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Abstract
Proteomic technologies and disease-specific biomarkers are being increasingly ex-
plored across diverse fields of medicine. The care of the neonate is defined by both a
unique patient population and acquired postnatal morbidities that are largely a
function of failed adaptation to postnatal life. However, most current diagnostic
clinical tests for the neonate suffer from poor sensitivity and specificity or simply rely
on a morphologic description of end-organ damage. In this review, we discuss
proteomic technologies for the discovery and translation of biomarkers to clinical use,
emphasizing unique potential neonatal disease applications.

Objectives After completing this article, readers should be able to:

1. Explain the role of proteomic technologies in helping to diagnose neonatal disorders.
2. Distinguish between primary (specific) and secondary (downstream) biomarkers.
3. Describe specific proteins that may act as primary biomarkers in the diagnosis of

neonatal disorders such as intraventricular hemorrhage, chronic lung disease, and
necrotizing enterocolitis.

4. Discuss the potential use of biomarkers in drug and other therapies.

Unmet Clinical Need in Neonatology
In the presence of significant improvements in neonatal critical care and a broadening array
of increasingly sophisticated treatment modalities, molecular diagnostics involving pro-
teomic, genomic, and metabolomic technologies have yet to provide parallel contributions
in neonatal care. However, neonatal care likely could benefit dramatically from the
application of emerging molecular technologies in the areas of improved disease-specific
treatments and monitoring of response to therapy. Most major sources of newborn and,
more specifically, preterm neonate morbidity are manifested by infection or exacerbations

in tissue inflammation (eg, retinopathy of prematurity,
chronic lung disease). Importantly, a current inability to
define the differences between sterile inflammation and in-
fection in the neonate leads to a generalized treatment
approach that can have additional unintended treatment-
associated morbidity. (1) Accordingly, investigations into
the biochemical and molecular alterations associated with
neonatal sepsis and inflammation are increasing. These ef-
forts seek both a better basic biologic understanding of the
unique aspects of the neonate’s response to infection and
novel tools to define and monitor sepsis and inflammation in
newborns better. These investigations stand to benefit from
the maturation of newer technologies in genomics, pro-
teomics, and companion diagnostic instruments as well as an
increasing understanding of the immune response in infants.
(2) In this review, we discuss current proteomic and
biomarker-based technologies and their potential applica-
tions to neonatal disease. The application of proteomics for
the discovery and translation to practice of disease-specific
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protein biomarkers may provide a solution to continuing
unmet clinical challenges in neonatology.

Defining Proteomics for the Discovery of
Biomarkers
The terms proteomics and biomarker tend to be com-
monly used in tandem. In simple terms, a biomarker can
be defined as a molecular indicator of a specific biologic
property, biochemical feature, or facet that can be used
to measure the progress of a disease or the effects of
disease treatment. Proteomics can be operationally de-
fined as a field of study that is focused on the identi-
fication of proteins, peptides, or their interactions and
posttranslational modifications. Clinical proteomics is
currently conducted to detect or select biomarkers of
disease. Common examples include prostate-specific
antigen (PSA) for monitoring prostate disease and gly-
cosylated hemoglobin for monitoring diabetic glycemic
control. Investigational proteomics is much broader in
scope and uses diverse detection platforms in an effort to
identify differences in protein expression or posttransla-
tional changes in protein structure (eg, phosphorylation,
acetylation) across a broad array of analytes.

Investigational proteomics can be used to interrogate
targeted proteins and their modifications or to index the
entire proteome of a cell, system, or organism. Mass
spectrometry (MS) is the central analytic technique used
for most investigational proteomics (Fig. 1). In brief,
MS involves the use of an ionizing source of energy to
excite the molecular constituents of a peptide, producing
ions of varying size (mass) and charge. The product ions
are separated according to their mass-to-charge (m/z)
ratio in an electromagnetic field. A detector processes the
ion signals into mass spectra using quantitative methods

that can calculate the abundance of each ion present.
Taken together, current MS instruments consist of three
modules: an ion source, a mass analyzer, and a detector.
An example of a current advancement is the ability to vary
the source of ionization (eg, electrospray ionizer) or
method for ion mass analysis (eg, orbitrap). (3)

