflow limitation [3-6], affecting primarily the airways, and
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cause a structural remodeling of the pulmonary tissue that
in the long run compromises normal lung function [7]. Even
if the primary causes of these diseases remain unknown, in-
flammatory processes within the airways play a central role
and are probably triggered by complex interactions between
environmental (indoor and outdoor air pollution, occupa-
tional hazards, infections) and genetic factors [8,9].

In particular, chronic inflammation of the airways is
present in all clinical forms of asthma (allergic, nonallergic,
occupational, and aspirin-induced) [3,4, 10, 11] and it is char-
acterized by a widespread but variable airflow obstruction that
is often reversible, either spontaneously or with pharmaco-
logical treatment. On the contrary, the progressive and not
fully reversible airflow limitation caused by COPD is associ-
ated with an abnormal inflammatory response that leads to
emphysematous parenchymal destruction (emphysema),
variable loss of lung elastic recoil, and abnormalities in
gas diffusion [12] up to the total loss of lung function
and/or the risk of developing lung cancer [13]. As described
above, asthma and COPD present different physiological
and anatomical features and distinct inflammatory profiles
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[14-16]. However, especially in acute asthmatic forms and
COPD exacerbations, it is possible to observe patients with
asthma showing COPD-like phenotypes and vice versa. In
clinical settings this condition is known as “overlap syn-
drome,” affecting a significant number of patients that share
matching inflammatory pathways and combined to the multi-
factorial nature of asthma and COPD make the management
of these disorders especially challenging.

In addition, traditional methods of diagnosing these res-
piratory diseases, essentially based on physical examinations,
medical history, and airflow measurements [17-20], are com-
pletely inadequate in achieving an early diagnosis, assess-
ment of disease staging and phenotype, and in the monitor-
ing of therapeutic responses. However, in the clinical practice
of respiratory diseases they are currently used for the lack of
noninvasive procedures and tools that could reach the direct
assessment of airway inflammation. Recently, measurements
of inflammatory biomarkers are being increasingly explored,
even if they are not yet considered as a diagnostic parameter
by clinicians [21-28]. Finally, the limited sensitivity of current
instrumentation and the low abundance of biomarkers in bio-
logical materials has provided another hurdle to the discovery
and validation of new candidate biomarkers for asthma and
COPD.

In thelast decade, advances in proteomic approaches stim-
ulated considerable interest among scientists and clinicians
involved in respiratory disease studies. In particular, MS-
based proteomic techniques show a relevant improvement
over other methods, due to the selectivity and specificity with
which it succeeds in following protein markers involved in
inflammatory pathways and in asthma and COPD phenotyp-
ing. In this way, it could be possible to overcome the repeated
failures of old techniques and unravel the complex molecular
pathways responsible for these diseases, improve early diag-
nosis, and provide new strategies for their monitoring and
drug discovery.

Herein, we provide an overview of the main pro-
teomic approaches for the identification of potential diag-
nostic/prognostic protein biomarkers in asthma and COPD,
with a specific focus on emerging MS-based techniques.

2 Test for diagnosis of asthma and COPD

Currently, the diagnosis of asthma and COPD is based on
medical history, physical examination, and spirometry. A de-
tailed medical history for a patient suspected of having asthma
or COPD should address symptoms and the pattern of their
occurrence, precipitating or aggravating factors, the severity
and frequency of exacerbation episodes, family and social his-
tory, and assessment of illness by the patient [17,29]. Asthma
symptoms should be recurrent and may worsen in the pres-
ence of exercise, viral infection, or exposure to allergens, such
as animal fur or hair, dust mites, mold, smoke, pollen, or air-
borne chemicals. Instead in COPD, the symptoms often do
not appear until significant lung damage has occurred. Physi-
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cal examination in both asthma and COPD should be focused
on abnormalities of the nose, throat, upper airway, chest, and
skin [8,17].

As stated above, spirometry is the most widely noninvasive
test used in clinical practice for the evaluation of lung func-
tion [30] and is considered the most practical and reliable tool
for the diagnosis of asthma and COPD, as is applied routinely
to establish the presence and severity of these two obstructive
airway diseases [31, 32]. In particular, forced expiratory vol-
umein 1s(FEV1)and FEV1/forced vital capacity (FEV1/FVC)
measurements are commonly used for the differentiation of
asthma from COPD [17].

Another spirometric measurement that should be noted is
bronchial provocation testing, such as the methacoline chal-
lenge [33]. Nevertheless, the complexity and the heterogeneity
of asthma and COPD, combined with the inaccessibility and
invasiveness of sampling, contribute in maintaining these
spirometric parameters, as the only accepted tests, as reported
by recent clinical guidelines, for the diagnosis of obstructive
pulmonary diseases. However, in recent years, the inherited
limitation of spirometry and medical history has prompted
clinicians and scientists to search alternative strategies based
on biomarkers of airway diseases [34].

Being airway inflammation a central feature of asthma
and COPD, the search for new candidate biomarkers able to
characterize the inflammatory phenotypes of these respira-
tory diseases is ongoing. Currently, the most validated tests
to assess inflammation, in a relatively noninvasive manner
and with the available clinical instrumentations, are repre-
sented by the measurement of carbon monoxide (CO) and
nitric oxide (NO) in exhaled breath and by quantitative cell
counts in sputum.

In fact, exhaled CO values have been evaluated as poten-
tial indicators of inflammation in asthma and stable COPD
[15,16, 28], but the predictive value of this measurement as a
diagnostic tool remains unclear, since there are several con-
founding factors limiting its clinical usefulness.

The measurement of exhaled NO, as indirect indicator
of airway inflammation [35], provides information about the
severity of the disease, the prognosis and the response to
treatment with anti-inflammatory drugs such as inhaled cor-
ticosteroids. In asthma, exhaled NO measurements can pre-
dict steroid responsiveness [27,36-38]. For COPD instead, the
levels of exhaled NO may have a role in the identification of
patients with severe and unstable forms, which are character-
ized to have higher NO levels compared to the stable forms.
However, the use of an oxidative stress-related biomarker,
such as NO, has not yet been inserted in clinical routine
because in some cases the results are ambiguous, such as in
the case of smoking patients.

