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Objective: To describe clinical proteomics from discovery techniques and their limitations, to applications in allergy, asthma,
and immunology, and finally to how proteomics can be integrated into clinical practice.

Data Sources: Despite many inherent challenges, proteomics-based methods have become a powerful and popular means of
profiling clinical samples for the purpose of biomarker discovery. Although several strategies exist, clinical proteomics for the
purpose of biomarker discovery generally focuses on 1 of 3 basic workflows: (1) 2-dimensional gel electrophoresis to quantitate
relative protein levels followed by mass spectrometry (MS) to identify proteins of interest, (2) non–gel-based methods that rely
on liquid chromatography MS (LCMS) for both quantitation and identification of proteins, and (3) protein profiling methods that
do not directly result in the identification of proteins but rather generate “fingerprints” that are compared among individuals or
samples.

Study Selection: Regardless of the strategy being pursued, a few general experimental steps are followed that will be
expounded on in the text. These proteomics techniques have been applied to discover new biomarkers in biofluids and tissues
from individuals with a variety of conditions, including allergy, asthma, atopic dermatitis, inflammatory diseases, chronic
obstructive pulmonary disease, and other lung diseases.

Results: After biomarker discovery, LCMS-based proteomics offers several advantages over traditional antibody-based
clinical assays, including greater specificity, cost- and time-effectiveness, and the potential to multiplex up to hundreds of
peptides in a single assay.

Conclusion: With many guidelines now in place and model studies on which to design future experiments, there is reason to
be optimistic that candidate protein biomarkers will be discovered using proteomics and translated into clinical assays.
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INTRODUCTION
Proteomics, broadly defined as the study of all proteins in a
biological system, is increasingly being applied to clinical
samples for the purpose of biomarker discovery. Biomarkers
discovered through proteomics can be used in several areas of
clinical research and patient care, including disease predic-
tion, diagnosis, staging, monitoring, and assessing drug effi-
cacy.1 Three major steps are required for a proteomics bio-
marker to be translated into a clinical assay: (1) discovery
to identify candidate biomarkers, (2) validation of candidates
in a large-scale clinical study, and (3) implementation in a
clinical laboratory.2 To date, most proteomics studies have
focused on discovery, although progress toward validating
protein biomarkers is being made in several fields. Protein
biomarker discovery can entail a vast number of methods and
workflows, all designed with the goal of reproducibly com-

paring relative quantities of proteins within a system; how-
ever, all consist of a few key components: sample preparation
and simplification, mass spectrometry (MS), and informatics.
Technological advancements in each of these areas has made
large-scale proteomics clinical studies practical and enables
the use of a variety of biofluids for discovery, including
bronchoalveolar lavage fluid, induced sputum, blood, and
potentially exhaled breath condensates.3–6 After a discovery
phase to identify biomarkers, MS can be used as a platform
for validation studies and is becoming more widely used in
clinical laboratories. This review describes clinical proteom-
ics from discovery techniques and their limitations, to appli-
cations in allergy, asthma, and immunology, and finally to
how proteomics can be integrated into clinical practice.

PROTEOMICS STRATEGIES AND METHODS
Despite many inherent challenges, proteomics-based methods
have become a powerful and popular means of profiling
clinical samples for the purpose of biomarker discovery.7

Although several strategies exist, clinical proteomics for the
purpose of biomarker discovery generally focuses on 1 of 3
basic workflows: (1) 2-dimensional gel electrophoresis
(2DGE) to quantitate relative protein levels followed by MS
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to identify proteins of interest (Fig 1A), (2) non–gel-based
methods that rely on liquid chromatography MS (LCMS) for
both quantitation and identification of proteins8,9 (Fig 2), and
(3) protein profiling methods that do not directly result in the
identification of proteins but rather generate “fingerprints”
that are compared between individuals or samples. The
choice of strategy depends on the question being asked,
sample type and availability, expertise, and other consider-
ations. Regardless of the strategy, a few general steps are
followed and will be expounded on to various degrees in the
text: (1) experimental design; (2) sample collection, handling,
and storage; (3) sample preparation, including 2DGE (op-
tional, depending on workflow); (4) protein digest (optional,
depending on workflow); (5) mass spectrometry; (6) data
analysis, protein identification (optional, depending on work-
flow), and informatics; and (7) validation.