Various options in specific MS technique must take
into account the specific needs of the analysis, with such
variables including mass accuracy, resolving power, sen-
sitivity, dynamic range, throughput, and quantification
as well as the detection of protein modifications. The
output of most MS interrogations can be both qualitative
and quantitative. In addition, MS can be used simply to
determine the molecular mass of a protein or to deter-
mine specific structural features such as amino acid se-
quence or posttranslational modifications. In the latter,
complex multistage instruments and analyses are used
and commonly referred to as tandem MS (MS/MS). In
MS/MS experiments, after the initial mass of target or
precursor ions is determined, specific ions are targeted
for further fragmentation to produce product ions
(Fig. 1). MS and quantitative techniques are currently
used for clinical metabolomics to detect inborn errors of
metabolism. Liquid or gas chromatography (LC or GC)
is an analytic chemistry technique that is commonly used
with MS to facilitate the physical separation of analytes
(proteins and metabolites) inline and before MS-based
ionization. Together, the combined resolving power of
LC-MS for the detection of specific chemicals (eg, pro-
teins or metabolites) in complex mixtures renders this
platform ideally suited for the discovery of biomarkers.

If the objective of a proteomic analysis is to discover
a biomarker or a biomarker panel and reduce the bio-
marker(s) to clinical utility, three distinct steps must be

undertaken (Fig. 2). During bio-
marker discovery, the proteome is
compared between two distinct dis-
eases or stages of disease (class labels
of disease). A candidate list of differ-
entially expressed features is derived
from an index of proteins or peptide
m/z ratios, compiled using sophisti-
cated bioinformatics techniques to
distill the massive datasets that may
distinguish the two diseases. The
analysis either can be supervised,
whereby disease class labels are ap-
plied before indexing and model
building, or unsupervised, whereby
class labels are revealed after patterns
of distinguishing features have been

Figure 1. Schematic of the principles of mass spectrometry (MS). Three basic modules for
the interrogation of a sample containing analytes (eg, proteins) of interest are shown.
1. Source of ionizing radiation (eg, electrospray [ESI] or matrix-assisted laser desorption/
ionization [MALDI]). 2. Mass analyzers that resolve ions based on their overall mass-to-
charge (m/z) ratios. 3. A detector that processes ions signals to mass spectra.
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identified, as in a typical cluster analysis in microarray exper-
iments. Next, candidate biomarkers must be verified or
qualified on an independent and larger set of samples.
Verification requires repeating the interrogation to establish
the reproducibility of the entire experiment, ensure detec-
tion of meaningful biologic differences, and minimize the
likelihood that a subsequent list of candidate biomarkers
pursued in validation are spurious findings. During verifica-
tion, the candidate list of biomarkers may evolve to accom-
modate better-performing features and remove more
poorly functioning proteins. During the third and final step,
biomarkers are validated on still larger sample sets using an
alternative means of detection that differs from the “discov-
ery platform.” Thus, the iterative process from discovery to
validation requires increasing numbers of samples (guided
by simulation analysis) and an evolution in detection mo-
dality. Ideally, all three steps produce both qualitative (pres-
ent or absent) and quantitative (amount) results that may
be additive in defining the disease or state of disease under
study. Typically, because the objective is to derive clinically
meaningful biomarker(s), immune-based testing using an-
tibodies (eg, enzyme-linked immunosorbent assay, West-

ern blotting) is the modality of
choice for biomarker validation. The
guiding principle throughout the
biomarker discovery and validation
process is to derive a panel that has
maximum specificity (low false-
positive rate) and sensitivity (low
false-negative rate) for the disease un-
der study. The clinical utility of bio-
markers is normally reported as area
under the curve represented on a
receiver-operator curve or the plot-
ting of sensitivity versus 1-specificity.

