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ABSTRACT.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Over the past decade, chemical labelling with isobaric tandem mass tags, such as isobaric tags for relative and absolute quantification reagents (iTRAQ) and tandem mass tag (TMT) reagents, has been employed in a wide range of different clinically orientated serum and plasma proteomics studies. In this review the scope of these works is presented with attention to the areas of research, methods employed and performance limitations. These applications have covered a wide range of diseases, disorders and infections and have implemented a variety of different preparative and mass spectrometric approaches. In contrast to earlier works, which struggled to quantify more than a few hundred proteins, increasingly these studies have provided deeper insight into the plasma proteome extending the numbers of quantified proteins to over a thousand.

[bookmark: _Toc483395813]Introduction
With the emergence of proteomics technology that has enabled the detailed characterization of complex organelles and biological fluids, plasma proteomics has maintained attention as a source of biomarkers for disease status and prediction (Pernemalm & Lehtio, 2014). To date a wide body of research has indicated that there may be in the order of thousands of proteins detectable in plasma (Nanjappa et al., 2014), however, the number of proteins that have been detected in multiple data sets is substantially less. Moreover, beyond qualitative representation a quantitative component is essential for any comparison. Amongst the quantitative proteomic methods that have been developed and applied, chemical labeling with isobaric tandem mass tags (Ross et al., 2004; Thompson et al., 2003) has been amongst the most popular methods of the past decade (Evans et al., 2012; Rauniyar & Yates, 2014). The iTRAQ method and isobaric labeling in general has been previously covered in detailed reviews including some indication of their usage in biomarkers studies, to which the reader is referred for additional information (Evans et al., 2012; Rauniyar & Yates, 2014)(Westbrook, Noirel, Brown, Wright, & Evans, 2015).  In this review we present a critical overview of the applications in which stable isotope isobaric labelling has been employed for serum or plasma analysis, which, unless otherwise indicated, refer to human samples, and on the basis of the literature identified describe applications with the commercially available TMT and iTRAQ reagents only. We will use plasma as the general collective term for serum and plasma and refer the reader to specific details of the given references. 

Isobaric peptide labeling strategies have predominantly targeted the N terminus and lysine residues (there are also cysteine reagents), using an N-hydroxysuccinimide-reactive group that promotes peptide aminolysis with substitution of a bipartite adduct consisting of a mass balance and reporter (Ross et al., 2004). The intensity of distinct fragment reporter ions at different m/z values, which arise from the different isobaric combinations of heavy and light C, N and O isotopes in the reagent’s alternative forms, are detected in the tandem mass spectra of the pooled labeled samples and used to determine the relative contribution/abundance of peptides and thereby the relative quantification of proteins. Reagents have been produced to permit 2, 4, 6, 8, 10 and 12-plex comparisons. Through the use of isotopologues, where the 6.32 mDa mass difference between positional variations of 13C and 15N substitutions are combined (as are currently used in the 10 and 12-plex reagents), multiplexing up to 18-plex has been suggested as a future possibility (McAlister et al., 2012).
 A striking characteristic of plasma proteome datasets, with or without labeling, has often been the relatively small number of proteins identified in comparison to analyses of cells or tissues (Tu et al., 2010). Until recently many of the published studies in which iTRAQ or TMT reagents were used in the analysis of plasma have only reported several hundred proteins (identified with >2 unique peptides), and often fewer being detected consistently in multiple experiments. These failings can be partly attributed to the heterogeneity of plasma between individuals and the wide abundance range of plasma proteins. On account of the latter, whilst much of the methodology for labeling, subsequent fractionation and mass spectrometry may be alike with other isobaric labeling applications, additional considerations have been made in terms of sample preparation. To provide the reader with a concise overview of the technology and the types of applications, this review is divided into sections first describing the methodology used and then subdivided by the classes of disease and health concerns studied. 
[bookmark: _Toc483395814]Methodology
[bookmark: _Toc483395815]Labeling and General Protocols
In keeping with other proteomic applications using isobaric labeling, the key steps in plasma preparation and analysis are the same, i.e. denaturation, digestion, labeling, fractionation and mass spectrometric analysis. However, most frequently some kind of pre-fractionation has been performed to remove the most abundant proteins (Figure 1). Amongst the literature several publications have been reported in the format of general protocols for iTRAQ analysis of plasma (Koutroukides et al., 2013; X. Song et al., 2008; Tonack et al., 2009; Tonack, Neoptolemos, & Costello, 2010). In the earliest of these, Song, X et al. (2008) used a workflow typical of its era in which immuno-affinity depletion was followed by digestion, labeling, fractionation by strong cation exchange chromatography (SCX) and then LC-MS/MS with electrospray ionization (ESI). In this example only 73 proteins (identified by at least two peptides each) were quantified in all eight iTRAQ experiments. This level of proteome coverage pales in comparison to recent work where improvements in many aspects of the analytical instrumentation, including depletion, UHPLC separation and innovations in mass spectrometry, has provided quantification of over a thousand proteins, (Keshishian et al., 2015).  In the work of Dayon et al. they evaluated the merits of label-based and label free analysis of depleted and undepleted sera (L. Dayon & Kussmann, 2013), and in a subsequent publication presented an automated set-up for depletion, buffer exchange, digestion and TMT labeling followed by 1D separation and ESI analysis with an Orbitrap Elite (Thermo Scientific) (L. Dayon, Nunez Galindo, Corthesy, Cominetti, & Kussmann, 2014). In a large scale practical application with the latter system 365 proteins were identified in 304 TMT 6-plex experiments, however, only 110 proteins were identified in all 1005 samples (Cominetti et al., 2015). The absence of additional fractionation after labelling is a likely cause for the limited depth and consistency of these plasma profiles.