The presence of eosinophils in the airway is often an indi-
cator of response to treatment with anti-inflammatory ther-
apies (corticosteroids) in patients with asthma [39] or COPD
[40]. The measurement of airway eosinophil abundance is ex-
tracted from the quantitative cell counts of sputum recovered
from patients [41]. Pioneering therapeutic strategies, based
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on the count of sputum eosinophils, for the treatment of
asthma [42, 43] and COPD [44] patients, led to significantly
better clinical outcomes than current guideline-based thera-
pies. However, despite this enhanced efficacy, these assess-
ments are not widely used in clinical practice because of the
generally perceived view that they cannot be implemented
in routine practice of most clinical settings [45]. Certainly,
each of the emerging diagnostic strategies, described above,
could help to improve in its own way the management of
these multifactorial obstructive airway diseases. But the het-
erogeneous phenotypes and the known interplay of environ-
mental and genetic variations of molecular and biochemical
pathways within asthma and COPD, suggest the use of ad-
ditional system-wide tools, such as proteomic approaches, to
overcome the limitation of the diagnostic techniques so far
applied.

3 Proteomic approaches

In recent years, advances in proteomic approaches opened
new opportunities for the discovery of potential diagnos-
tic/prognostic protein biomarkers in asthma and COPD, with
the aim to overcome the lack of specificity and sensitivity with
the actual diagnostic tests.

In clinical practice, the interest on proteomic approaches
is increasing, since they may help to understand the patho-
genesis of respiratory diseases and improve patient care.

There are multiple advantages in studying protein expres-
sion rather than gene expression [46]. First, it is primarily
proteins, not genes that determine how a cell functions. Sec-
ond, a single gene or even a single mature messenger RNA
may be associated with multiple proteins due to splicing, RNA
editing, or PTMs, and there may also be a poor correlation
between the levels of messenger RNA and protein expres-
sion. Third, an acellular compartment, such as plasma and
lung epithelial lining fluid, have little DNA or RNA but may
have abundant proteins that could be important markers of
disease. Moreover, the cell’s proteome expression changes in
response to environmental and intracellular stimuli. A study
of the proteome of an organism, tissue, or cells starts with the
measurement of the relative quantities of the various proteins
expressed in the sample of interest. This protein “fingerprint”
can be used to compare the sample in various conditions (ex-
perimental, physiological, and pathological) and determine
the presence of possible relevant changes, which become
essential in understanding the relationship between func-
tion and modification. The development of high-throughput
proteomic techniques make possible the detection of more
than one protein simultaneously in a great variety of dis-
ease relevant samples. Samples generally used in proteomic
studies of lung diseases include in vitro lung cell cultures,
bronchial fluids (i.e. bronchoalveolar lavage fluid (BALF) and
induced sputum (IS)), body fluids (i.e., serum, plasma, blood,
or urine), and lung tissue biopsies or autopsies. All these
features make proteomic approaches more suited in under-
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standing the inflammation mechanisms involved in asthma
and COPD pathogenesis and in discriminating the multiple
phenotypes and endotypes of these two diseases.

The main proteomic approaches are summarized in Fig. 1
and may be classified, according to the separative and/or
detection methods used, in

(i) multipleximmunoassay or antibody based, involving the
monitoring of proteins using an array of specific anti-
bodies,

(ii) peak profiling methods, involving the generation of “fin-
ger prints” for sample comparison (i.e., SELDI),

(iii) gel-based methods, involving the separation of proteins
by mono- or bidimensional electrophoresis and the iden-
tification of bands/spots by means of MS,

(iv) gel-free methods, involving mono- or bidimensional LC
coupled to MS for both identification and quantification
of proteins.

Tables 1 and 2 summarize the main proteomic technolo-
gies that are providing new tools to facilitate the discovery-
driven studies of new biomarkers for asthma and COPD and
will be discussed in more depth.

3.1 Antibody-based methods

There are few studies (see Table 1A and Table 2A), where
mAb-based methods are used as the main platform for both
discovery and validation of asthma and COPD biomarkers
[47-55].

In 2007, Csaky et al. [50] proposed one of the first appli-
cations of a mAb-based platform for the discovery of COPD-
specific biomarkers. In particular, plasma pools from COPD
patients and healthy controls were used to prepare the com-
plex immunogen. Briefly, plasma samples were deprived
of the most abundant and physiologically present proteins
through a first step of affinity chromatography. Then, the
remaining protein mixture was subjected to a second affin-
ity purification step using a column containing immobilized
polyclonal antibody prepared against normal human serum
with the aim to enrich the disease-specific proteins. In this
way, ten high-quality biomarkers were discovered and vali-
dated with a high degree of statistical significance in a single
step, representing a good starting point for testing clinical
validation paradigms.

Recently, the group of Ropcke et al. [51] applied the im-
munoassay platform to monitor about 100 potential COPD
biomarkers in BALF, bronchial biopsies, serum and IS of
healthy smokers, and COPD smoker’s patients. The study
provided useful information on the interrelationship be-
tween pulmonary and systemic COPD-related markers and
allowed to discriminate smokers with or without COPD by
means of serum markers. In fact, on the total number of
markers monitored, 51 were identified in serum and re-
sulted upregulated in the COPD group, such as C-reactive
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protein (CRP), interleukin-6 (IL-6), von Willebrand factor
(VWF), and calprotectin. In particular, calprotectin and von
Willebrand factor proteins were found to be interesting mark-
ers for further investigations because the first is related to
neutrophilic inflammation, while the second is an indicator of
early structural and functional changes in pulmonary vessels
and accompanies the development of COPD. However, de-
spite these correlations they did not seem to sufficiently reflect
the disease-associated inflammatory processes within the
airways.

Still focusing on the monitoring of serum markers, El-
Deek and co-workers [52] compared the expression levels of
high-sensitive CRP (hs-CRP), soluble intercellular adhesion
molecule-1 (siCAM-1), and surfactant protein D (SP-D) of
healthy individuals and COPD patients, with the aim to assess
the correlation between the upregulation of these indices and
the degree of COPD severity.