Current proteomic discovery
investigations are considered high
content due to the comprehensive
nature of the interrogation and the
massive complexity of the pro-
teome of any given system that
may encompass variability in num-
ber of distinct proteins, splicing
variants, posttranslational modifi-
cations, and a concentration range
that can span 10 orders of mag-
nitude. (4) Thus, the number of
protein(s) and their associated
modifications that can be detected
produces multidimensional data-
handling challenges. The high cost

and labor-intensive processing of samples frequently pre-
cludes high-throughput applications, thereby limiting
the size of the discovery cohort.

The workflow for MS-based biomarker discovery in-
volves several distinct steps. Initially, proteins from biologic
samples are isolated and fractionated. Because many bio-
logic samples (eg, plasma) obtained from individuals for
discovery can be complex and dominated by several highly
abundant proteins (eg, albumin or immunoglobulin G),
an initial sample preparation step normally is undertaken
that can either fractionate the total matrix according to
specific biochemical properties (eg, size, charge, pH) and or
remove dominant species. One objective of preprocessing is
to reduce sample complexity to narrow the dynamic range
subject to “discovery” as potential biomarkers. Specifically,
when plasma or serum is being interrogated, most of the
proteome (�90%) is comprised of albumin and immuno-
globulin that is likely to obscure the search for low-
abundance species from which most useful biomarkers are
likely to be found. (4) In a bottom-up approach, proteins
are subject to enzymatic proteolysis before MS. In a top-
down analysis, naturally occurring peptides are subject to

Figure 2. A. The liquid chromatography (LC)/mass spectrometry (MS) workflow of an
experiment in which an entire proteome in clinical samples is subject to both protein
identification and quantification. This approach is also referred to as shotgun proteomics.
B. The cycle of sample acquisition for biomarker discovery, verifying studies and validation
trials. The iterative workflow for discovery and verification involves MS yielding
mass-to-charge (m/z) ratios patterns, informatics to determine patterns of features
(biomarkers) that distinguish the presence or absence of disease, and antibody-based
validation of verified and naı̈ve patient samples. DB�database
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MS profiling directly. The differentially expressed naturally
existent peptides or proteins (features) can be subsequently
determined through qualitative and quantitative MS and
MSMS analysis. LC is normally paired with MS to provide
multidimensional protein separation before MS. As an al-
ternative, a targeted MS analysis of enriched or partially
purified proteins can be performed following one- or two-
dimensional gel electrophoresis of a complex mixture. Frac-
tionation of biologic samples using gel electrophoresis is, in
essence, based on size and charge, as would be the case
when using LC.

Challenges in Biomarker Discovery and
Clinical Application
Significant challenges arise in the search for clinically useful
biomarkers because the biologic starting material is fre-
quently highly complex and encompasses a wide dynamic
range of proteins and peptides. Moreover, unlike in the
search for cancer biomarkers, for many neonatal diseases the
tissue of interest may not be available or able to be sampled
for biomarker discovery or measurement. Thus, peripheral
sampling of blood, urine, cerebrospinal fluid, and other
bodily fluids must be used, which inherently narrows
the spectrum of possible biomarker discoveries to proteins
that are either circulating (in the cases of plasma) or filtered
through the glomerulus when urine is the substrate.

In general, a proteomic interrogation can be either “un-
biased” or employ the perhaps less complex “candidate
approach.” In the unbiased approach, the search for bio-
markers is not limited to specific known proteins and should
not be constrained by technical limitations of the discovery
platform. In an unbiased search via the shotgun approach,
the protein sample is digested, producing numerous pep-
tide fragments that are then subjected to tandem rounds of
MS/MS. This approach can provide accurate quantification
of identified peptides but presents a tremendous informat-
ics challenge to decipher the large number of resulting mass
spectra and determine protein identification. This process
involves indexing and database searches to arrive at an ac-
curate determination of significant protein differences. Con-
ceptually, when considering the interrogation of either the
proteome or peptidome of a specific body fluid, several prac-
tical issues must be considered and expectations reconciled.

In the candidate approach, the search for biomarkers is
restricted to known proteins that are unique to the disease
or host response to disease. A targeted approach using a
platform in current use involves a cross-sectional examina-
tion of cytokines and chemokines that are reflective of the
host immune response. The technology uses color-coded,
bead-conjugated antibodies as a stationary phase assay to
measure and report the simultaneous (multiplex) presence

and quantity of up to 100 cytokine/chemokine proteins
that have well-defined functions. Customized technology-
based experiments can be constructed, and the platform can
service hypothesis-driven studies of the cellular and humoral
immune response in various diseases of clinical interest.

