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Apart from direct detection of the infecting organisms or biomarker of the pathogen itself, sur-

rogate host markers are also useful for sensitive and early diagnosis of pathogenic infections.

Early detection of pathogenic infections, discrimination among closely related diseases with

overlapping clinical manifestations, and monitoring of disease progression can be achieved by

analyzing blood biomarkers. Therefore, over the last decade large numbers of proteomics stud-

ies have been conducted to identify differentially expressed human serum/plasma proteins in

different infectious diseases with the intent of discovering novel potential diagnostic/prognostic

biomarkers. However, in-depth review of the literature indicates that many reported biomark-

ers are altered in the same way in multiple infectious diseases, regardless of the type of

infection. This might be a consequence of generic acute phase reactions, while the uniquely

modulated candidates in different pathogenic infections could be indicators of some specific

responses. In this review article, we will provide a comprehensive analysis of differentially

expressed serum/plasma proteins in various infectious diseases and categorize the protein

markers associated with generic or specific responses. The challenges associated with the dis-

covery, validation, and translational phases of serum/plasma biomarker establishment are also

discussed.
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1 Introduction

The spectacular advancements in proteomics research, which

have been achieved during the preceding decade have pro-

pelled its expansion into diverse fields of clinical research [1].

While the field of personalized medicine and targeted thera-

peutics is gaining popularity, integrative personal omics pro-

Correspondence: Dr. Sanjeeva Srivastava, Department of Bio-

sciences and Bioengineering, IIT Bombay, Powai, Mumbai

400076, India

E-mail: sanjeeva@iitb.ac.in

Fax: +91-22-2572-3480

Abbreviations: AIDS, acquired immunodeficiency syndrome;

HUPO, Human Proteome Organisation; PPP, plasma proteome

project; PSI, proteomics standards initiative; SARS, severe acute

respiratory syndrome

filing is becoming an attractive choice for molecular diag-

nostics and therapeutics [2]. The comprehensive proteomic

analyses of different biological fluids, particularly serum and

plasma, have attracted substantial attention for the identifi-

cation of protein biomarkers as early detection surrogates for

human diseases [3]. Infectious diseases directly contribute

over 25% of the total annual deaths worldwide. The number

increases when deaths that occur as a consequence of past in-

fections or due to the complications associated with chronic

infections are included [4]. Existing, re-emerging, and newly

emerged infectious diseases are considered to be the leading

global public health problems and one of the major causes

of disease-related casualties, particularly in developing coun-

tries [5, 6].
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Even though detection of the presence of causative or-

ganisms or pathogen-related markers and examination of

clinical symptoms are generally used for routine diagno-

sis of infectious diseases, sensitive and early diagnosis of

pathogenic infections is also achievable through the analy-

sis of surrogate host markers [7]. Additionally, investigation

of pathogen-induced alterations in the host proteome under

diseased conditions can provide valuable information regard-

ing disease pathogenesis and host immune responses [8]. In

order to sustain viability within the host system and ensure

their replication, pathogens develop versatile mechanisms to

exploit their host’s cells and to induce new permeability path-

ways to allow the uptake of nutrients and the removal of waste

products [9]. This significantly affects various vital physiolog-

ical processes and, as a consequence, modulates the host’s

proteome. Upon infection, a continuous interaction between

the pathogen and the host immune system initiates a com-

plex immune response to hold back the pathogenic infection

and growth through multiple antiparasitic effector functions,

including inhibition of invasion and cytoadherence, antibody-

dependent cytotoxicity, and cellular inhibition.

Serum/plasma proteins can be used for early diagnosis,

differentiation between infections with very similar etiology

and clinical manifestations, as well as for monitoring disease

progression, since many components of the blood proteome

often exhibit alterations in expression level as a consequence

of external pathogenic infections and show excellent correla-

tion with disease progression/severity [10,11]. Large numbers

of serum/plasma proteomics studies aimed at the identifica-

tion of novel potential diagnostic/prognostic biomarkers or

understanding disease pathobiology have been reported dur-

ing the past decade [3]. However, altered expression levels

of potential biomarkers have often been found to be non-

specific and are altered in multiple infectious diseases, irre-

spective of the type of infection. This might be an effect of

inflammation-mediated acute phase response signaling [12].

Our research group is investigating the alterations in the hu-

man serum proteome in different infectious diseases, includ-

ing falciparum and vivax malaria [13, 14], dengue fever [15],

and leptospirosis [16], to identify the common and unique

protein signatures. Moreover, we have compiled a list of dif-

ferentially expressed serum proteins in ten different types

of protozoan, viral, and bacterial infectious diseases that are

often fatal, including malaria, dengue, meningitis, acquired

immunodeficiency syndrome (AIDS), severe acute respira-

tory syndrome (SARS), diarrheas, hepatitis B and C, tubercu-

losis, pneumonia, and leptospirosis, from over 200 published

studies conducted using proteomics and immunoassay-based

approaches. This review article intends to provide an inclusive

representation of overlapping or specific protein alterations

in human serum/plasma proteome due to various infectious

diseases. The challenges and critical issues associated with

different phases of serum/plasma biomarker discovery ven-

tures are also discussed.

2 Serum/plasma biomarkers in different
infectious diseases

The analysis of alterations in the human serum/plasma pro-

teome as a consequence of pathogenic infections is certainly

informative for researchers studying disease pathogenesis

and host immune responses or interested in identifying di-

agnostic or prognostic host markers [3]. Biomarkers are in-

dicator biomolecules that assist in early diagnosis, discrim-

inate between different diseases, and provide valuable tools

for monitoring the progression/severity of disease. Early de-

tection of infectious diseases could reduce the complications

of secondary infections, fatalities due to disease severity, and

also the unnecessary costs of improper and delayed diagno-

sis and treatment. Although existing diagnostic approaches

(including analysis of clinical symptoms, microscopic detec-

tion of the causative pathogenic organism, molecular and im-

munologic diagnostic methods, and rapid diagnostic tests),

which are usually implemented clinically, are adequately ro-

bust and sensitive for detection of the pathogen in symp-

tomatic patients, the sensitivity is lower in asymptomatic

subjects or in patients at a very early stage of infection

(Table 1). Furthermore, existing routine detection techniques

are unable to provide any prognostic information regarding

the infection, or to clearly discriminate among infections that

have overlapping clinical manifestations. To this end, protein

markers are potential candidates for the development of alter-

native more-sensitive diagnostic and prognostic approaches

for infectious diseases. Identification of a panel of biomark-

ers might be attractive for detection of specific infections,

as well as for discrimination among nearly similar identical

manifestations.