The mAb-based platform was also applied to follow in-
flammatory mediators for the tentative classification of pa-
tients with COPD, which suffer forms of acute exacerbation
(AECOPD) [53,54] and for the study of COPD-asthma over-
lap syndrome [48]. In particular, Gao et al. [53] employed a
range of serum mediators and sputum inflammatory cells to
classify AECOPD patients into four groups compared with
healthy controls. These authors observed by ELISA test that
the serum and sputum levels of CRP, IL-6, serum amy-
loid A (SAA), and matrix metalloproteinase-9 (MMP-9), to-
gether with the predominant type of sputum inflammatory
cells (eosinophilic, neutrophilic, mixed granulocytic, and pau-
cigranulocytic), were excellent biomarkers for judging the
severity of AECOPD. The difference among groups was de-
termined by statistical tests such as ANOVA, Kruskall-Wallis,
Mann-Whitney, and U-test (only p-value of <0.05 was con-
sidered statistically significant).2

On the contrary, Chen et al. [54] developed a method for
the evaluation of plasma inflammatory biomarkers in COPD
patients with or without acute exacerbation. They integrated
the proteomic profiles of inflammatory mediators obtained
by antibody microarray assays with data of clinical informat-
ics achieved by a Digital Evaluation Score System (DESS),
in order to assess the disease severity. In this way, 20 signif-
icantly different mediators were identified among patients
with stable COPD, AECOPD, and healthy controls (see Table
1A and Table 2A). The COPD-asthma overlap syndrome is
instead the subject of the work proposed by Iwamoto et al
[48], in which, using an enzyme immunoassay/ELISA test,
plasma and sputum levels were evaluated for four inflamma-
tory and lung injury related biomarkers in patients affected
by COPD, asthma, or COPD-asthma overlap syndrome.
Plasma surfactant protein A (SP-A) and sputum myeloper-
oxidase (MPO) resulted upregulated in patients with COPD
or overlap syndrome compared with asthma patients, while
soluble receptor for advanced glycation endproducts (SRAGE)
resulted downregulated in plasma from patients with overlap
and COPD but not from those with asthma. In contrast, only
sputum levels of neutrophil gelatinase-associated lipocalin

www.clinical.proteomics-journal.com



Proteomics Clin. Appl. 2014, 8, 901-915

R. Rossi et al.

906

sia)ows gd0D/siavows

Ansiwaydolsiyounwiwy

ad02-uou/siayowsuou AyyesH pue Bumo|q uIsIsap 40L-1aTVIN 196 az anssi Bun V uljiydojoAd ‘/z dsH [eL]
ad0J ou pue ‘37 ou ‘adOd + I1 1740 ‘2Sdvd
'07°ad0? s4eqowisuou pue siajows Bumolqg useisapy 40L/401 1aTvIN 196 az ve ‘SXAYd ‘ZXA¥d ‘1XAayd 1vd [eL]
siaows qd0o/Ayleay Ansiwayoolsiyounwwi
siows/Ayljeay S19}OWSUON pue Bumojq uielsepp 40L-1aTVIN 186 az anssi} bun1 Z djI|-uixopalolyl ‘sL-dINIA [LL]
€avd
sjuaiied SIN/SIN-OT-oueu ‘LXdD ‘a134 ‘€09 ‘vHILI 'Jody
siaows gdOo/siaxows AylesH 40L-1aTVIN BuiBew (86 gz ewse|d ‘q wewbeuy usbounqly uewny [0L]
8Y00LS
‘Lyody ‘unauiyisuedy ‘y
pasodxa pieisnwi inyns pue AyljeaH 40L/40L-1ATVIN 39Vvd-de d1vd uie104d jueldepns ‘auisoydioje) «[£9]
Ayreay/adod uixadoway
Bupjowsuou/ewyise Bupjowsuon Aesseounwiwi| 401 1a1VIN 196 az poo|q |esayduad ewse|d dD ‘uiingojboidey ‘Nz «[¥9]
spoylaw paseq SIN-I2D ()
ad0D3v a4aAss pue
a1noe yum suaned/A|-|| a6e1s d0D \SIRE] 401-1a73s ewse|d VvvsS [09]
anssi Bun| ‘||92
43/Ad0J/ewyisy 401-1a713s |ellayuds |eseu ‘winiag e1ag-1ungns uiqojbowsay +[6G]
apndad Asealjes you-aujoad
SISe}99Iyou0Iqg/{D dSDD ‘D uinuesbies
/ad0d/ewyise/s|oiuod Ayyjeay \SIRE] 401-1a73S wninds paonpu| ‘g ulinuesBled ‘y ulinueiBbled «[8]
401/40L IaTVIN sepndad pajepiwe |euiwisl-)
adoo/ewyisy (speaq eoljis snosodosaw) gSIA wninds paanpuj 99141 ‘€dNH ‘¢dNH ‘LdNH %[9G]
spoyiaw paseq-s|A buljiyoad yead (g)
adod pooig 0-4NL ‘uluoyojedosd ‘9-| 44D [gq]
sJ101oe) Alojewiwejjul sJ101oe} Alojewiweljul
Bulinsesw Joj Aeuse Bulinsesw Joj Aeuie
suelqwaw paseq-Apoqnue aueiquiaw paseq-Apoqnue
ado23v/adoo/Ayyesy ue :Aesse Ael1eoudl| ue :Aesse Aelleoldl| ewse|d siojeipaw uiayold 0z [¥G]
Auyyeay/ad0o3av/ad0d \SIRE] \SIRE] wnuas/wninds paonpu| 6-dININ ‘VV'S "9-T1 44D [eq]
(s48)0Ws-sI3OWISUOU) |043U00/AdOD vsin3a vsin3 wnisg a-dS ‘L-INVIIS dHO-sY [zs]
wninds paonpul unoajoid|es
SI9X)0oWs sjosuod/siaows dd0J \SIRE] \EIRE] /winuas/saisdolq/47vg YMA “9-11 dHD “odiew utelold LG [La]
1041u09/Qd02 solwoalold paseq-qyw solwoalold paseq-qyw ewse|d sJayiewolq Aljenb-ybiy gL [os]
slayowsuou
1041u09 BunoA/sia)owsuou
|041U0D p|O/SIadOWs
1041u09 P|o/ad0? Yum siuaned
Bupjows/ewyise yum suaned
BunoA Bupjowsuou/ewyise s101daoal
yum syuaiied pjo Bupjowsuop vSI73 Buluieisounwwi vSI73 Buluieisounwiwi saisdoiq |eiyouolg 3g ‘uluaboibue ‘y-4D3A ‘LEAD «[67]
Jay0wsuou/Iax)ows
—ewyise-gqd02/ad0d/ewyisy vsSiavia vsSiavi3a ewse|d ‘wninds paonpu| TVON ‘IDVHS ‘OdIN ‘V-dS *[87]
spoyiaw paseq-Apoquuy (v)
syo9lgng uoned s pouls\ 99inos a|dwesg siayiewolg Joy