The critical care of newborns may be amenable to im-
proved disease stratification (specific diagnosis or progno-
sis) through the identification and use of biomarkers.
(5)(6)(7) For example, current clinical practice for moni-
toring the host response to inflammation and infection
includes examination of the total and differential white
blood cell counts and C-reactive protein (CRP). As an
alternative, if the intent is to identify proteins that may serve
as a biomarker with specific clinical utility, the analysis may
be confined to biomarkers that are highly specific or more
stringently restricted to the organ of interest (eg, brain, gut,
lung). One conceptually appealing framework for bio-
marker clinical utility is to divide biomarkers into primary
biomarkers (PBs) (specific) and secondary biomarkers (SBs)
(downstream) based on the biologic information that they
report or reflect. A PB can be defined by an ability to
identify and monitor a specific molecular or biochemical
effect that is central to the pathology of interest. Specific
examples of these might be proteins that have organ-
specific expression in the brain for monitoring intraventric-
ular hemorrhage, the lung for reporting on chronic lung
disease, or the gut for the early detection of necrotizing
enterocolitis (NEC). Alternatively, a PB may monitor the
action of a drug such as a kinase inhibitor, and the phos-
phorylation status of a known target protein may be mon-
itored by a pharmacodynamic biomarker. An SB would be
used to examine and monitor downstream effects that oc-
cur as a result of disruption of the primary process of
interest. Another useful term related to these concepts is the
“theragnostic biomarker” (TB). A TB could be used to
monitor the effect of a therapeutic intervention. For exam-
ple, serial CRP measurement could be used as a TB or SB
both to guide the potential need for therapy and to deter-
mine the neonate’s response to treatment in various
infectious/inflammatory settings. However, to be truly
useful, a PB or TB should reflect the central pathologic
process that is being monitored. By these criteria, CRP
monitoring, therefore, is a poor choice because as an acute-
phase reactant, CRP is highly nonspecific.

Biomarkers and Specific Examples of
Clinical Utility in Neonatology
Inflammatory mediators play a distinct role in the host’s
response to infection. To date, most molecular studies of
neonatal infection have confined investigations to largely
known or “candidate” markers of infection, including
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chemokines, cytokines, white blood cell surface antigens,
and acute-phase reactants. (6) Taken together, these mark-
ers of infection have been used to monitor the host response
to infection or inflammation, but they have no role or utility
in identifying the presence or source of infection. As such,
biomarkers that reflect the host response to inflammation
and or infection could be best considered as SBs. For the
specific detection of infectious organisms, including both
bacteria and viruses, clinicians rely on blood culture or
increasingly, polymerase chain reaction-based detection
methods. However, each of these methods, and in particu-
lar culture-based methods, has significant inherent limita-
tions, particularly in newborns. These include low sensitiv-
ity; prolonged lag time for the provision of useful results;
and the need for blood sampling that is hard to obtain either
in sufficient volume, serially (for longitudinal monitoring),
or from different sources (eg, peripheral heelstick � 2,
catheter, cerebrospinal fluid). Therefore, in addition to
being sensitive and specific, optimized biomarkers of dis-
ease should ideally be readily obtained via minimally inva-
sive methods that are amenable to serial measurement at
low cost and with quick turnaround time.