Several technically orientated articles have considered the merits of the different multiplex options and the comparison of preparative steps, such as depletion of the abundant proteins and fractionation of the labeled mixtures (Patel et al., 2012; Pernemalm et al., 2008; Pichler et al., 2010; Pottiez, Wiederin, Fox, & Ciborowski, 2012). For example, in the study of Keshishian et al. they evaluated whether any fewer proteins were identified with 6 and 10-plex TMT reagents, when compared to 4-plex iTRAQ. They found that 9% fewer proteins were detected with a TMT 6-plex experiment and 17% fewer were detected in the TMT 10-plex experiment. Earlier studies similarly indicated that protein identification is more successful using ESI with 4-plex reagents than 6 or 8-plex, (Pichler et al., 2010), although these were not tested with plasma. Pottiez et al., however, reported in their LC-MALDI based plasma analysis that the 8-plex reagents were preferable to 4-plex, providing more consistent ratios without compromising protein identification (Pottiez et al., 2012). To date 4-plex labelling has been the most frequently used approach, as can be seen in Figure 1b.

Whilst primarily designed for peptide labeling, labeling at the protein level has also been demonstrated with TMT and iTRAQ reagents (Wiese, Reidegeld, Meyer, & Warscheid, 2007) (Sinclair & Timms, 2011). However, it has also been noted that labeling of lysine residues negatively affects trypsin digestion. Sinclair et al. evaluated different digestion combinations, trypsin and chymotrypsin vs. trypsin and Glu-C, with the aim to improve the digestion efficiency of TMT labeled proteins from depleted serum (Sinclair & Timms, 2011).  Using a series of temporal samples from women with pancreatic ductal adenocarcinoma they employed two separate work flows that differed by the depletion system and fractionation of the labeled proteins. Overall a larger percentage of the proteins digested with trypsin and chymotrypsin were quantified.

In all situations, particularly with small lists of detected proteins and the comparison of a few sample pools, normalization of the data is a concern. To achieve comparison of multiple labeling experiments many researchers have used a common pooled reference material that is labeled and included in each set of measurements (Rauniyar & Yates, 2014). As an alternative approach, Herbrich et al. presented a method that used the biological data itself to achieve normalization (Herbrich et al., 2013). The latter method was subsequently used in the presentation of results from a wide scale plasma proteomics study of nutrition (Cole et al., 2013).