spoylaw paseq-SIAN-O1 (A) ‘Peseq SIN-1e6 (D) ‘paseq SIA Buljiyoad yead (g) ‘peseq-Apoqiue (y) 104 saseasip Q402 Ul saipnis solwoaloud Jo Alewwng g ajqeL

l.com

Ics-journa

l.proteom

Inica

www.cl

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



907

Proteomics Clin. Appl. 2014, 8, 901-915

‘Aesseounwiw] awAzus ‘y|3 ‘ulupjApelq ‘yg ‘eyd|e 1030} SISOI0BU JOWN) “O-4N 1 ‘V 1019B4 YIMOUB |BI|aylopus Je|ndseA ‘y-4DHIA ‘yH uleys Aaeay Jounqiyul uisdAi-eydje-iaiul
‘VHILI ‘g 1usuodwos uswa|dwod ‘egp) | asepixosad auolyiein|b juepixoiue ‘L xXd49 ‘uieloud Buipulg-jountas ‘gl 3y ‘g wuauodwod Juawa|dwod ‘€0 ‘ulngqojgqolorw-Zo ‘|NZP 3
uiejoudodijode ‘gJody |y uleloidodijode ‘| yody ‘g apndad jiydosinau uewny ‘€dNH ‘g @pidad jiydosinau uewny ‘gdNH ‘L epndad jiydosinau uewny ‘L dNH ‘uieloid Aiojoi108s

[199 B4e|) dSOJ -

eood|| pajeroosse-aseulie|ab jiydosinau “yoN ‘s1onpoidpus uoiedsA|b paoueape 10y} 101dsdal 8|gn|0s ‘JHYYS ‘asepixotadolsAw ‘OdIA ‘W ule1o.d jueloepns ‘-4

'y plojAwe wnias ‘yys ‘g ulaloid jueloepns ‘g-ds {1-9|ndsjow uoisaype Je[njj@d4aiul 8|gqnjos ‘L-AVIIS ‘dHD 9AlIsuas-ybily dyD-sy ‘1010e) pueIga|IApN UOA YAAA ‘Q-Uynajiaiul ‘9-T|
'ad0D pue ewyise yloq paiebiisanul (4) 3S18Ise Ylm payiew saoualajal ay

ull19}0108|
adod ou/adod SIN/SIN O1d1yd 47va pue ‘Lul|yod ‘eydie LGDINH [06]
o)
104d Bulpuiq asouuew ‘ewweb
‘e1aq ‘eyd|e g yJusuodwod
1uawa|dwod ‘gH uleyo Aaeay
SIN/SIN-OT1dT Jouqryur uisdAn-eydje-1aiul
Ayyeay siayowisuou pue siayows am Buijaqe| DvyL! ewse|d “04d Buipuiq @ ulwep [68]
v ‘s ‘'z obeis Alianes (dgq) 10.d
M dd0J/49owsuou pue 1ayous |013u0) VvsI3 SIN/SIN DT Buipuig @ uiwelA pue g uiwenp [88]
6V/8V00LS
sjuaned SIN/SIN-DT-0ueu ‘Z pue | suisuajap |lydosinau
s1oqows qdO/s4evows dnewoldwAsy pue 401-1Q1VIN 40L-1d713S 47va ‘sapndad you-auljoid Alealjes [£8]
68619861 Bulinp dOJ @1e48pOW 10
pliw yum ‘09-G¢ pabe ‘siayows analebio opeosed uone|nbeod
Ayyeay asimiaylo ajewsay) pue s\ SIN-HDI14 8ull-4o XIS I1 ewse|d pue juswa|dwod suisjoud g| [98]
(uebounquy)
adOD @1eiepow 1o opeosed uone|nbeod
pliw yum ‘09-gg pabe ‘siayows analebio pue (£ ‘9D ‘€D uswa|dwod)
Ayreay asimiaylo ajeway) pue ae\ SIN/SIN @Ull-40 XIS O ewse|d juawa|dwod suivloid [g8]
$1991UN|OA SIN/SIN OT1dc S||99 |eseN sutajoud jo |aued «[28]
paje|nBaiumop oz pue
SIN/SIN-DT-0ueu 1199 djay-1 pele|nBaidn zz ‘syods uiaroud g «[18]
spoyjaw paseq SIN-O1 (A)
wninds
paonpul ()g3) 81esuspuod
sjuaned yjealq pajeyxa ‘saisdoiq pue
Ad0J pue s18}0wWs [043U09 P|0 ‘AQd0D 40L/40L-1aTVIN saysnuq |elyouolq ‘sutin ‘pinjy
10} 8|qndaosns jou pue 8|qndadsns Bunox D7z ‘OvdlL! ‘39I1a ae Butuiy jerjpynds ‘pooiq jessyduiag [94]
S19}OWSUOU puUe SIayows VSI13 pue ewse|d
Ayrjeay /siaxows aielapow 01 pliw dd0D Bumolq uiaisapp S\ 3910-ag pue ‘wninds paonpul ‘Bun7 4old [S£]
ewyise
yum s3oalgns Bupjouwsuou /siayowsuou
‘sioxqows Ayyjeay jo Bunsisuod
dnoub 193lgns [013u09/0) 104 Bun|
2} 4O 103}0B} 9)SUBI} MO| Y}IM SI9)OWS
/SIIYOUOIG DIUOIYD UM siaqows/dd0D VSI13 pue
919A3S puUE ‘9}eIapOoW ‘pPlIW YIM SI9)0WS Buio|q uia1sapp +4010 196 az wninds paonpuj Lyody ‘uijesodi §74]
sy09lqng uoI3eILIBA poyleN 204nos ajdwes siaylewolg ‘Joy

panunuoy "z alqer

l.com

ics-journa

l.proteom

Inica

www.cl

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



908 R. Rossi et al. Proteomics Clin. Appl. 2014, 8, 901-915

Proteomic approaches b Advantages/ disadvantages ™

/ g
A)Antibody-based methods
v Good sensitivity
v High specificity
xTime consuming