To illustrate the potential for biomarker application to
neonatal care, consider the clinical conundrum presented
by neonatal sepsis, NEC, and sterile inflammation. The
presentation of infection/sepsis in newborns can be very
nonspecific, inconspicuous, and obscure in the early stages,
often resembling exacerbations of other leading sterile in-
flammatory neonatal morbidities such as chronic lung dis-
ease. The unique biology of the neonate tends to com-
pound these problems because of the heterogeneous
response that the naive newborn immune system manifests
in response to inciting agents. (2) Similarly, currently used
clinical criteria, radiographic findings, and laboratory values
for diagnosing NEC are only specific after disease onset.
Moreover, the clinical and biochemical abnormalities in the
earlier stages of NEC (Bell stages I and II), are common
among the population at risk (sick neonates) and approxi-
mate a systemic inflammatory response that is indistinct
from sepsis. The pathognomonic radiographic finding of
pneumatosis intestinale suffers from low sensitivity and vul-
nerability toward diminished specificity due to low concor-
dance among interpreting radiologists. (5) The ability to
identify biomarkers of disease before disease onset or in
heralding the onset of progressive disease as early as possible
is ideal. If prospective biomarkers that predict or forecast
fulminant disease could be identified, new opportunities for
possible earlier intervention or to prevent the progression or
halt the onset of NEC, for example, could be undertaken.
Additional opportunities include the need for specific de-
lineation between early NEC and sepsis as well as differen-

tiating sepsis and sterile inflammation. The identification of
biomarkers that could define these entities on a molecular
scale could lead to more specific treatment regimens and a
possible ability to guide therapy, including the need for
antibiotics and duration of antibiotic use.

Recent and Current Markers of Disease
Given the unique biology and clinical challenges presented
by NEC, considerable effort has been expended by numer-
ous investigators in the search for both PBs and SBs. CRP is
commonly used as an SB by clinical neonatologists during
the evaluation and screening for NEC and sepsis. CRP
concentrations have been found to be elevated in Bell stages
II and III NEC, and an association with progression to
perforated NEC has been reported when CRP values re-
main elevated following the initiation of medical manage-
ment (eg, antibiotics, discontinuation of enteral feedings).
(8)(9) In practice, therefore, CRP is being used as both an
SB and a TB. In this regard, CRP is a sensitive but highly
nonspecific indicator of NEC, thus failing as a strong clini-
cal biomarker because it cannot provide a specific diagnosis
and guide therapy in early cases.

Another example of an SB or host response candidate for
NEC is platelet-activating factor (PAF). (9)(10)(11) PAF is
a potent proinflammatory phospholipid produced by plate-
lets, leukocytes, and endothelial cells as a mediator of
inflammatory pathophysiology, including sepsis. Several
studies have reported good sensitivity and specificity for
PAF in diagnosing NEC. (9)(10)(11) However, these
studies each had differing control groups and examined
different stages of NEC. Moreover, despite being first in-
troduced in 1990 as a possible mediator of NEC, no large
validation trials have determined that PAF is a useful bio-
marker.

Examples of published candidate primary biomarkers of
NEC include the proteins intestinal- and liver-specific fatty
acid-binding proteins, fecal calprotectin, and Claudin-3.
Intestinal-specific fatty acid-binding protein (IFABP) has
been reported to be a reliable plasma and urinary marker for
enterocyte injury. (12)(13) Claudin-3 is a cellular tight
junction protein that has been detected in the blood and
urine of patients who have inflammatory bowel disease.
Calprotectin is a peptide that is released from neutrophils
upon inflammatory activation in the gut and is detectable in
both the feces and plasma. Both calprotectin and Claudin-3
have been evaluated in very low-birthweight infants as po-
tential specific biomarkers of NEC. (13)(14) Although
these peptides show some promise as PBs, as reflected by
favorable disease likelihood ratios, the number of cases
examined is small, and almost all of the studies were con-
ducted in patients in whom NEC was suspected. Similarly,
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IFABP has shown some promise as a marker of disease or
severity of disease in a few studies involving infants in whom
disease was suspected. (13)

Nearly all of these studies have used a candidate
approach to biomarker qualification, have been con-
ducted in single centers that had small numbers of
infants, and lacked the inclusion of powerful control
infant cohorts who had inflammatory illness that was
not NEC (eg, sepsis). One additional recent study
used an unbiased MS-based approach to biomarker
discovery and reported a composite NEC-sepsis score
for very low-birthweight infants with proapolipopro-
tein CII and serum amyloid A. (15) The investigators
employed several clinical parameters and novel bio-
marker discoveries to define a subset of infants who
had NEC and sepsis together, but they made no
attempt at distinguishing the two disease states.