Sample handling is a vital consideration in the search for differentially abundant proteins. Hassis and coworkers used iTRAQ to evaluate the effects of pre-analytical variables on the stability of the plasma proteome (Hassis et al., 2015). They determined the influence of the time delay (0.5, 6 and 96 h) and temperature (RT & 37 ˚C) before processing, freeze thaw cycles and long term storage (14-17 years). They concluded that the time prior to processing was the most significant variable. Notably, although one of their tested pre-analytical storage conditions of four days at 37 ˚C might seem somewhat unlikely, amongst the 83 differentially abundant proteins observed at this condition were many that have been frequently detected in biomarker studies. In contrast, on the basis of the results combined in the multi-centric study presented by Mateos et al. (Mateos et al., 2017), comparing the effect of pre-analytical variables on the quality of plasma samples using different proteomic methods (including iTRAQ), they reported that delayed processing of blood samples and the number of freeze/thaw cycles had little effect on the integrity of proteins in the plasma samples. In another detailed study concerning sample handling, iTRAQ was used to evaluate the influence of serum clotting time upon protein abundance (Govorukhina et al., 2009). Here they found that in addition to changes with fibrinogen peptides, leucine-rich alpha-2-glycoprotein decreased with longer clotting times.

[bookmark: _Toc483395816]Depletion of Abundant Proteins 
The plasma proteome spans a concentration range of 10 orders of magnitude (Anderson & Anderson, 2002): from albumin, which represents around 50% of the protein mass, to low abundance cytokines, with the 22 most abundant proteins having been reported to account for up to 99% (Nanjappa et al., 2014). Subsequently, plasma proteomics data sets are frequently limited in the number of proteins identified and quantified, and although the disease state can be reflected by the moderately abundant proteins that are quite amenable to detection by general proteomics methodology, disease specific markers may be somewhat less abundant. To enable the detection of lower abundance plasma proteins many researchers have used antibody-based affinity methods to remove (i.e. immunodeplete) the most abundant proteins. The depletion of the high abundance proteins has the advantage of reducing or avoiding overloading of the chromatographic and detection systems, and creating a sub-fraction of the plasma proteome with a reduced range of abundance. 

Immuno-affinity based applications have ranged from removal of albumin only or albumin with IgG and evolved to the targeted removal of the top 3,  6, 7, 12, 14 or 20 most abundant proteins (Table 1). The frequency that these different approaches have been used in the literature presented in this review is indicated in Figure 1a. Amongst the major commercial products are the Multi Affinity Removal System, (MARS, Agilent) and the Seppro IgY products (developed by GenWay Biotech). The MARS systems use a mixture of polyclonal IgG antibodies attached to polymeric beads and the IgY products are derived from avian polyclonal immunoglobulin yolk (IgY) antibodies. In terms of their relative performance, lower cross-reactivity to non-target proteins and higher affinity for their targets have been reported for the IgY columns (Shi et al., 2011).  Tandem depletion methods have also been developed to extend the range of depletion targets to estimates of 60 and 155 proteins (Keshishian et al., 2015; Patel et al., 2012). The more extensive depletion media have been developed by immunizing chickens to sera depleted of the top 12 or 14 proteins to produce antibodies that enable removal of a wider range of targets. These so called SuperMix columns (Sigma Aldrich) are used in combination with columns removing the original targets (i.e. the IgY12 or IgY14). The enrichment achieved from these depletion steps has been estimated as 10-fold for the IgY14 alone, increasing to 100 fold for the combination (Shi et al., 2011). Juhasz et al. used iTRAQ together with a LC-MALDI MS/MS work flow and demonstrated that the SuperMix column provided consistent depletion and increased coverage of the plasma proteome (Juhasz et al., 2011). They reported 870 proteins in total, with 480 detected in nine iTRAQ experiments.  Patel et al. used iTRAQ with ESI- LC-MS/MS and evaluated the off-target effects of two different depletion systems; one which removed albumin and immunoglobulins, and the other the SuperMix system, which they estimated removed 155 proteins (Patel et al., 2012). They reported that the abundant proteins were quantified better with the removal of albumin and immunoglobulins only, while lower abundance proteins were better evaluated using the exhaustive immunodepletion. Although they only reported identification of 412 proteins in total (120 present in both the IgY12 and the IgY14 + SuperMix fractions), in studies using the same depletion strategy with more recent MS instrumentation, quantification of in the order of 1500 proteins has been reported (Jones et al., 2013). 