XHigh costs
x Antibody not always available

Human sample sources

A)Antibody-based thod
- Exhaledbreath condensate JAntiodybased methocs

- Nasal epithelial cell @ Downregulated
@ Upregulated
-BALF

(8 O Unregulated
¥ - Induced sputum

B) Peak profiling-MS based

“\ Control  Test
-Tissue Laser

- Cell cultures i': '.;

Protein chip

B) Peak profiling-MS based
¥ High-throughput technique
¥ Minimal sample volume required
¥ Ability to analyze proteins from avariety of crude biological samples
xLack of tandem MS: does not provide peptide /protein identification
% Lowmass resolution and accuracy

Maldi/’ I-TOF
Py SELOETO x Cost of the ProteinChip array

-Blood xThe bicinformatic validations are not standardized
-Serum C)Gel-MS based methods €)Gel-MS based methods
-Palma —
-PBMCs — - -20-
i 106G - 106/206 2D- DIGE
- + High resolution of complex mix v Simple and rapid
-Urine Control Test ¥ Good sensitivity (ng) v'Increased sensitivity and precision
¥'More Accurate and reliable results
L s ' v Reduced the number of
-206 — - analytical/biological replicates
- e - -
Control %xManual step

xSample volums

XTime consuming

xProblemsfor extreme pl and MW

% Difficulty in membran and low abundant proteins detection
XInability to resolve complex biological samples with 1D tecniques

] )

Test for diagnosis of -

asthma and COPD

Test
v Medical history D) Gel-free methods (LC-MS- D) Gel-free methods (LC-MS-based methods)
¥'Physical e xamination Digestion ¥ Greater specificity

based methods)
< ¥ Cost- and time-effectiveness
¥ The potential to multiplex up to hundred of protein in a single analysis
mass spectrometry v Completely Automated technology

v Spyrometry measurement 2
R gy

Figure 1. Overview of proteomics strategies.

(NGAL) were found significantly increased only in patients
presenting overlap syndrome.

However, it is easy to observe that in proteomics the
antibody-based approach is usually used to validate a subset of
proteins previously identified and quantified with MS-based
techniques. This is mainly due to the fact that the antibod-
ies are very expensive and not always available for all the
markers under investigation, limiting their development as
an independent proteomic platform.

3.2 Peak profiling

Peak profiling methods, mainly based on SELDI technology,
do not directly lead to the identification of proteins but to the
generation of a “fingerprint” that should be compared among
samples and/or individuals.

These profiling approaches were applied to various sample
sources, in order to discover potential target proteins involved
in airway inflammation mechanisms and remodeling, which
characterize asthma and COPD (see Table 1B and Table 2B)
[56-60].

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In one of the earliest studies, Murphy et al. [57] applied
the SELDI-TOF technique to screen the plasma of asthmatic
and nonasthmatic pregnant women for monitoring possible
changes in asthma during this condition. The samples col-
lected at 18 and 30 weeks of gestation were applied on the
surfaces of chips made up of strong anion exchange (SAX2),
weak cation exchange (WCX2), and immobilized metal affin-
ity capture with Cu*™ matrices. The experiment resulted in
91 and 51 plasma peaks of different intensities based on
the Mann-Whitney test (p > 0.05), between asthmatic and
nonasthmatic women at 18 and 30 weeks of gestation, re-
spectively. Moreover, only two of these peaks were expressed
with a significant variation and similar intensity levels at both
time points, but the identity of the corresponding proteins
were not determined.

In a subsequent study, Gray et al. [58] employed a simi-
lar approach to investigate the presence of potential inflam-
mation biomarkers in sputum samples from patients with
asthma, COPD, cystic fibrosis (CF), and bronchiectasis com-
pared to healthy controls. The proteomic profiles of sputum
were analyzed by SELDI-TOF using three ProteinChip Ar-
rays: a WCX2 at pH 4 (CM10), a SAX2 at pH 10 (Q10), and
an immobilized metal affinity surface activated with nickel.

www.clinical.proteomics-journal.com
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In this way 105, 113, 381, and 377 peaks were identified in
asthma, COPD, CF, and bronchiectasis, respectively (Mann—
Whitney test, p > 0.01). On the basis of these results, selected
peaks were subjected to gel electrophoresis and identified, af-
ter tryptic digestion, by mass fingerprint analysis and, when
available, by Western blotting (WB). In particular, calgranulin
A, B, and C were found to be increased in the inflammatory
states of the different airway diseases investigated, whereas
Clara cell secretory protein (CCSP) and proline-rich salivary
peptide resulted to be decreased.

In 2009, Gomes-Alves et al. [59] demonstrated that protein
signatures obtained by SELDI analysis could be useful for
the diagnosis of diseases such as CF, asthma, and COPD,
which share common clinical features and/or as follow-up
markers of therapeutic intervention. The study concerned
the screening of serum and nasal epithelial cell samples to
establish the proteomic profiles of patients with CF, asthma,
and COPD, using two different chip surfaces: a WCX2 at pH
4 (CM10) and a SAX2 at pH 10. Profiling analysis revealed
a large number of peaks that, considered in their entirety,
could differentiate between healthy and diseased individuals
both in serum and nasal brushing samples. These findings
led the authors to state that, even if the SELDI approach is
fast and can reveal patterns representative of each pathology,
the interpretation of results is complicated, require caution,
and the use of multivariate analysis is mandatory.

An unconventional application of SELDI is offered by
Bozinovski and co-workers [60], who analyzed plasma sam-
ples from patients with COPD with a different perspective,
which consisted in validating instead of discovering known
biomarkers. In fact, they confirmed serum amyloid protein
(SAA) as a biomarker of acute exacerbations in COPD.