Experimental Design and Sample Preparation
The importance of sample choice and experimental design in
proteomics has been explored in several recent reviews.10,11

Important considerations include sample availability, sample
integrity and storage requirements, sample volume, protein
concentration and dynamic range, time of collection, time of
processing, and the inclusion of protease inhibitors. For ex-
ample, although arguably a rich source of biomarkers, plasma
proteomics holds several challenges, including the presence
of highly abundant proteins, relatively rapid protein degrada-
tion, and protein concentrations spanning 1012 orders of mag-
nitude,12 which decreases the likelihood of identifying low
abundant protein biomarkers. Simplification of the sample is
therefore generally required, and many proteomics studies
now focus on a greatly simplified subproteome, such as a
specific organelle (mitochondria) or a specific class of protein
(glycoproteins). Several commercial products are available
for fractionation or simplification; for example, antibody-
based columns are available that deplete the most highly
abundant proteins, such as albumin, from plasma and bron-
choalveolar lavage fluid, thus enabling detection of lower
abundance proteins.13–15 Similarly, enrichment or depletion of

Figure 1. Two-dimensional gel electrophoresis (2DGE) (A) followed by mass spectrometry (B) to quantitate and identify candidate protein biomarkers. In step
1, samples are solubilized and proteins separated based on their isoelectric point (pI) followed by separation according to molecular weight (MW). When
difference gel electrophoresis (DiGE) is used, 2 samples are individually labeled with dyes, combined, and analyzed together. In non-DiGE experiments, samples
are analyzed separately. In both DiGE and non-DiGE, sophisticated software is used to determine and compare spot densities (step 2). Proteins exhibiting
differential expression are excised and digested with a protease such as trypsin, which reproducibly cleaves after the amino acids lysine and arginine (step 4).
In step 5, matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF) is used to measure the masses of peptides generated by
trypsin. These masses are compared with sequences in a protein sequence database to determine if the measured masses match a predicted protein sequence. When
liquid chromatography tandem mass spectrometry is used, sequence information is generated for individual proteins, often resulting in greater overall confidence
in identification. m/z indicates mass-to-charge ratio.
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proteins that contain distinct functional groups, such as phos-
phoproteins, glycoproteins, or otherwise modified proteins,
can be accomplished using antibodies.16 For example, Benson

et al17 used extensive fractionation of nasal lavage combined
with MS to distinguish between patients presenting with
allergic rhinitis (AR) and asthmatic chronic rhinosinusitis
(CR). Criticisms of depletion or enrichment techniques in-
clude potential loss of proteins and poor reproducibility.13

Several methods also exist for separating proteins on col-
umns based on their chemical properties, many of which can
be automated. Appropriate column chemistries for proteins
include strong cation exchange, anion exchange, carbon-
based resins, and size exclusion. These techniques can be
used at various points of sample preparation.17,18 Proteins can
also be electrophoretically resolved based on their isoelectric
points (pI), the pH at which the protein has a net neutral
charge. For example, off-gel and free flow electrophoresis
systems separate proteins based on their pI while maintaining
proteins in a liquid state.19 In addition, 2DGE can be used to
effectively resolve proteins, where pI is used for separation in
the first dimension and molecular weight in the second di-
mension (Fig 1). 2DGE strategies have been used extensively
in allergy, asthma, and immunology studies3,4,20 (Table 1).