On the basis of gel-based comparison of the flow-through, bound fraction and untreated plasma, earlier publications have suggested that these depletion systems provide high efficiencies (i.e. 99-100% removal). However, in our practical experience depletion is never complete and the depletion targets can still be detected by mass spectrometry with reasonable sequence coverage. The major depletion targets are biologically important plasma proteins, and their differential abundances often been reported in plasma labelling studies with and without depletion. Typical examples include haptoglobulin, alpha-1-antitrypsin, and alpha-2-macroglobulin. For example, Boichenko et al. observed differential abundance of several immunodepletion targets (A1AT, HPT, TRFE, IGHA1, and IGHG3), for which the differences were confirmed for A1AT, HPT and TRFE in the undepleted serum (Boichenko et al., 2014). 

As an alternative to immuno-affinity depletion, Proteominer hexapeptide beads (BioRad) have been used (Ernoult, Bourreau, Gamelin, & Guette, 2010; Pernemalm et al., 2008). This combinatorial library of hexapeptides theoretically presents a ligand for every protein. Here, by weight of numbers the sample is simplified as the more abundant proteins quickly saturate their targets and the excess pass through with the flow-through, whilst the lower abundance proteins are retained and subsequently released for analysis. ITRAQ-based comparisons of immuno-affinity depletion platforms and hexapeptide beads in the analysis of serum/plasma have reported similar numbers of proteins with both methods with some complementary and additional identifications (Dwivedi, Krokhin, Cortens, & Wilkins, 2010; Ye, Sun, Huang, Zhang, & Zhao, 2010).  There have, however, been some indications that the relative capture efficiencies of the hexapeptide beads can vary as much as two-fold with some proteins (Dwivedi et al., 2010).

Isobaric labeling analyses of plasma samples have also been made without immunodepletion or ligand affinity (Al-Daghri et al., 2014; Y. Liu et al., 2013; Saminathan et al., 2010; B. Song et al., 2014), including direct labeling of undepleted plasma, as well as other modes of fractionation followed by labeling. For example, undepleted serum was TMT labelled, followed by on-line fractionation in a study of biomarkers of cardiac injury (Y. Liu et al., 2013; B. Song et al., 2014). In another depletion-free approach, a three-dimensional fractionation strategy was used. This included protein fractionation by size exclusion chromatography, followed by iTRAQ peptide labelling, then high pH reverse phase fractionation and finally low pH (regular) reverse phase LC-MS/MS (Al-Daghri et al., 2014). They indicated reproducible analysis of 2472 proteins, although did not distinguish single peptide hits. Lukzac and co-workers, evaluated the optimal methods plasma for sample pre-treatment prior to quantitative analysis using iTRAQ labelling and LC-MALDI-TOF/TOF. They concluded that SCX chromatography without affinity depletion was the best plasma sample preparation pre-treatment method reporting high reproducibility of the analysis of 1427 proteins (Luczak, Marczak, & Stobiecki, 2014).  SDS-PAGE has also been used as a pre-fractionation method prior to labelling (L. Zhang et al., 2008). As another alternative to change the range of protein abundance, solvent-based precipitation methods have been used (Crawford et al., 2012; Seth et al., 2009). In an alternative variant of solvent precipitation, Kodera and coworkers used differential solubility to isolate native peptides from plasma. This was applied with 6-plex TMT reagents to compare pooled pre-surgery to post-surgery samples from renal cell carcinoma patients (Kodera et al., 2014). 

[bookmark: _Toc483395817]Fractionation of Labeled Peptides:
Following chemical labeling, sample fractionation is necessary to achieve accurate quantitative representation of the plasma proteome. This step increases the scope for identification and importantly can improve the accuracy of relative quantification by reducing the co-isolation of the parent ions for tandem mass spectrometry and the influence of chimeric spectra and mixed reporter ion signals (Evans et al., 2012).  The issue of ratio compression due to co-isolation of multiple precursors is amongst the key limitations of the use of isobaric labeling in quantification (Ow et al., 2009). A number of solutions have been introduced to tackle this, including improved chromatographic fractionation (Ow, Salim, Noirel, Evans, & Wright, 2011), real-time precursor filtering (Wenger et al., 2011), precursor charge manipulation (Thingholm, Palmisano, Kjeldsen, & Larsen, 2010; Wenger et al., 2011), and MS3 of the most intense precursor (Ting, Rad, Gygi, & Haas, 2011).