The use of serum or plasma as biological fluid for studying

disease pathobiology and identification of biomarkers have

their own pros and cons. Plasma is more easily separable

from the cellular components of the blood and a slightly

higher volume (10–15%) of plasma is generally obtained from

an equal quantity of whole blood compared to serum. Fur-

thermore, a plasma sample can be obtained quickly since no

coagulation time is required and coagulation-induced inter-

ferences/variations can be avoided. In contrast, due to the ab-

sence of fibrinogen and other blood clotting factors in serum,

the total protein content and complexity is reduced compared

to plasma. According to a recent study by Zimmerman et al.

involving paired comparison of plasma and serum samples

from the same individuals, there were negligible differences

in the numbers of peptide and protein identifications or in the

overall percentages of semitryptic peptides or methionine ox-

idized peptides between these two biological fluids, although

higher variability of semitryptic peptides were observed in

serum [17]. In particular, the variations in serum samples

are introduced due to the inconsistency in the coagulation

and separation processes. A comparative analysis of human

serum and EDTA, heparin, and citrate-anticoagulated plasma
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Table 1. Challenges associated with the routine diagnostic methods for different infectious diseases

Disease (causative

organism)a)
Diagnostic methodsb) Challenges/limitations

1. Malaria (Parasitic

protozoan)

P. falciparum and P. vivax

(1) Microscopic diagnosis of peripheral blood

smear

(2) PCR-based molecular diagnostic methods

(3) Rapid diagnostic tests (RDTs) for

plasmodium-specific proteins, such as

HRP-II or LDH

(4) Loop-mediated isothermal amplification

(LAMP) detection of conserved 18S

ribosome RNA gene

(5) Flow cytometry-based detection of

hemozoin

(1) Sensitivity level very poor in case of detection

of asymptomatic/malaria with very low

parasitemia

(2) Overlooks mixed-species infections

(3) Difficulties in detecting individuals carrying P.

vivax hypnozoites [74]

(4) Discrimination of nonmalarial febrile illness

with similar clinical manifestations is difficult

(5) In many areas of endemicity, the operating

characteristics of microscopy are poor and

trained personnel is required [75]

(6) Majority of the RDT-based diagnostics are

specific for detection of P. falciparum

infections not P. vivax [76]

2. Dengue and dengue

hemorrhagic fever (DHF)

(Viral)

Serotypes of dengue

virus (DENV 1–4)

(1) Detection of virus-specific antibodies; IgG

and IgM

(2) Serological tests and ELISA

(3) PCR-based assays (qRT PCR)

(4) Flow cytometry method for early detection

of cultured virus

(5) Loop-mediated isothermal amplification

assay (RT-LAMP)

(6) Virus isolation and flow cytometry-based

detection of cultured virus (NS1 protein)

(1) Sophisticated expensive instrumentations are

required for PCR-based assays [77]

(2) Viral isolation process is lengthy, expensive,

labor intensive, and cannot differentiate

between primary and secondary infection [78]

(3) ELISA-based diagnosis cannot identify the

infecting dengue virus serotypes

(4) High cross-reactivity is the major

disadvantage for serological tests

(5) IgG and IgM assays detect disease after 5–10

days in primary dengue virus infection [79]

3. Meningitis (Bacterial)

Neisseria meningitidis

and Streptococcus

pneumoniae

(Viral)

Enteroviruses, herpes

simplex virus type 2/1,

Varicella zoster virus

(1) CT or MRI followed by lumbar puncture

(2) Latex particle agglutination test (LPAT)

(3) Rapid Ag detection test

(4) PCR-based molecular diagnostic methods

(5) Microscopic examination and CSF/blood

culture

(6) Fluorescence in situ hybridization

(1) Fluorescence in situ hybridization and

CSF/blood culture is less sensitive [80,81]

(2) LPAT is positive only in the presence of

specific polysaccharide of few causal

organisms (Haemophilus influenzae type b

(Hib), S. pneumoniae, Escherichia coli, group

B Streptococcus and N. meningitidis A, C,Y,

W-135 antigens), other remains undetected

(3) CT or MRI-based detection is not rapid or

sufficiently sensitive to direct initial

antimicrobial therapy [82]

(4) PCR-based molecular diagnosis is sensitive

but expensive, so not suitable for routine

diagnosis

4. Acquired

immunodeficiency

syndrome (AIDS)

(Viral)

Human immune

deficiency virus (HIV)

(1) Measurement of HIV-RNA or p24 antigen

(before seroconversion)

(2) Virus isolation or coculturing

(3) PCR-based molecular diagnostics

(4) Rapid HIV test

(5) Agglutination assays and antibody testing

(6) ELISA and Western blotting

(1) Rapid HIV tests are initial test not

confirmatory test [83]

(2) HIV isolation and culturing is difficult and

expensive

(3) PCR-based molecular diagnosis is costly

(4) Low sensitivity and ambiguous results in the

weak reactions with agglutination assays

(5) Cross-reactivity happens with ELISA and WB

assays [84]

5. Severe acute

respiratory syndrome

(SARS)

(Viral)

Member of the

Coronavirus family

(1) Isolation of the SARS virus

(2) PCR-based molecular diagnostics

(3) Blood clotting tests

(4) Chest X-ray/CT scan

(5) Antibody detection (ELISA,

immunofluorescence assay, neutralization

test)

(1) Difficult to distinguish from common

respiratory infections [85]

(2) Due to late seroconversion (2–4 wk)

serological diagnosis is not suitable for early

detection [86]

(3) Virus isolation process is risky (BSL-3 facility

is required), extensive, and expensive [86]

(4) PCR-based molecular diagnosis is expensive

and not affordable in developing countries
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Table 1. Continued

Disease (causative

organism)a)
Diagnostic methodsb) Challenges/limitations

6. Diarrhea (bacterial)

E. coli, Shigella,

Salmonella,

Campylobacter

(Viral)

Rotavirus, Norovirus

(Protozoan)

Giardia lamblia

(1) Cytotoxicity assay (toxin B)

(2) Latex agglutination test

(3) Stool cultures and parasitological

examinations

(4) Enzyme immunoassays: EIA and ELISA

(5) Lactoferrin assays

(1) Culture-based methods are time-consuming;

cannot distinguish toxigenic from

nontoxigenic strains [87]

(2) PCR-based diagnosis is comparatively much

expensive

(3) Lactoferrin assays are not sufficiently

sensitive [87]

(4) Sensitivity of EIA may reduce during the

course of the disease, since patients develop

immunity to the pathogen [87]

(5) Latex agglutination tests are nonspecific for

toxigenic strains, least sensitive and

specific [87]

7. Hepatitis A, B, and C

(Viral)

Hepatitis A/B/C virus

(HAV/HBV/HCV)