Another particular example of SELDI application is rep-
resented by Terraciano et al. [56]. They characterized the low
molecular weight (MW) proteome (peptidome) of IS of pa-
tients with asthma and COPD, coupling the fractionation
by mesoporous silica beads to MALDI-TOF-MS. The dimen-
sions and porosity of beads are specifically designed to detect
only peptides of <4500 MW. With this approach, the au-
thors were able to identify more than 400 peptides, but only
six peaks emerged as potential diagnostic peptidic patterns.
In particular, it was possible to identify three alfa-defensins
(human neutrophil peptide, HNP1, HNP2, HNP3) and C-
terminal amidated peptides of unknown identity, which were
able to discriminate asthma, COPD, and healthy groups by
virtue of T-test (p < 0.05).

This approach could represent a high-throughput screen-
ing MS-based platform for monitoring key peptidic biomark-
ers of inflammatory respiratory diseases, but it is limited to
low MWs and does not permit an unambiguous protein iden-
tity.

Definitely SELDI-TOF technology has significant advan-
tages as a “first line” approach in biomarker discovery, due to
its relative simplicity and its high-throughput potential, but it
needs to be assisted by other proteomic instruments (such as
2DE and MALDI-TOF/TOF) in order to produce a clear iden-
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tification and validation of proposed biomarkers. In this way,
relevant proteomic signatures could be identified in different
sample types, setting up potential diagnostics and/or prog-
nostics instruments for various pulmonary diseases. Success
in validation has already been achieved in some cases, yet
the overall conclusion is that SELDI technology represents
one component of a broader spectrum of versatile investiga-
tion technologies that may finally lead to setting up a more
“clinical friendly” set of dedicated diagnostics tools.

3.3 Gel-based methods

Gel-based methods represent the most widely used proteomic
approach and are based on mono- or bidimensional gel elec-
trophoresis (1DG or 2DG) combined with the isolation and
identification of the protein bands/spots of interest by means
of MS. In particular, as shown in Tables 1 and 2, asthma
and COPD proteomic investigations are mainly supported
by gel-based approaches, among which a high percentage is
represented by 2DG and its variant, 2D-DIGE [61-76].

The 2D-DIGE addresses some of the drawbacks with the
original technique, which consists of variation between gels
that often leads to multiple repeat runs. This technique has
also the advantage of running an internal standard as a
part of each separation, providing more accurate and reliable
results.

Verrillis et al. [64] applied 2D-DIGE and MALDI-TOF
to analyze plasma of subjects with asthma and COPD and
determined that iron metabolism, coagulation cascade and
acute-phase response could be involved in the pathogenesis
of airway diseases. Among 20 unique proteins, which re-
sulted differentially expressed and positively identified, four
(a2-macroglobulin (a2M); haptoglobin; ceruloplasmin (CP);
hemopexin) were selected and able to discriminate subjects
with asthma, COPD, and healthy controls. These findings
are supported by other authors. For example, Choi et al. [63]
identified CP, apolipoprotein Al (ApoAl), and a2M as upreg-
ulated in nasal lavage fluid of aspirin-exacerbation respiratory
disease patients. Nishioka et al. [62] confirmed that proteins
up- or downregulated in asthma were involved in responses
to stress and in complement and coagulation cascades. In
fact, they validated the upregulation of a-1-antitrypsin (AAT)
and complement component C7 in asthma exacerbation by
ELISA. Fibrinogen and complement C3 resulted as asthma
biomarkers in the study performed by Rhim and co-workers
[66].

In the study of Ohlmeier et al. [75], a cysteine-specific
2D-DIGE technique was combined with MS for the pro-
teomic screening of human sputum samples from nonsmok-
ers, healthy smokers, and patients with COPD, revealing 15
COPD-related proteins. The polymeric immunoglobulin re-
ceptor (PIGR) was selected for further investigation. Elevated,
smoking-dependent levels of a secreted PIGR were detected
in human lung, sputum, and plasma from healthy, smok-
ers, and mild to moderate COPD patients, with plasma PIGR

www.clinical.proteomics-journal.com
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showing a direct correlation of its expression with airway ob-
struction and with the onset of an early COPD stage in healthy
smokers.

Moreover, the recent introduction of immobilized pH gra-
dients and advanced bioinformatics has vastly improved the
reproducibility and comparability of this technique, although
its low-throughput remains a serious obstacle in becoming a
routine method of analysis in clinical practice.

In fact, as highlighted by Bandow et al. [70], three issues
are holding back gel-based methods by large-scale proteomics
studies: low-throughput, high technical variation, and a study
design lacking statistical power. With this in mind, the au-
thors developed an improved image analysis workflow, based
on the creation of a consensus spot pattern for the quantita-
tion of all acquired gel images. Image analysis coupled with
a statistical test, allowed to perform a quantitative analysis of
all protein spots and to determine which spots were differen-
tially expressed and would be processed by MS. To this aim
they combined 2DG separation and nano-LC-MS/MS iden-
tification to discover candidate biomarkers in plasma sam-
ples from COPD smokers and healthy smokers. Eight poten-
tial biomarkers were identified, with statistical significance
(T-test), in patients with COPD compared to control sub-
jects. Apolipoprotein E (ApoE), complement component 3
(CO3), and human fibrinogen fragment D resulted upregu-
lated in COPD patients, while retinol-binding protein (RTB),
antioxidant glutathione peroxidase 1 (GPX1), complement
component 4B (C4B3), and two inter-alpha-trypsin-inhibitor
heavy chain H4 (ITIH4) were downregulated in the patient
group. No other tests were applied to validate these potential
biomarkers.