Both off- and on-line fractionation with orthogonal separation methods have been employed to simplify labeled mixtures. Figure 1c indicates the relative frequency that the more common approaches have been used in the literature presented in this review. Off-line strong cation exchange (SCX) fractionation has been used in the majority of studies, although this is increasingly being replaced by other approaches. For SCX, the labeled fractions are pooled, dried, acidified, either diluted or desalted, then eluted using a salt gradient and fractionated on the basis of size and charge. Non-volatile salts have been used for off-line fractionation (e.g. KCl) and volatile salts are necessary for on-line systems (e.g. ammonium formate). Removal of the labeling buffer (usually TEAB) prior to loading is important due to its cationic nature, as is the removal of the hydrolyzed reagents. Avoidance of salt concentrations greater than 10 mM is important to ensure recovery of the labeled peptides. The Polysulfoethyl columns from Poly-LC (Neste group) have been by far the most widely used column type. Notable examples where SCX fractionation has been used include the study by Juhasz et al., where it was used in combination with tandem depletion and LC-MALDI (Juhasz et al., 2011), reporting 470 proteins detected in nine iTRAQ experiments, the ESI study of gastric adenocarcinoma by Subbannayya et al., where they reported identification 643 proteins (Subbannayya et al., 2015) and the ESI & MALDI study of Zhang, X and co-workers where they reported 1044 proteins (X. Zhang et al., 2016). SCX fractionation has mostly been performed off-line, necessitating additional concentration and desalting steps. Surprisingly, the on-line Multidimensional Protein Identification Technology (MudPIT) approach (Link et al., 1999), which is advantageous in terms of reduced sample handling and losses, has been less frequently employed. In the related studies of Song, B et al. and Liu, Y et al. they used MudPIT in the analysis of TMT labelled undepleted serum (Y. Liu et al., 2013; B. Song et al., 2014) with which they reported identification of in the order of 380 proteins in both studies. 

From a similar area of separation technology as SCX, anion exchange columns have been used to fractionate iTRAQ samples, including separation based on hydrophilic interaction chromatography (HILIC). Jing et al. used both SCX and HILIC for pre-fractionation with analysis with ESI and LC-MALDI for an iTRAQ study of a mouse model of coronary heart disease (Jing et al., 2011). Whilst their data indicated that the two MS platforms gave complementary information, they combined the data from both fractionation methods and did not provide any comparison. Larkin et al. implemented HILIC in a variation of the three dimensional depletion-free strategy initially described by Al-Daghri (Al-Daghri et al., 2014), notably identifying in the order of a thousand proteins (Larkin et al., 2016). Another alternative using anion exchange columns for fractionation is Electrostatic Repulsion-Hydrophilic Interaction Chromatography (ERLIC), which was used by Datta et al. in a study where they enriched plasma mircovesicles in a study of lacunar infraction (A. Datta, Chen, & Sze, 2014).

Reversed-phase fractionation at a basic pH (10-11) has emerged as popular alternative to SCX and was used in the work by Keshishian et al. in which in the order of 5000 proteins were reported (Keshishian et al., 2015). The reversed phase separation and fractionation of peptides at a basic pH is orthogonal to the separation of ionic species at normal (acidic) pH. Typically a gradient of a basic aqueous solution of ammonium formate is run against an increasing percentage of acetonitrile. When performed with volatile elution buffers additional desalting can be omitted. Liu, CW and co-workers used high pH reversed-phase fractionation for nine 10-plex TMT labelled plasma samples from ten subjects (10 TMT experiments), reporting identification of 1828 proteins with an impressive figure of 1009 proteins detected in all 90 samples. 