(1) IgM anti-HAV enzyme immune assays

(2) ELISA, RIA, and immunoblotting

(3) Quantification of virus in peripheral blood

(4) PCR-based molecular diagnostics

(5) Liver biopsy

(1) Nucleic acid detection techniques are

expensive

(2) Immunoassays for viral antigen is less

sensitive [88]

(3) False-positive results (ranging from 1 to 3%)

at the lower LOQ [89]

(4) Most of the assays do not reflect the accurate

viral load that is crucial for disease

management

8. Tuberculosis

(Mycobacterial)

M. tuberculosis

(1) Tuberculin skin test (TST)

(2) Radiology (chest X-rays)

(3) Culture and species identification

(4) Immunological tests

(5) PCR-based molecular diagnostics

(6) Interferon-release assays (IGRAs)

(7) QFT-IT and IP-10 assays

(1) Cross-reactivity and low specificity in TST [90]

(2) False-negative results in

immunocompromised patients and young/old

persons [90]

(3) Culture process is prolong since the causative

organism is very slow-growing [91]

(4) QFT-IT and IP-10 have poor specificity [92]

(5) Chest X-ray alone is not conclusive [93]

9. Pneumonia

(Bacterial)

Streptococcus

Haemophilus

Chlamydophila

(Viral)

Rhinoviruses,

Coronaviruses, Influenza

virus

(1) Chest X-rays/CT scan

(2) C-reactive protein or procalcitonin

measurement in blood

(3) Blood culture and species identification

(4) PCR-based molecular diagnostics

(5) Invasive tests

(1) Chest X-rays/CT scan cannot specify the

infecting pathogen or determine pneumonia

etiology [94]

(2) Sensitivity of blood culture method is low and

unable to detect etiology [94]

(3) PCR-based diagnosis is expensive and cannot

identify a few nonpneumophila Legionella

pneumonia species [95]

(4) Diagnosis of community acquired pneumonia

(CAP) is challenging due to its similarity with

common cold or flu [96]

10. Leptospirosis

(Bacterial)

Spirochete of genus

Leptospira

(1) Microscopy (dark-field/

immune-fluorescence/light microscopy)

(2) Pathogen culturing approach

(3) Microscopic agglutination test (MAT)

(4) Rapid diagnostic test (RDT) and ELISA

(1) For microscopic examination, it is difficult to

detect very low level of pathogen and trained

personnel are required [97]

(2) Difficult to detect early stages of infection [97]

(3) Culture-based detection is tedious, time

consuming, complicated, and expensive

(4) MAT is very complex and experienced

personnel are required [98]

(5) PCR-based detection is expensive [99]

CT, computed tomography; MRI, magnetic resonance imaging; CSF, cerebrospinal fluid.
a) If an infection is caused by multiple different microorganisms, major causal pathogens are listed.
b) Clinical manifestations, that is, signs and symptoms of the diseases (not discussed here) are also studied for diagnosis.

conducted by Human Proteome Organisation (HUPO)

clearly indicated that plasma with EDTA (or citrate) antico-

agulant provides more reproducible results than serum, and

therefore plasma has been recommended as a more attractive

biological fluid for proteomics research [18].

The different steps involved in the standard work-flow

of proteomics-based serum/plasma biomarker discovery are

shown in Fig. 1. After sample collection, protein extraction

and processing involve multiple steps, often including deple-

tion of high-abundance proteins and prefractionation prior
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Figure 1. Standard work flow for different proteomics approaches commonly used in serum/plasma biomarker discovery. Prior to proteomic

analysis, depletion of high-abundance proteins, and prefractionation of the overall proteome are performed to reduce the complexity and

dynamic range of protein concentration in serum/plasma samples. In order to perform comparative proteomic profiling of control and

diseased samples, a variety of gel-based, MS-based, and array-based techniques can be used. Results obtained in the initial discovery phase

are usually validated with immunoassay-based approaches, such as ELISA or Western blotting. Subsequently, ROC curve and multivariate

statistical analysis are performed to determine the specificity and sensitivity and class prediction accuracy of the identified potential marker

proteins.
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to the actual proteomic analysis due to the complexity of

serum/plasma samples and the wide dynamic range of pro-

tein concentration [19,20], but this can lead to unintended re-

moval of proteins bound to the protein targeted for removal.

Different gel-, MS-, and array-based techniques can be ap-

plied for comparative proteomic profiling, while the results

obtained in the discovery phase are usually validated using

immunoassay-based approaches. Readers are directed to the

protocols in the specific articles referred to in Fig. 1 for the

technological details and working principles of the different

proteomic approaches shown [21–24]. Finally, the specificity,

sensitivity, and predictive accuracies of the identified poten-

tial marker proteins are evaluated by receiver operating char-

acteristic (ROC) curves and multivariate statistical analyses.

We have performed a comprehensive analysis of the pub-

lished literature in order to evaluate the overlapping and

unique signatures of serum/plasma markers in ten often-fatal

protozoan, viral, and bacterial infectious diseases, including

malaria, dengue, meningitis, AIDS, SARS, diarrheas, hep-

atitis B and C, tuberculosis, pneumonia, and leptospirosis.

Experimental details (e.g., sample type, population size, type

of controls, technologies employed in the discovery and vali-

dation phases of the study, and the important identified dif-

ferentially expressed proteins) of many selected proteomics or

immunoassay-based studies on these infectious diseases have

been provided in Table 2. Critical analysis of the published

literature from various research groups clearly indicates that

the expression levels of many reported potential biomark-

ers are modulated similarly in several infectious diseases,

irrespective of the type of the pathogen, this might be a re-

sult of generic acute-phase/stress reactions, while the specifi-

cally modulated candidates in different pathogenic infections

could be indicators of some unique responses. Differential ex-

pression profiles of a few selected serum proteins in different

infectious diseases are shown in Fig. 2. Serum/plasma pro-

teins, which show opposite trends of differential expression

in some infections compared to other types of infectious dis-

eases, are promising candidates for diagnosis and discrimina-

tion analysis. Interestingly, serum levels of haptoglobin (Hp)