Further potentially complicating the generalized clas-
sification of being either a PB or SB, all potential bio-
markers, including those that have found some clinical
utility in neonatology such as CRP, have additional
known and unknown roles that potentially confound
their clinical utility. For example, CRP is produced by
hepatocytes in response to an increase in interleukin
(IL)-6 that occurs as an early T-cell response to bacterial
infection. (6) The combined early peak and short half-life
of IL-6 that diminishes substantially within 24 hours of
treatment and secondary response of CRP that peaks
24 hours after the onset of infection argues for develop-
ment of a panel or combination of markers to provide the
greatest sensitivity, specificity, and negative predictive
value of the disease or its process in evolution.

As an alternative approach, consider the related clinical
entities NEC and spontaneous intestinal perforation (SIP)
that frequently are obscured by their similar presentation of
enteric perforation. The pathophysiology of both NEC and
SIP involves a degree of intestinal injury, but it is self-limited
and without significant systemic inflammatory response in
SIP and involves progressive inflammation and more wide-
spread intestinal necrosis in NEC. These differences suggest
the opportunity for combining organ-specific (PB) and
host response differences (SB) to provide an ensemble or
integrated method for differentiating these disease entities.
An ensemble approach that employs both clinical parame-
ters and protein biomarkers to diagnose or risk-stratify
infants may provide the most informative and powerful
approach. More recent deeper understanding of the basic
biology and the possibility of developing newer integrated
markers (ensemble approach) hold promise for the devel-
opment of biomarker panels that would assist in deciding
whether to start or withhold antibiotic treatment. An exam-

ple of this type of decision support through the use of
biomarkers was provided by a group that measured CRP in
combination with plasma IL-8 concentrations to guide the
need for antibiotic use in the setting of possible early-onset
or perinatal sepsis. In this study, the authors reported a
significant reduction in the use of antibiotics through spe-
cific measurement of IL-8. (16)

Summary and Conclusions
A survey of the most prominent morbidities and sources of
mortality in the neonatal intensive care unit suggests that
most, if not all, are amenable to biomarker development.
Infection, chronic lung disease, intraventricular hemor-
rhage, retinopathy of prematurity, NEC, and their conse-
quences are all either caused by or result from inflammation
and organ dysfunction associated with developmental
stage-related frailty. Currently, combinations of various im-
aging modalities and empiric treatment strategies are used
to track morphologic changes that are frequently reactive or
due to a process that is progressive and has progressed.
Stated differently, current modalities do not provide timely
information that can allow for interventions that might
prevent continued deterioration in end-organ function.
This leads to a reactionary treatment approach that seeks to
limit further injury and possibly reverse current findings and
disruptions. Increased understanding of neonatal disease
initiation and progression on a molecular level offers the
opportunity both to detect disease and monitor its progres-
sion more specifically. One very appealing utility of bio-
markers in the future is to define potential subject cohorts
for clinical trials and as potential surrogate endpoints. Bio-
markers also should play a larger and pivotal role in drug
development or other therapeutics by defining the molec-
ular endpoints or measures of desired effect. The interest in
and use of biomarkers in neonatology appears poised to
expand and offer potential for significant benefit to these
fragile patients.
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NeoReviews Quiz

12. Proteomics is defined as a field of study that is focused on the identification of proteins, peptides, or their
interactions and posttranslational modifications. Clinical proteomics is currently being applied for
detection of biomarkers of disease. Of the following, the most commonly used biomarker in neonatal-
perinatal medicine is:

A. Glycosylated hemoglobin.
B. C reactive protein.
C. Interleukin-8.
D. Platelet-activating factor.
E. Surfactant protein B.

13. Investigational proteomics uses diverse detection platforms to identify differences in protein expression or
posttranslational changes in protein structure across a broad array of analytes. Of the following, the
central analytic technique used most often for protein biomarker discovery is:

A. Gel electrophoresis.
B. Immune-based antibody testing.
C. Polymerase chain reaction.
D. Liquid chromatography-mass spectrometry.
E. Microarray analysis.

diagnostics molecular technology
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