Recently, bioinformatic tools have been introduced as sup-
port to proteomics analysis, which allow to improve the sig-
nificance of the findings obtained by gel-based methods. For
example, in Pastor et al.’s [72] study, using 2DG in combi-
nation with MALDI-TOF/TOF for the analysis of BALF from
patients with COPD and lung cancer, 123 spot were detected
and 40 of them resulted differentially expressed between pa-
tients with COPD and lung cancer (test INCA, > twofold,
p < 0.05). Specifically, aldehyde dehydrogenase (ALDH3A1),
aldo-keto reductase family 1 member B10 (AKR1B10), aldo-
keto reductase family 1 member C3 (AKR1C3), aldolase A
(ALDOA), cathepsin D preprotein (CTSD), cofilin 1 (CFL1),
ezirin (EZR), fructose-1,6 bisphosphatase (FBP1), glycogen
phosphorylase (PYGM), peptidylprolyl isomerase A, pyru-
vate kinase 2 (PKM2), transketolase (TKT) were upregu-
lated in lung cancer. Instead, catalase (CAT), peroxiredoxin 1
(PRDX 1), peroxiredoxin 5 (PRDX 5), peroxiredoxin 2 isoform
a (PRDX 2) were upregulated in COPD while calcyphosin 2
(CAPS2) and CFL1 were downregulated in this disease. Some
proteins such as PKM2, AKR1B10, PRDX1 were also vali-
dated by WB. Moreover, the multiple biomarkers found were
subjected to computational analysis to predict pathways that
they could collectively regulate. In fact, the authors applied
ingenuity pathway analysis (IPA), based on gene ontology
to plot the proteins identified to be differentially expressed
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Proteomics Clin. Appl. 2014, 8, 901-915

in COPD and lung cancer patients. It was observed that the
main networks involved were related to inflammatory signal-
ing, free radical scavenging, oxidative stress response, and
glycolysis plus gluconeogenesis pathways. This integrative
approach contributed to elucidate the underlying pathogenic
pathway of both diseases, highlighting NF-kB pathway as a
link between them.

A final remark that arises from this study and under-
lines a limit of the 2DG approach is the almost exclusive
cytoplasmic origin of the identified proteins. The gel-based
approach has a relatively high resolution, which is however
limited by the difficulty in detecting certain classes of pro-
teins. These include membrane proteins due to their low
solubility in gel electrophoresis buffer, proteins with an ei-
ther low (<10 kDa) or high (>200 kDa) MW, as well as
those with an extreme isoelectric point (pI < 4 or >9) [77].
This has led to a limited application for the analysis of com-
plex matrices, such as lung tissue, which is also reflected
by the few published studies [71,73]. Lee et al. [71] investi-
gated the proteins expressed in lung tissue of COPD smok-
ers and healthy smokers and nonsmokers, using 2DG and
MALDI-TOF analysis. MMP-13 and thioredoxin-like 2 re-
sulted upregulated in COPD patients compared to healthy
smokers and nonsmokers. MMP-13, a proteolytic enzyme
implicated in tissue damage and remodeling, was predomi-
nantly expressed in alveolar macrophages and type II pneu-
mocytes. Thioredoxin-like 2 is an antioxidant protein whose
expression is mainly located within the bronchial epithelium.
Therefore, thioredoxin-like 2 synthesis could be induced by
the oxidative burden that plagues the airways of smokers
and the exposure to airborne pollutants. These proteins were
validated by WB and immunohistochemistry. The difference
among groups was determined by statistical tests such as
Kruskal-Wallis, Wilcoxon rank sum with Bonferroni adjust-
ment, considering a p-value < 0.05 as statistically significant.
Instead, Hu et al. [73] used a proteomic strategy based on
2DE coupled with MALDI-TOF to study human lung tissue
samples obtained from three groups of subjects, including
never-smokers, non-COPD smokers, and COPD smokers, re-
spectively. Twenty-four proteins were identified and found to
be involved in basic metabolism, oxidation/reduction, coag-
ulation/fibrinolysis, protein degradation, signal trasduction,
inflammation, and cell growth/differentiation/apoptosis.
Moreover, in the COPD smokers group, the authors observed
an upregulation of the heat shock protein 27 (Hsp27) and cy-
clophilin A, which are associated with the COPD pathogene-
sis. Also these results were determined by variance analysis
(ANOVA test) and confirmed by immunochemistry and WB.

As further confirmation of the above assumptions, Maes
etal. [69] investigated the possible drawbacks of experimental
variance in the gel-based study of peripheral blood mononu-
clear cells (PBMCs), considered by many as “surrogate tis-
sue.” The aim of this study was to assess markers that exer-
cise important roles in inflammatory processes involved in
different diseases including asthma and COPD. The PBMCs
were isolated from blood and used to obtain protein extracts,
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which were analyzed by 2D-DIGE and MALDI-TOF approach.
This paper also emphasizes the importance of paying great
attention to the washing steps employed to remove plasma
proteins during the PBMCs isolation procedure and generally
to the whole preparation of the adopted workflow, in order to
avoid possible causes of false-positive changes among the in-
vestigated groups. Finally, an interesting aspect that this work
also revealed was the importance of considering variance of
human population for a good experimental biomarker dis-
covery design. Despite the improvement in the inflammatory
biomarker discovery represented by gel-based methods, this
last consideration is to be taken into account as one of the
bottlenecks to be overcome.

3.4 LC-MS based methods

LC-MS based proteomics offers several advantages over the
approaches discussed previously, including greater speci-
ficity, cost- and time effectiveness, and the potential to identify
up to hundreds of proteins in a single analysis.

It is also important to emphasize that this proteomic ap-
proach, involving the combination of two of the most high-
throughput and innovative techniques, is considered by sci-
entists and clinicians as the most promising and suitable in
the challenge of analyzing multifactorial respiratory diseases
[78-90).

The problems of low-throughput and high technical vari-
ations, encountered with other proteomic techniques, are
solved using an advanced proteomic methodology based
on 2D chromatography coupled to MS/MS (2DC-MS/MS)
(82,85, 86]. It involves the generation of peptides from enzy-
matic digestion of a complex protein mixture, their separation
by means of 2DC-MS/MS that combines off-line or online ion
exchange with RP separation of peptide mixtures. York et al.
[85] applied off-line strong cation exchange fractionation with
nano-RP-LC-ESI-MS/MS and robust database searching to
understand molecular mechanisms underlying lung function
decline. The authors analyzed plasma samples pooled and
depleted of the top 12 most abundant proteins from healthy
smokers and mild to moderate COPD subjects. By reducing
the heterogeneity within the group and increasing the yield
of low abundance proteins, they identified 1758 peptides be-
longing to proteins involved in complement (complement C3,
C6, C7), coagulation systems (fibrinogen), and with antipro-
tease and metabolic functions (inter-o-inhibitor). Simultane-
ously, the same authors [86] proposed a work in which they
interrogated the data obtained by the multidimensional ap-
proach discussed above to populate the putative mass and tag
(PMT) database and generate accurate mass and tag (AMT)
results. In this way, combining capillary LC separations
with FT-ICR accurate mass measurements and statistical
evaluation of accurate mass and tag data, they were able to
increase the number of identified peptides and proteins (3549
and 533, respectively). In particular, 33 proteins, belonging
to the complement and coagulation pathways, resulted differ-
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entially expressed, dividing the COPD smokers in rapid and
slow declines in FEV. An application of online 2DC-MS/MS
is proposed by the work of Simoes et al. [82], in which the
proteome profile of human nasal epithelium (NE) was ex-
haustively characterized, allowing the identification of approx
1500 distinct proteins. This study, conducted on volunteers
and using noninvasive and easily collectable specimens, has
provided the most complete NE proteome profiling to date,
unraveling the mechanism, which is intimately correlated
with lung function and has demonstrated the usefulness of
these cells in lower airway epithelia research. Online 2DC was
also combined to iTRAQ technology and MALDI-TOF/TOF
in order to compare plasma proteins between healthy smok-
ers and nonsmokers [89]; 16 proteins, associated with im-
munity and inflammatory responses, resulted differentially
expressed and useful to discriminate the two groups exam-
ined.