were found to be significantly lower in malaria patients (both

Plasmodium vivax and Plasmodium falciparum infection). Hp,

being a positive acute phase protein, exhibits upregulation in

other infectious diseases (Fig. 2; Supporting Information Ta-

ble 1). Hp sequesters free hemoglobin (Hb), which is released

during pathogen-induced hemolysis as Hp–Hb complexes

and leads to hypo- or ahaptoglobinemia. Hp is a promising

inflammatory marker for evaluation of the severity of the

Plasmodium infection and is a potential epidemiological

marker for malaria [25, 26]. Additionally, our comparative

analysis of various infectious diseases indicates that even

though some proteins, such as SAA or CRP, exhibit similar

trends of differential expression (upregulation) in multiple in-

fections, the levels of regulation (fold changes) are found to be

quite different depending on the type of infectious agent, so

these candidates could be effective classifiers for discriminat-

ing among different infectious manifestations (Fig. 2). It has

been shown that establishment of a panel of serum biomark-

ers rather than a single candidate is much more effective for

detection of specific infection and its discrimination from the

other clinically related febrile illnesses [13]. In our proteomic

analyses, we have found that a panel of identified proteins

consisting of six candidates (serum amyloid A, hemopexin,

apolipoprotein E, haptoglobin, retinol-binding protein, and

apolipoprotein A-I) can discriminate among malaria, dengue,

and leptospirosis [13,15,16]. Although these six proteins were

not unique for malaria, dengue, or leptospirosis, the combi-

nation of their specific trends and levels of differential ex-

pression allowed the successful discrimination among these

three infectious diseases having overlapping clinical mani-

festations. Within a panel, if the individual class prediction

potential of the candidate markers is evaluated, it becomes

apparent that each of them plays some specific contribution

in discrimination of a particular infection from the healthy

population and other related clinical manifestations. There-

fore, we feel that the combination of clinicopathological pa-

rameters with serum/plasma markers can provide improved

prediction accuracy for most diseases.

Many serum/plasma proteins, such as �-1-antichymo-

trypsin, �-1-antitrypsin, serotransferrin, serum albumin, �-

2-HS-glycoprotein, etc., which exhibit similar trends of dif-

ferential expression in multiple infections, are basically non-

specific indicators of inflammation or stress response, and

are not promising from a diagnostic/prognostic point of view

(Fig. 2). Very often, in isolated proteomics studies, where

only disease versus healthy controls are compared, differen-

tially expressed candidates are found, but many are simply

a consequence of generic acute phase reactions, which are

misclaimed as promising markers (Fig. 3A). In real-life sce-

narios, biomarker candidates that are commonly altered in

multiple infectious diseases cannot effectively discriminate

between different clinical manifestations, unless the levels of

differential expression of these candidate proteins are signif-

icantly different in other infections, or if they are used as part

of a marker panel along with other more specific candidates.

Other reviews have demonstrated the frequent appearance of

HSP27, HSP60, ATP synthase, �-actin, and enolase 1 as dif-

ferentially expressed candidates in various published tissue

proteomics analyses performed by using 2DE in combination

with MS [12, 27]. Such universal candidates should probably

be excluded from the list of promising targets and may not

actually be biomarkers of any specific disease state.

3 Challenges of biomarker discovery and
crucial issues regarding experimental
designing

3.1 Challenges associated with proteomics-based

serum/plasma biomarker discovery

Even though serum/plasma proteome analysis has gained

considerable attention for investigation of pathogen-induced
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Table 2. Differential expressions of serum/plasma proteins in different infectious diseasesa)

Disease Purpose of the study Sample type and size Technological details

(discovery (1) and

validation (2) phases)

Identified differentially

expressed candidates

(Regulation)b)

Ref

1. Malaria Analysis of disease

pathogenesis and

host immune

response and

identification of

protein markers for

FM and VM

Serum

FM: n = 20, VM:

n = 17, HC: n = 20,

FC (L): n = 6

(1) 2DE and 2D-DIGE

MALDI-TOF/TOF

MS

(2) WB, ELISA,

immunoturbidi-

metric assay

Serum amyloid A (U),

hemopexin (U),

apolipoprotein E (U),

haptoglobin (D),

retinol-binding protein (D),

apolipoprotein A-I (D)

[13,14]

Identification of

inflammation-related

biomarkers of FM

Serum

Severe FM: n = 8,

mild FM: n = 8, HC:

n = 8

(1) LC-MS/MS

(2) WB, ELISA

Serum amyloid A (U),

apolipoprotein E (U),

LPS-binding protein (U),

gelsolin (D), fibrinogen

(U), clusterin (D)

[100]

Proteomic analysis of

haptoglobin and

amyloid A protein

levels in VM

Plasma

NAc)
(1) 2DE,

MALDI-TOF/MS

(2) WB

Serum amyloid A (U),

Haptoglobin (D)

[101]

Analysis of

consequence of

hemolysis in FM

Plasma

FM: n = 18, HC:

n = 11, FC

(pneumonia): n =

6

(1) SDS-PAGE

(2) Immunoblotting

and gelsolin assays

Gelsolin (D) [102]

2. Dengue Analysis of serum

proteome and

cytokine profiles in

early febrile,

defervescence, and

convalescent stages

of DF and DHF

Serum

DF: n = 44, DHF:

n = 18, HC: n = 50

(1) iTRAQ,

ESI-QTOF-LC/MS

(2) ELISA

Serum amyloid A2 (U),

Haptoglobin (U),

apolipoprotein E (U),

hemopexin (U), plasma

protease C1 inhibitor (U),

clusterin (U),

apolipoprotein CI (D),

apolipoprotein CIV (D)

[47]

Comparative analysis

of plasma from DF

and HC

Plasma

DF: n = 13, HC:

n = 13

(1) 2DE-DIGE,

MALDI-TOF/TOF

MS

(2) WB, ELISA

C1 inhibitor (U), vitamin

D-binding protein (U),

fibrinogen � chain (U),

apolipoprotein J (U),

complement component

C3c (U), prothrombin (D),

histidine-rich glycoprotein

(D), apolipoprotein A-IV &

A-I (D), transthyretin (D),

complement C3b (D)

[103]

Analysis of disease

pathogenesis and

identification of

surrogate protein

markers for DF

Serum

DF: n = 6, HC: n = 8,

FC (FM) : n = 8

(1) 2D-DIGE

MALDI-TOF/TOF

MS

(2) WB

Serum amyloid P (U),

kininogen (D),

complement C3 (D), C4 (U)

& H (U), apolipoprotein

A-IV (D). hemopexin (D),

protein C6 (U), clusterin

(U)

[15]

Comparative analysis

of acute severe

dengue (DHF) and

acute nonsevere

dengue (DF)

Plasma

DF: n = 5, DHF: n = 5

(1) Isotope coded

protein labeling

(ICPL), nano-LC ion

trap

(2) ELISA

Leucine-rich glycoprotein 1

(U), vitamin D binding

protein (U), ferritin (U),

peroxyredoxin-2 (D),

afamin (U), fibronectin (U),

galectin 3 binding protein

(U), C-reactive protein (U)

[104]

Identification of serum

biomarkers of DF and

DHF

Serum

DF: n = 10, DHF:

n = 10, HC: n = 8

(1) 2DE,

MALDI-TOF/MS

(2) WB, ELISA

�1-Antitrypsin (U), NS1

protein (U)