Mass Spectrometry
MS is an essential component of any proteomics study8 and is
used for the identification, and often quantitation, of proteins.
With the exception of some protein profiling studies, after
sample preparation or simplification, proteins are digested
with a protease such as trypsin,21 which cleaves after the
amino acids arginine and lysine and results in the formation
of peptides of predictable and reproducible masses. After
digestion, peptides are analyzed in mass spectrometers, which
measure the mass or, more precisely, the mass-to-charge ratio
(m/z) of molecules. Identification occurs through matching
the predicted masses and sequences of peptides or amino
acids in a protein database to the measured masses from the
mass spectrometer (Fig 1B). Although several types of MS
systems exist, the 2 most common MS configurations used in
proteomics are (1) matrix-assisted laser-desorption ionization
time of flight (MALDI-TOF) and (2) liquid chromatography
tandem MS (LC/MS/MS). In both cases peptides are ionized
through the addition of a proton and travel through a mass
analyzer to a detector, generating a mass spectrum. During
MALDI, peptides are combined on a plate with an energy-
absorbing matrix, a laser transfers energy to the matrix, and
the energy is transferred to the peptides, which become
ionized. The peptides then enter a mass analyzer such as a
TOF mass analyzer. In TOF MS, the times that it takes the
peptides to reach the detector are recorded and converted to
m/z and a mass spectrum is generated. The peptide mass
information is then compared with a protein database.

In proteomics experiments, LC/MS/MS is generally cou-
pled to nano-electrospray ionization. During nano-electro-
spray ionization, the sample is introduced via a high-perfor-
mance liquid chromatography (HPLC) system through a fine
needle. High voltage, drying gas, and heat are applied to
achieve ionization. The sample is retained in a liquid state
during LC and peptides can be further separated on a column,

Figure 2. Quantitative proteomics using a labeling strategy. In this ex-
ample, proteins are extracted from a biofluid, digested, and labeled with tags.
Although not shown in the figure, the tags are connected to linker molecules
that vary in mass; the mass of the entire label (tag mass plus the linker mass)
is identical for each of the labels (ie, the labels are isobaric). Samples from
2 healthy individuals are labeled with tags 114 and 115 Da, whereas samples
from 2 individuals with disease are labeled with tags 116 and 117Da (step 1).
After labeling, samples are combined (step 2) and can be fractionated to
reduce complexity. Peptides are resolved using high-performance liquid
chromatography before entry into a mass spectrometer. An example of a
resulting mass spectrum for peptide MQPSS is shown in step 3. In this
example, there is a higher intensity of the tags 114 and 115, indicating more
peptide and protein present in the normal vs disease samples. LC/MS/MS
indicates liquid chromatography tandem MS; m/z, mass-to-charge ratio.
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resulting in a higher number of protein identifications com-
pared with MALDI-TOF when complex mixtures are ana-
lyzed. After HPLC and ionization, peptides enter a mass
analyzer and often tandem MS is used to obtain sequence
information. In MS/MS using an ion trap, peptides of a single
mass are “trapped” in an electromagnetic field and frag-
mented, and the resulting fragments are detected and a second
mass spectrum is formed. Because fragmentation of a peptide
often results in sequence information, a single, high-quality
peptide can often be used to identify a protein. In addition,
this information can be used to localize posttranslational
modifications, such as phosphorylation, glycosylation, and
ubiquitination. Additional mass analyzers include TOF, ion
traps, Fourier transform, and quadrupoles; combinations of
these form several tandem mass spectrometers such as quad-
rupole TOF (Q-TOF) instruments.

In summary, in MALDI-TOF a laser desorbs samples and
matrix from a solid surface and ionized molecules travel
through a flight tube at a rate proportional to their mass
(smaller peptides travel faster than larger peptides). In LC/
MS/MS, peptides are first separated on a column and then
ionized using electrospray ionization, their mass is detected,
and then a peptide is fragmented in a mass analyzer, gener-
ating amino acid sequence information. LC/MS/MS is gen-
erally considered more sensitive than MALDI-TOF (ie, less
protein is required for identification). Conversely, MALDI-
TOF is generally more of a high throughput method com-
pared with LC/MS/MS.