Moreover, the possibility to combine micro- and/or nano-
LC techniques with the powerful and innovative MS instru-
mentations permit high sensitivity, efficiency, speed, and ac-
curacy in MS acquisition, thus increasing the confidence and
the amount of peptide identifications [84,90]. The identifica-
tion of the corresponding proteins is then obtained by the
use of appropriate software, which automates the process
of matching experimental to theoretical mass spectra. As an
example, the microfluidic-based chip nano-LC-MS/MS was
used by Franciosi et al. [90] to successfully identify and quan-
tify about 300 proteins of the epithelial lining fluid (ELF).
Healthy and COPD subjects were compared and, applying
iTRAQ labeling, the main differentially expressed proteins
resulted being lactoferrin, cofilin-1, serpin, and calgranulins.
In addition, O’Neil et al. [84] demonstrated the potential-
ity of a workflow based on the interplay of nano-LC high-
resolution MS/MS, iTRAQ quantification, and IPA. They
were able to identify and quantify more than 1800 proteins
from endobronchial biopsies of asthma, without the need
of pooling samples. The IPA analysis of the proteome pro-
files obtained by patients before and after glucocorticoid in-
halation highlighted distinct pathophysiological features of
asthma (such as collagen accumulation, angiogenesis, and
structural changes) and how their expression changed with
treatment. The authors correlated some proteins to asthma
(lamin, cyclophilin A, and annexin A5) and to glucocorticoid
effect (a2M, serpin, vimentin, and aldolase A). Moreover, as
stressed in the paper, the availability of well-characterized
phenotypes of asthma is mandatory for obtaining good re-
sults.

Thus, the LC-MS based approach provides a significant
improvement over 2DG, as it represents a fully automated
technology that simultaneously allows separation of digested
peptides, their sequencing, and the identification of the corre-
sponding proteins. In this way, it is possible to concurrently
identify both membrane and soluble proteins and to charac-
terize quantitatively the protein mixtures, with label or label-
free strategies and in a wide pI and MW range. In addition,
to simplify the management and the interpretation of the
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large size of data output of LC-MS based experiments, spe-
cific bioinformatic tools and programs for statistical analysis
and protein classification were usually adopted. Multivariate
analysis is also employed to perform a correlation between the
differentially expressed proteins and the metabolic pathways
in which they are involved. To this end, Gharib et al. [80] in-
tegrated a label-free shotgun proteomic approach with unsu-
pervised hierarchical clustering and network analysis to iden-
tify mechanisms activated in asthma. The analysis of sputum
samples from asthmatic patients was enriched in selected
processes, involved in immunity and defenses response, in-
flammation and protease inhibitory activity, as confirmed by
differential expression of serpins, CO3, phospholipase A2,
ApoAl, and S100A family.

Even if there are only a few papers involving LC-MS based
proteomic methods, daily technological advancements make
this approach the most promising in the discovery of a new
generation of biomarkers for asthma and COPD diagnosis.

4 Conclusions and perspectives

Chronic obstructive respiratory diseases are becoming a
growing global health concern, affecting people of any age,
culture, and economic level, and have a significant social and
economic impact. Among the respiratory diseases, asthma
and COPD are certainly the most widespread and represent
the principal leading causes of morbidity and mortality world-
wide. In fact, in 2009 in the United States, the deaths due to
asthma and COPD are 1.1 and 41.2 people per 100 000 popu-
lations, respectively (Fig. 2). Although the deaths for asthma
and COPD are lower than that of lung cancer (85.5 people per
100 000 populations), the economic burden of these chronic
obstructive respiratory diseases is considerable. In fact, the
medical cost in the United States is estimated for asthma and
COPD at 56 and 50 billions, respectively, while for respiratory
cancer is 157 billions of dollars.

Another aspect to be considered is that both asthma and
COPD are highly variable and not precisely defined because
of their heterogeneous pathophysiological phenotypes and
a not well-defined clinical course. The complexity and the
heterogeneity of asthma and COPD pose many problems in
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Figure 2. Bar charts show the statisti-
cal data concerning the scientific publi-
cations, the economic costs, and the in-
cidence rates related to lung cancer (white

bars), COPD (black bars), and asthma (gray

Incidence rate bars).

the development of highly reliable tests for their diagnosis
and management. In this context, current advances in the
proteomic approaches, especially those based on MS, provide
new tools to facilitate the discovery-driven studies of new
biomarkers in respiratory diseases.

Although the majority of publications on proteomic stud-
ies involving respiratory diseases concern lung cancer (Fig. 2),
in this review the few preliminary proteomic studies applied
to COPD and asthma are summarized. It is already possible
to observe the emergence of interesting candidate biomarkers
and the first attempts to understand the principal pathways
involved in COPD and asthma pathogenesis. Today there are
different proteomic approaches, the choice of which should
be made considering the final goal, the source of samples, and
the available tools. Certainly, because of the constant progress
in MS-based techniques, it will soon be possible to increase
clinical reliability and statistical confidence needed for the
validation of biomarkers under proteomic investigation and
their diagnostic employment.

The authors have declared no conflict of interest.
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