[105]
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Table 2. Continued

Disease Purpose of the study Sample type and size Technological details

(discovery (1) and

validation (2) phases)

Identified differentially

expressed candidates

(Regulation)b)

Ref

3. Meningitis Analysis of APPs in BM Serum and CSF

BM: n = 30,ViM:

n = 30, HC: n = 100

Immunoassay C-reactive protein (U),

�-1-antitrypsin (U),

�-1-acidgycoprotein (U),

�-2-ceruloplasmin (U),

�-2-haptoglobin (U)

[106]

Identification of

surrogate markers for

diagnosis of BM

Serum and CSF

BM: n = 28, ViM:

n = 25, HC: n = 27

(1) 2D-DIGE

MALDI-TOF/MS

(2) WB, ELISA

Prostaglandin-H2

D-isomerase (U),

haptoglobin (D), fibulin-1

(U), fibrinogen beta chain

(D), apolipoprotein E (U),

GFAP (U)

[107]

4. AIDS Analysis of APPs as

systemic antiviral

response in HIV-1

infection

Plasma

AIDS: n = 19, HC:

n = 5 (longitudinal

study)

(1) MALDI-TOF/TOF

and LC-MS/MS

(2) ELISA

Serum amyloid A (U),

complement C3,

apolipoproteins, C-reactive

protein, virus inhibitory

peptide (VIRIP) (U)

[108]

Investigation of

different isoforms of

apolipoprotein AI in

AIDS

Plasma

HIV: n = 10, HC:

n = 10

(1) 2DE, LC-MS/MS

(2) WB, ELISA

ALB (U), haptoglobin � chain

(U), immunoglobulin light

chain (U), haptoglobin � 2

chain (U), transthyretin

(U), apolipoprotein AI (D)

[109]

Identification of serum

markers of HIV-1

latently infected

LTNP AIDS

Serum

HIV: n = 6, LTNP:

n = 6, HC: n = 6

(1) 2DE, MALDI-TOF

MS

(2) WB

HIV-1 enhancer binding

protein 1 (U), ribonuclease

III (U), heterochromatin

protein 1 binding protein

(U)

[110]

5. SARS Identification of

diagnostic and

prognostic markers

of SARS

Serum

SARS: n = 39

Non-SARS: n = 39

SELDI-MS Fibrinogen �-E chain (D),

platelet factor 4 (D),

�-thromboglobin (U), IgG

Kappa light chain (U),

N-terminal fragment of

complement C3c (U)

[111]

Analysis of

inflammation

inhibitors in SARS

Plasma

Progressive and

convalescent

SARS: n = 10

(each), HC:

n = 9

(1) 2DE, DIGE

MALDI-MS/MS

(2) WB

�1-Acid glycoprotein (U),

haptoglobin (� and alpha-2

chain) (U), fetuin (U),

transthyretin (D),

apolipoprotein A-I (D),

transferrin (D)

[112]

Discovery of serum

biomarkers for SARS

Serum

SARS: n = 13, HC:

n = 14, FC

(pneumonia): n =

12

(1) 2DE,

MALDI-TOF/MS

(2) WB

TF-� 1-AT (U), complement

C4 fragments (U), serum

amyloid A (U)

[113]

Analysis of plasma

proteome alterations

in SARS

Plasma

SARS: n = 22, HC:

n = 6

(1) 2DE,

MALDI-TOF/MS

(2) WB, ELISA

GSH peroxidise (U), Prx II

(U), vitamin D binding

protein (U), serum amyloid

A (U), complement factor

H-related protein (U),

haptoglobin � chain (U)

[114]

6. Diarrhea Analysis of expression

and release of leptin

and proinflammatory

cytokines

Serum

Diarrhea: n = 30, FC

(ulcerative colitis):

n = 50

WB, ELISA Leptin (U), TNF-� (U), IL-1�

(U), IL-6 (U)

[115]

Analysis of serum

TNF-� in

inflammatory bowel

diseases

Serum

Diarrhea: n = 46, FC

(Crohn disease):

n = 54

ELISA TNF-� (U) [116]
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Table 2. Continued

Disease Purpose of the study Sample type and size Technological details

(discovery (1) and

validation (2) phases)

Identified differentially

expressed candidates

(Regulation)b)

Ref

7. Hepatitis A

and B

Analysis of �-1 antitrypsin

level in hepatitis B

Serum

Chronic HBV: n = 31,

acute HBV: n = 10,

HBV-related HCC:

n = 18, HC: n = 12

(1) 2DE,

MALDI-TOF-MS

(2) WB

�-1-Antitrypsin (U) [117]

Analysis of plasma

gelsolin protein level in

hepatitis-B-associated

liver cirrhosis

Plasma

Inactive HBV: n = 8

HBV: n = 8

(1) 2DE, LC-ESIMS/MS Gelsolin (D) [118]

8.Tuberculosis Identification of

TB-associated proteins

in whole blood

supernatant

Plasma

TB: n = 39, HC:

n = 63

(1) 2D-DIGE, LC-MS

(2) ELISA, WB

Retinol-binding protein 4

(D), Fetuin-A

(�-HS-glycoprotein) (D)

[119]

Identification of diagnostic

markers for TB

Serum

TB: n = 129, FC

(respiratory

disease): n = 69,

HC: n = 66

(1) SELDI-TOF-MS,

HPLC, LC-MS/MS

(2) WB

Orosomucoid (U) [120]

Identification of diagnostic

markers for TB

Serum

TB: n = 179, HC:

n = 21

(1) Protein chip arrays,

MALDI-TOF MS

(2) Immunoassays

Serum amyloid A (U),

transthyretin (D)

C-reactive protein (U)

[121]

9. Pneumonia Analysis of systemic

cytokine response in

CAP

Serum

P: n = 200, HC:

n = 313

ELISA IL-1RA, IL-6, IL-8, IL-10 [122]

Analysis of serum

cytokines profile in P

Serum

P: n = 14, HC: n = 5

Immunoassay IFN-gama (D), IL-12(U),

C-reactive protein (U)

[123]

10. Leptospirosis Analysis of disease

pathogenesis and host

immune response and

identification of

surrogate protein

markers for L

Serum

L: n = 6, FC (FM):

n = 8, HC: n = 18

(1) 2DE, 2D-DIGE,

MALDI-TOF/TOF

MS

(2) WB

Apolipoprotein A1 (D),

apolipoprotein A-IV (D),

complement C4 (D),

�-1B-glycoprotein

precursor (U)

[16]