Data Analysis: Protein Identification
Assignment of protein identification to peptides of interest is
accomplished by querying databases with MS or MS/MS

Table 1. Proteomics Strategies in Various Respiratory Conditionsa

Disease
Sample preparation

strategy
Quantitative strategy Protein candidates Biofluid Reference(s)

Allergens Various 2DGE Various depending on
allergen

Serum 41–44

Allergy Antibody enrichment LC/MS/MS Quantitation of
phosphorylation events

Mast cells 45

Asthma (mouse) HPLC/None MALDI-TOF/2DGE Complement 3 fragment f,
leukotriene receptor,
cytoskeletal, antioxidant,
calcium binding

Various 18, 33, 35, 36

Asthma (human) None DiGE MMP, cytokines, C-reactive
proteins, S100 proteins,
Ym1, calgranulin, PDE4C,
thioredoxin 2, GST-M3

Various 30, 32, 14

COPD Metal affinity SELDI Profiling study, no
candidates generated

Plasma 37

Inflammatory diseases None SELDI Preliminary identification of
calgranulins, Clara cell
secretory protein

Sputum 5

Interstitial lung disease Dialysis to remove
salts

2DGE MIF, calgranulin, antioxidant
peroxysomal enzyme,
thioredoxin peroxidase 2

BAL 20

Lung cancer Various 2DGE, nonlabeling
LC/MS/MS, MALDI
imaging

CK7 cleavage products,
cathepsin D, AOE372,
ATP5D, GSTM4, UCHL1,
galactosyltransferase,
cytosolic inorganic
pyrophosphatase,
triosephosphate
isomerase

Various 9, 27, 29

Rhinitis or rhinosinusitis Multiple separations Nonlabeling LC/MS/MS �2-Macroglobulin, long
palate protein, lung or
nasal epithelium
carcinoma-associated
protein

Nasal lavage 17

Abbreviations: 2DGE, 2-dimensional gel electrophoresis; COPD, chronic obstructive pulmonary disease; DiGE, difference gel electrophoresis;
HPLC, high-performance liquid chromatography; LC/MS/MS, liquid chromatography tandem mass spectrometry; MALDI-TOF, matrix-assisted
laser-desorption ionization time of flight; MMP, matrix metalloproteinase; SELDI, surface-enhanced laser desorption ionization.
a A variety of proteomics strategies have been used to discover candidate biomarkers in respiratory diseases. Many of those listed are expounded
on in the text.
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spectral data. Databases are based on nucleic acid sequences;
therefore, prior protein characterization is not required for
identification. A variety of curated databases, containing se-
quences for many species, are available. Databases are que-
ried using 1 or more software programs called search engines.
Additional “back-end” informatics programs are used for
quantitation, and separate software can be used to deter-
mine the functional and biological significance of identified
proteins.

QUANTITATIVE PROTEOMICS WORKFLOWS
As mentioned, generally 3 strategies are used in clinical
proteomics: (1) 2DGE, (2) LCMS, and (3) protein profiling.
In 2DGE proteins are first separated based on their pI and
then by molecular weight in a gel matrix (Fig 1A). Proteins
are stained and their densities compared using software to
determine differences among groups or samples. When dif-
ference gel electrophoresis (DiGE) is combined with 2DGE,
proteins from 2 samples are labeled with fluorescent dyes
before analysis. After 2-dimensional separation the gel is
scanned such that distinct images for each sample are gener-
ated. Measuring signal intensity for individual protein spots
can result in statistically relevant information when an inter-
nal standard is used and/or when a sufficient number of
replicates are analyzed. One advantage to DiGE is that 2
samples are resolved on a single gel, eliminating some of the
variability inherent in 2DGE studies. A major disadvantage to
all 2DGE studies lies in the fact that significant sample loss
can occur, especially for hydrophobic, high-molecular-
weight, and insoluble proteins.