Analysis of induction of

proinflammatory

cytokines by leptospiral

hemolysins

Serum

L: n = 3, HC: n = 3

(1) Protein microarray

(2) WB

Proinflammatory factors

(IL-1b, IL-6, IL-17, and

TNF-a) (U),

anti-inflammatory

factors (IL-4, IL-10, IL-13,

and sTNF RI) (U),

immunoregulators (IL-7,

IL-11, and IFN-c) (U),

colony-stimulating

factors (G-CSF and

GM-CSF) (U)

[124]

Analysis of serum nitrite

levels in L

Serum

L: n = 20, HC: n = 13

ELISA Serum nitrite (U) [125]

AM, aseptic meningitis; APP, acute phase proteins; BM, bacterial meningitis; CAP, community-acquired pneumonia; DF, dengue fever; DHF,
dengue hemorrhagic fever; FM, falciparum malaria; FC, febrile control; H, hepatitis; HC, healthy control; HCC, hepatocellular carcinoma;
L, leptospirosis; LTNP, long-term nonprogressor; P, pneumonia; TB, tuberculosis; ViM, viral meningitis; VM, vivax malaria; WB, Western
blotting.
a) Representative studies are shown.
b) U, upregulation and D, downregulation.
c) NA, exact information not available.

alterations in the human host and for the identification of po-

tential diagnostic and prognostic markers for various infec-

tious diseases, there are quite a few basic challenges associ-

ated with the discovery, validation, and translational phases

of serum/plasma biomarkers, mostly due to variations dur-

ing the sample collection and processing steps (Fig. 4), PTMs,

the presence of multiple isoforms of same proteins, and

the sample complexity [3]. Preanalytical variations introduced
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Figure 2. Differential expression of some selected serum/plasma proteins in different infectious diseases. Fold-change values (up-

/downregulation) of the candidate proteins were obtained from different published studies. If differential expression of any particular

protein is reported in multiple studies, representative data are shown. Exact differential expression values for each candidate are provided

in the Supporting Information Table 1. Alterations in protein expression levels in different infectious diseases are determined using healthy

subjects as controls. Fold-change values are calculated by keeping the expression level of the proteins (mean value) in healthy population

as baseline. *, indicates that the differential expression of that protein is not reported in that particular disease in humans. VM, vivax

malaria; FM, falciparum malaria; DF, dengue fever; DHF, dengue hemorrhagic fever; TB, tuberculosis; L, leptospirosis; P, pneumonia; ViM,

viral meningitis; BM, bacterial meningitis; SARS, severe acute respiratory syndrome; AIDS, acquired immunodeficiency syndrome; H,

hepatitis, D, diarrhea.
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Figure 3. Crucial issues for designing clinical studies for serum/plasma biomarker discovery. (A) Selection of suitable febrile (diseased)

controls for evaluating the specificity of the identified markers. Two potential markers (protein A and B) are significantly differentially

expressed in an infectious disease population (D) compared to the healthy controls. Between those two candidates, differential expression

of protein B is not specific for the disease population (D), it also shows an equal level of altered expression in another closely related

infectious disease, which has been used as a febrile control (FC) for the disease D. While the expression level of protein A remained

unaltered in the FC population, it showed some extent of specificity toward the disease population D. Downstream analysis of the

specificities and sensitivities (ROC curve analysis) and class prediction capabilities of those two potential markers clearly indicates the

superiority of the protein A as a potential marker for the disease state D, since it is not only useful in discrimination of disease D from

healthy population, but also can successfully differentiate disease D from other closely related clinical manifestations. (B) Analysis of

longitudinal cohorts for establishment of prognostic and disease monitoring marker proteins. Information about the reversibility and

disease monitoring/prognostic capability of the identified disease surrogates can be obtained from multiple time point analysis (early

febrile, defervescence, and convalescent stages of infection).

during sample collection, handling, and storage process are

also challenging for the determination of true biomarkers

[28]. In addition, the complexity of biological samples, the

very wide dynamic range of protein concentrations in plasma

(1010–1012), the presence of high-abundance proteins mask-

ing low-abundance marker proteins, high levels of salts and

other interfering compounds, insufficient sensitivity of the

detection technology, and low throughput are the major ob-

stacles for discovery of blood biomarkers. Despite recent

technological advancements, there are several limitations of

the current proteomics technologies, which are frequently

used for the discovery of disease-related marker proteins

in serum/plasma samples [11]. Details of the technologi-

cal limitations associated with different types of proteomics

approaches have been discussed elsewhere for gel-based

[29, 30], MS-based [31–33], array-based [34, 35], and label-free

proteomics [36].

3.2 Crucial issues regarding experimental designing

for clinical proteomic studies

It is often experienced in proteomic biomarker discovery stud-

ies that exciting and promising findings based on smaller

populations sizes fail to live up to expectations in the valida-

tion stage and subsequent larger clinical trials, in part because
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Figure 4. Different sources of preanalytical variability for proteomics biomarker discovery.

of biological variability and lack of reproducibility of the tech-

niques used. In a standard proteomic-based blood biomarker

discovery work-flow, more than 1000 candidates are screened

in the discovery phase often leading to the identification of

nearly 100 differentially expressed candidates fulfilling the

statistical/fold-change criteria. Usually, about one tenth of

these are confirmed in the validation/follow-up phase, where

targeted analysis is performed with bigger clinical cohorts

using alternative technological approaches. Gradually, the

number decreases even further during the clinical trials, and

ultimately, only a few identified markers are found to have

real clinical applicability and receive Food and Drug Admin-

istration (FDA) approval (Fig. 5). It should be pointed out that

very few biomarkers or biomarker panels have actually been

through the verification or validation stages. This is because

the techniques used for biomarker discovery are generally

not suitable for validation purpose. Antibody-based methods,

such as immunoassay-based validation (Western blots and

ELISA) are too expensive to be used on the huge number

of potential candidates identified in the discovery phase and

cannot be highly multiplexed [37]. To this end, MS-based tar-

geted proteomic approaches, particularly, SRM (or MRM) are

coming to the fore as alternative validation methods [38]. In

order to acquire results that can be extrapolated across the

study population, consideration of a few critical factors at the

beginning, when designing the clinical proteomic studies, for

biomarker discovery is indispensible.

3.2.1 Selection of controls

Selection of appropriate controls is very crucial in the dis-

covery phase for identification of indisputable biomarkers for

any human disease (Fig. 3A). Frequently, researchers com-

pare specific disease states with healthy subjects as controls,

and whatever differentially expressed serum/plasma proteins

satisfy, the statistical/fold-change criteria have been reported

as potential biomarkers, regardless of the specificity of the

biomarker for that particular disease. Consequently, when

various published articles are compared, it becomes evident

that the differentially expressed serum/plasma proteins (com-

pared to the healthy controls) identified in isolated studies

from different research groups and reported as potential

biomarkers for a specific infection might, in fact, be markers

of multiple infectious diseases, and thereby cannot be used

as reliable diagnostic markers for a specific disease.
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Figure 5. Different types of challenges associated with discovery, validation, and translational phases of serum/plasma biomarker estab-

lishment.
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3.2.2 Sociodemographical and clinicopathological

background of the subjects

Diversities in socio-epidemiological background, ethnicity,

lifestyle, diet, exposure to various environmental risk factors

and infectious agents, and hormonally related variables

significantly affect the components of the serum/plasma

proteome. Consequently, selection of control and diseased

populations with comparable sex ratios, age ranges, demo-

graphic features, and dietary considerations is essential to

minimize preanalytical variation. Clinicopathological details,

particularly information regarding past history of infection,

relapse cases, or presence of mixed/asymptomatic infection

is crucial during the analysis of serum/plasma proteome of

infectious diseases, since lack of detailed information may

lead to misinterpretation of the obtained results. Therefore,

meticulous tracking of all the variables is extremely important

for obtaining reproducible results and for downstream anal-

ysis/interpretation of the findings. To this end, in developed

countries stable biobanks/biorepositories for organized col-

lection and storage of a huge number of biospecimens

with comprehensive clinicopathological and socio-

epidemiological information can accelerate large-scale

clinical studies. In countries with low resource settings, due

to the paucity of stable biobanking activities, obtaining well-

annotated biospecimens is often very challenging [39, 40].

3.2.3 Effects of preanalytical variables

Understanding the possible sources of preanalytical variables

and their subsequent impact on quantification of peptides

and protein concentrations in serum/plasma samples is ex-

tremely crucial since these can adversely influence the ul-

timate findings and reproducibility of the entire analysis

process [41]. Gelfand and Omenn have provided a compre-

hensive systematic analysis of the diverse sources of prean-

alytical variability for plasma and serum proteome analysis

and recommended experimental guidelines for reducing the

undesirable variations that can be introduced from multiple

sources during the sample collection, handling, and process-

ing steps [42].

In addition to the sociodemographical and clinico-

pathological background of the patients, venepuncture and

phlebotomy strategies, sample collection devices, intrinsic

enzyme activity, duration and environment of sample pro-

cessing, and shipping and storage conditions are the major

sources of preanalytical variables (Fig. 4). A recent study by

Zhao et al. has shown the influences of preanalytical varia-

tions of blood sampling and handling on the findings of quan-

titative immunoassays for rheumatoid arthritis [43]. Findings

obtained from this study indicate that while the effect of

blood sample collection, processing, and handling processes

is minimal on autoantibody biomarker measurements, these

variables can substantially affect serum protein concentra-

tions. Yi et al. have demonstrated the time-dependent al-

terations in human plasma and serum proteins due to the

proteolytic degradation by intrinsic plasma peptidases and

proteases, and recommended the addition of protease in-

hibitors instantaneously with the blood samples during col-

lection process to increase stabilization of the plasma proteins

and prevent proteolysis-related preanalytical variability [44].

Repeated freeze-thawing cycles also affect the serum/plasma

protein stability and reproducibility of the obtained results,

and should be avoided. Taken as a whole, the use of opti-

mized blood collection devices, reduction of the time elapsed

between blood collection and subsequent processing, control

of the sample handling procedure and environment, stable

storage temperature, and avoidance of multiple freeze/thaw

cycles can cumulatively reduce the sample instability and

preanalytical variations associated with serum/plasma pro-

teomics biomarker studies [45].

3.2.4 Determination of sample size

Another vital issue is the determination of population size

(diseased and control) during the discovery and validation

phases of biomarker discovery [46] (Fig. 5). Definitely, the

more the clinical cohorts studied, better the confidence level

of the findings. Nevertheless, the analysis cost and the avail-

ability of suitable clinical samples often constrain the inves-

tigation of bigger clinical cohorts. Prior to the comparative

proteomic analysis, power calculations should be performed

to estimate the minimum number of biological replicates re-

quired from diseased and control populations. In a recent

study, Gandhi et al. have shown through power calculation

analysis that the DIGE experiment requires at least ten sam-

ples from each group to be confident of 1.5-fold difference at

the p < 0.05 significance level [47]. However, the minimum

sample size depends on the type of analysis, study popula-

tion, and reproducibility of the experimental approaches im-

plicated. It is generally advised to perform validation studies

employing larger clinical cohorts than the sample size used

in discovery phase [37]. All in all, the design of appropriate

proteomics experiments involving different types of febrile

subjects as diseases controls, and validation of the initial

findings in larger clinical cohorts using alternative technolog-

ical approaches, is essential for obtaining conclusive protein

markers for any specific infection that can subsequently be

translated into real clinical applications.

3.2.5 Individual versus pooled sample

Another controversial issue for clinical proteomic profiling

experiments is the analysis of pooled samples. Certainly, in-

formation obtained from analysis of individual samples is

much more reliable than the analysis of pooled samples, since

pooling of samples may not effectively reflect the real biologi-

cal alterations. Moreover, actual differences might be masked

due to the presence of some outliers with extreme biological
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variability within the pooled cohorts. Nevertheless, pooling of

clinical samples is often practiced in quantitative proteomics

analysis, particularly when larger numbers of samples need

to be studied or there is not an adequate amount of each sam-

ple for individual analysis. In proteomic investigations using

pooled samples, it is more acceptable if multiple small pools

of control and diseased samples are analyzed, rather than

preparation of a single pooled set containing all the samples

to be analyzed. If sample pooling is performed during the

discovery phase of the analysis, it is essential to validate the

results in individual diseased and control samples selected

randomly from the pooled populations.

3.2.6 Analysis of longitudinal cohort

The majority of published studies on alterations of the

serum/plasma proteome in pathogenic infections exhibit a

map of the differentially expressed proteome at a single time

point during disease progression, generally in the febrile

phase of the infection. Single time-point analysis (case vs.

control) involving the early febrile stage of infection may help

to identify potential diagnostic markers. Longitudinal studies

of infectious diseases, which involve repeated observations

of the same subjects over long periods of time (early febrile,

defervescence, and convalescent stages of infection), can pro-

vide additional valuable information regarding changes in the

identified disease markers and their utility as disease moni-

toring or prognostic markers (Fig. 3B). To this end, a serum

proteome and cytokine analysis in longitudinal cohorts of

dengue fever and its life-threatening complication dengue

hemorrhagic fever has recently been reported by Kumar

et al. [48]. The authors have shown that an in-depth investi-

gation of serum proteome signatures at different time-points

during the infection and their correlation analysis with clini-

copathological parameters can help to unravel mechanisms of

dengue disease progression. However, collection of samples

at multiple time points from patients with severe infection is

often problematic due to ethical concerns.