Quantitative LCMS-based experiments can be performed
with or without labeling, and several labeling strategies ex-
ist8,22 for the purpose of biomarker discovery. In these studies,
the mass spectrometer is used to measure the relative amount
of peptides among samples, either directly by comparing
peptide intensity or indirectly via detection of molecular tags
that are attached to peptides. Protein identification occurs
either simultaneously or in a subsequent step. In 1 label-
dependent method, peptides are labeled with isobaric tags
before mass spectral analysis (Fig 2). During analysis the
tags are released and their relative abundance among samples
is determined. An advantage of label-dependent approaches
is that 2 or more samples can be analyzed for quantitative
differences in a single MS run. In label-independent methods
peptides are analyzed directly and samples must be analyzed
individually. Because peptide intensity and/or the number
of peptides detected are directly related to their abundance
in a sample, relative peptide abundance can be compared
among samples for quantitative purposes. The advantages of
LC/MS/MS techniques include the ability to analyze large
numbers of proteins without relying on gel-based methods
and the potential for high-throughput analysis. A comparison
of 3 common quantitative techniques, including the 2DGE-
and LC/MS-based techniques, showed reasonable compari-
son when simple mixtures were used but saw variability in
the sensitivity and accuracy of the methods when whole cell

lysates from HCT116 and HCT116 p53 knockout cells were
compared.23

Importantly, after discovery of candidate biomarkers, re-
gardless of the methods used, extensive validation must oc-
cur. Although the techniques described herein are not suitable
for large-scale clinical studies, high-throughput, multiplex
assays can be developed using mass spectrometers for the
purpose of validation. These assays can then be translated
directly into clinical assays.

Quantitative MS methods also exist for intact proteins;
these have more immediate potential to become clinical as-
says, although they are also used for discovery of biomarkers.
Termed molecular imaging and protein profiling24,25 in these
experiments, a nonsimplified sample is subjected to MALDI-
TOF and the resulting mass spectra are analyzed for common
patterns (ie, “fingerprints”). For example, Groseclose and
colleagues26 extracted protein from formalin-fixed paraffin-
embedded lung tissue and subjected tissue microarrays to
MALDI imaging MS to assist in the diagnosis of adenocar-
cinoma and squamous cell carcinoma. These strategies are
also being used in other applications of lung cancer and to
track drug metabolism in animals.27

BIOINFORMATICS
After quantitation and identification of candidate proteins, a
proteomics workflow begins to resemble a genomics work-
flow in terms of bioinformatics; at this point programs capa-
ble of generating molecular pathway and biological network
information are required. In addition, determining the statis-
tical and biological significance of up to hundreds of proteins
requires sophisticated software. Several software packages
specifically designed for proteomics data are available for
this purpose. Both commercial and open-source platforms are
available. Workflows and available software have been re-
viewed elsewhere.24,28

APPLICATION OF PROTEOMICS TO
IMMUNOLOGY, ASTHMA, AND ALLERGY
Although proteomics is still generally being applied at the
discovery phase, there are some cases in which useful bio-
markers have been discovered in both biofluids and tissues9,29

(Table 1). For example, as mentioned, Benson et al17 were
able to distinguish between patients presenting with AR and
those with asthmatic CR using a LC/MS/MS approach. Three
chromatographic techniques, including depletion of high
abundant proteins using antibodies, were used followed by
MS to identify and quantitate proteins. Proteins found pre-
dominantly in AR included �2-macroglobulin, long palate
protein, and lung or nasal epithelium carcinoma-associated
protein. Proteins found to be associated with CR included
lipocalin and lactotransferrin.

An LC/MS approach was also used to profile plasma
peptides from control and asthmatic mice.18 In these studies,
a combination of HPLC and MALDI-TOF was used to show
an increase in complement 3 fragment f in control compared
with asthmatic mice. Other proteomic strategies have also
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been used to discover biomarkers for asthma, including ma-
trix metalloproteinases (MMP),30 cytokines,14,31–33 and C-re-
active protein. Several members of the MMP family are
up-regulated in the lungs of humans and mice that exhibit the
asthma phenotype. A 2DGE DiGE study of MMP2/9�/� mice
vs wild type resulted in the identification of several proteins
as potential substrates, including Ym1, S100A8, S100A9, and
calgranulin. The S100 proteins have also been implicated in
atopic dermatitis, where 2DGE was used to determine a role
for S100/A11 in regulating skin barrier integrity.32 Additional
experimental studies have established that up-regulation of
MMPs is at least partly coordinated by cytokines. MMPs
have also been implicated in the progression of other chronic
lung disorders, such as chronic obstructive pulmonary disease
(COPD) and bronchiectasis.34