4 Global initiatives, HUPO plasma
proteome project (PPP) and proteomics
standards initiative (PSI)

4.1 HUPO PPP

Due to various technological limitations, the complexity

and the wide dynamic range of protein concentrations in

plasma/serum samples, comprehensive coverage of the en-

tire blood proteome, is extremely challenging, and often

low-abundance potential biomarkers are missed in individ-

ual studies conducted using any single proteomic profiling

approach. With the goal of mapping the maximum num-

ber of proteins present in human plasma in 2002, HUPO

introduced the Human PPP for advancement of biomarker

discovery and validation processes [49] through multiple in-

ternational collaborations (including a total of 55 laborato-

ries across the globe) [50]. The objectives of the HUPO PPP

include comprehensive analysis of the entire protein com-

ponent of human plasma and serum, identification of the

dynamic biological and physiological variation in the plasma

proteome within an individual, as well as an estimation of the

extent of variations between individuals within the same and

different populations under normal and diseased conditions,

which would be extremely useful for the design of clinical

studies [51]. The pilot phase of HUPO PPP included the re-

sults from 35 collaborating laboratories and analytical groups,

and generated a core dataset of over 3000 proteins (each with

two or more high-confidence peptides) [18], which was re-

duced to 889 proteins once very stringent selection criteria

were implemented in a separate analysis of same dataset [52].

In addition to the HUPO PPP, the Human Plasma Peptide

Atlas, established by incorporating LC-MS/MS shotgun pro-

teomics results from several experiments conducted in vari-

ous laboratories [53], is another resource for studying human

plasma proteins [54].

As a further continuation of the HUPO PPP initiative, the

subsequent phase of the HUPO PPP 2 was commenced in

2008 (at the 7th HUPO World Congress of Proteomics in Am-

sterdam, The Netherlands) to encourage the submission of

high-quality, large datasets of human plasma proteome anal-

ysis, the development of a comprehensive data repositories

and integration of the PPP with other disease-related initia-

tives of HUPO with regard to plasma/serum biomarker dis-

covery [55]. In recent years, omics-based research has worked

toward the in-depth analysis of PTMs [56] and splice vari-

ants [57] to obtain information beyond differential expression

analysis of candidate proteins/genes, which is often found

to be inadequate for understanding complex biological pro-

cesses or disease pathobiology [58–60]. Recently, HUPO ini-

tiated a chromosome-centric project HPP [61] to provide a

more systematic catalog of all of the proteins related to each

chromosome, in contrast to that provided by disease-oriented

approach (B/D-HPP) [62].

4.2 HUPO PSI

Sharing scientific data among different research groups

across the world is crucial for improvement of proteomics-

based biomarker discovery endeavors, since it allows dif-

ferent research communities to access, evaluate, and val-

idate each other’s findings and correlate the results with

their own observations. Comparison and extrapolation of

data generated in different research laboratories are possi-

ble only when uniform standards for proteomics procedures

with negligible preanalytical and technological variations are

practiced globally. To this end, in 2002, the HUPO PSI

(http://psidev.sourceforge.net/) was established to develop

universal reference standards for use in proteomics stud-

ies. These standard methods can be followed to introduce
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uniformity and reproducibility in data acquisition and anal-

ysis processes, which in turn can accelerate comparison, ex-

change, and interpretation of data [63,64], and avoid the “frag-

mentation of proteomics data” generated in different research

laboratories across the globe [65]. The HUPO PSI committee

is working on the development of standard operating pro-

cedures and quality assurance protocols for data handling

and analysis at a global scale. Moreover, HUPO PSI’s goal

is to develop reporting requirements, data exchange formats,

and controlled vocabularies to formalize the requirements

of the proteomics community and to encourage participa-

tion in multidisciplinary collaborative projects, such as the

Functional Genomics Experiment (FuGE) and Functional

Genomics Investigation Ontology (FuGO), in order to ac-

celerate the collation, comparison, and analysis of “multi-

omics” datasets [66]. HUPO PSI’s specified standards have

already been successfully implemented in the field of MS

and molecular interactions, including TraML format for ex-

change of SRM transition lists [67], mzIdentML data standard

for MS-based proteomics results [68], PSICQUIC and PSIS-

CORE for accessing and scoring molecular interactions [69],

and the International Molecular Exchange (IMEx) consor-

tium for protein interaction data curation [70]. According

to a 2012 assessment, within 10 years of its establishment,

the HUPO PSI has gained considerable popularity among

the proteomics community worldwide and established itself

as the foremost representative in the field of proteomics

for facilitating data comparison, exchange, and verification

[71].

While continuous introduction of new proteomic tech-

nologies with improved sensitivity and high-throughput capa-

bility is overcoming some existing technological limitations,

integration of proteomics research with other emerging re-

search fields and collaborative research work at a global scale

is also essential for translation of the existing knowledge into

practical clinical applications.

5 Concluding remarks

The development of simple, accurate, low cost, and stable

diagnostic tests and the implementation of these tests in

developing countries are crucial since approximately 90%

of infectious disease-associated deaths occur in developing

countries mainly due to the lack of early diagnosis and timely

treatments [72]. Certainly, one of the most promising ap-

plications of proteomics in clinics is the identification of

next generation diagnostic, prognostic, or disease biomark-

ers that can effectively improve diagnostics and therapeu-

tics. High-throughput proteomic technologies suitable for the

rapid screening and quantification of thousands of analytes

with high accuracy are needed for the finding of authentic

biomarkers. Ultimately, the primary objective of proteomics

biomarker discovery research is to establish novel candidate

markers that can be clinically useful, as well as to translate the

existing findings into practical applications in diagnostics and

therapeutics. However, in spite of having tremendous poten-

tial, actual bed-side translation of the findings obtained from

proteomic research has thus far been limited. The efforts

of the proteomics community have started to show results,

as is evident from success stories, such as the OVA1 test,

which has obtained FDA clearance [73]. Even though most of

the biomarkers identified in various proteomic studies show

promises in the discovery phases, they cannot get approval

without passing the validation stage and clinical trials, which

is a complex and long-term procedure. While the global ini-

tiatives, such as the Human PPP, the Human Plasma Pep-

tide Atlas, and the HUPO PSI, are designed to identify and

characterize the inclusive proteomes of plasma, connect the

existing plasma/serum proteomics studies across the world,

and establish a high-quality uniform standard for proteomics

analysis, it is also the collective responsibility of individual re-

search groups to integrate their research findings with these

ongoing worldwide initiatives.
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