2DGE has also been used in a chronic asthmatic mouse
model, where protein targets of cysteinyl leukotriene receptor
type 1 were discovered, including chitinases, lungkine, �-ac-
tin, and surfactant protein D.35 Generating chronic inflamma-
tion of the lungs in same mouse model, Wong and Zhao36

discovered 100 proteins differentially expressed in chroni-
cally inflamed lungs, including cytoskeletal, calcium-bind-
ing, and antioxidant proteins.

Conversely, surface-enhanced laser desorption ioniza-
tion (SELDI) uses protein profiles or “fingerprints” to
differentiate among clinical phenotypes, and protein iden-
tifications are not made during the analysis. Nonetheless,
proteomic profiling using SELDI has been used as a
screening method to distinguish among COPD pheno-
types37 or chronic rhinosinusitis subtypes38 using serum.
SELDI has also been applied to sputum samples to distin-
guish patients with asthma, COPD, cystic fibrosis, and
bronchiectasis from healthy individuals.5 SELDI, as well
as other proteomics methods, have also been applied to
saliva, for example, in understanding Sjögren syndrome.39

In no case was protein identification confirmed, and per-
haps for this reason the feasibility of using SELDI in a
clinical laboratory setting has yet to be proven.40 Addi-
tional criticisms of the technique include poor reproduc-
ibility, especially between laboratories, and low sensitivity
and specificity compared with traditional MALDI-TOF.

Proteomics has also been applied extensively to the anal-
ysis of allergens for wheat,41 soy,42 peanut,43 and mold.44 In
general, protein extracts from allergens are separated using
2DGE and then blotted with sera from allergic patients.
Candidate allergens are extracted from the gels and identified
using MS.

In addition to global studies, proteomics can also be used
to elucidate molecular pathways or functions, potentially
leading to drug targets and better understanding of disease
mechanism. For example, Cao and colleagues45 used MS to
quantitatively characterize phosphorylation events in mast
cells, whose activation leads to the release of mediators in the
early-phase allergic response.

TRANSLATION INTO CLINICAL SETTING
After biomarker discovery, a targeted LCMS analysis can be
developed that is appropriate for application in a clinical
laboratory. A technique commonly used in small molecule
analysis, for example, in newborn screening,46 is now being
applied to targeted protein analysis.47 Termed multiple reac-
tion monitoring, this directed approach uses MS and stable
isotope-labeled internal standards to accurately and specifi-
cally detect and quantitate up to hundreds of molecules in a
single multiplex assay. This method is more precise than
antibody-based assays (eg, enzyme immunoassay), which are
often not able to distinguish among similar molecules, such
as protein isoforms. Enzyme immunoassays may also require
large-scale production of antibodies and are not as readily
multiplexed compared with LCMS. Thus, multiple reaction
monitoring assays can be a cost- and time-effective means of
conducting large-scale validation studies.

CHALLENGES AND REALITIES
Although there is immense potential for generating valuable
biomarkers using clinical proteomics studies, many chal-
lenges remain at every step of a typical protein biomarker
discovery workflow. Despite improvements in sample prep-
aration, MS technology, and bioinformatics, current methods
allow analysis of less then 20% of typical proteomes. Al-
though fractionation techniques are somewhat effective at
improving our ability to analyze larger portions of proteomes,
this can significantly reduce throughput and increase costs
associated with profiling studies. Despite these challenges,
proteomics can be successfully applied to clinical science
when sound experimental design and techniques are used.11

LCMS can then offer several advantages over traditional
antibody-based clinical assays, including greater specificity,
cost- and time-effectiveness, and the ability to multiplex up to
hundreds of peptides in a single assay. With many guidelines
now in place and model studies on which to design future
experiments, there is reason to be optimistic that candidate
protein biomarkers will be discovered using proteomics and
translated into clinical assays.
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