As a non-chromatographic option, peptide isoelectric focusing has been used with both immobilized pH gradients (IPG) (X. Chen, Shan, Jiang, Zhu, & Xi, 2013; Y. Liu et al., 2014; Pernemalm et al., 2009; Pernemalm & Lehtio, 2013) and off-gel approaches (Chenau, Michelland, Sidibe, & Seve, 2008; Ernoult et al., 2010; Jones et al., 2013; Kumar et al., 2012; Pottiez et al., 2012). Using IPG strips Pernemalm et al. have demonstrated the potential of narrow-range peptide IEF for plasma analysis (Pernemalm et al., 2009). Amongst the examples of applications of off-gel IEF is the laboratory and instrument performance comparison by Jones et al., in which plasma was first fractionated with tandem immuno-affinity columns then the labeled peptides fractionated by IEF to create 30 fractions (Jones et al., 2013); between 900 and 1300 proteins were quantified with the different ESI platforms.

Rather than fractionate on the basis of chromatographic or electrophoretic properties, Acosta-Martin et al. used the data independent Precursor Acquisition Independent From Ion Count (PAcIFIC) approach, scanning selected mass ranges with a series of injections in the ESI analysis of plasma from abdominal aortic aneurysm (AAA) patients (n =17) and controls (n = 17) (Acosta-Martin et al., 2011). They use a combination of spectral counting and labelling with TMT reagents. A potential weakness in using DIA with labelled unfractionated samples is from the co-isolation of multiple precursors and hence mixed reporter ion signatures.  

[bookmark: _Toc483395818]Targeting Post Translational Modifications 
Most plasma proteins are glycoproteins and aberrant patterns of protein glycosylation have been implicated in many diseased states (Matei, 1997). A number of research groups have used isobaric labelling to study these in cancer patients (vide infra). In these measurements the work flows have included immuno-depletion, digestion and labeling followed by affinity enrichment to capture the glycosylated peptides. Up to 350 glycosylated proteins have been identified including putative biomarkers, for example, of ovarian and pancreatic cancer (Nie et al., 2014; J. Wu et al., 2012). Notably in the 2014 study by Nie et al., TMT labeling was performed before digestion (Nie et al., 2014). Also amongst these glycosylation targeting applications was the use of the Perkin-Elmer Exact-Tag 10-plex isobaric reagents in which fucosylated glycoproteins were identified in the serum of ovarian cancer patients (J. Wu et al., 2012). 
Kristensen et al. used HILIC fractionation of iTRAQ labeled plasma followed by a titanium dioxide enrichment step that isolated both phosphopeptides and sialic acid-containing glycopeptides. With the combination of the identifications from flow through and the enrichment a total of 720 proteins were detected, including 220 represented by two or more peptides.
Protein carbonylation is another post-translational modification that has been investigated with isobaric labeling. This has been studied in plasma samples from breast cancer patients and in a study of T2D in a rat model (Madian et al., 2011; Madian, Diaz-Maldonado, Gao, & Regnier, 2011).  To isolate proteins displaying this modification, biotin hydrazide was used to derivatize carbonyl groups and the biotinylated proteins subsequently enriched by avidin affinity, digested and labeled with iTRAQ reagents. In the study of carbonylation in breast cancer the authors chose not to use immuno-depletion, in order to avoid unspecific binding, and reported identification and quantification of 160 carbonylated proteins (Madian et al., 2011). 

 
[bookmark: _Toc483395819]Mass Spectrometry and Chromatography
The analyses of iTRAQ & TMT labeled samples have been conducted with both MALDI and ESI tandem mass spectrometry. Overall ESI has been used four times more frequently than MALDI (as indicated in Figure 1d).  Initially, the analysis of iTRAQ labelled samples were made using instruments with time of flight mass analyzers (the Applied Biosystems instruments in particular), today, however, Orbitrap mass analyzers are clearly amongst the most common.  For chromatographic separation mostly all the studies have used 75 μm i.d. packed capillary columns with nano-spray for ESI and spotting robots for MALDI. Earlier applications used 10 and 15 cm columns packed with 5 µm particles, although increasingly smaller (< 2 µm) UHPLC particles and longer columns (20-45 cm) are being used. 
As a general indication of the capabilities of the recent generation of mass spectrometers for the ESI analysis of depleted and fractionated plasma samples, Jones et al. compared the results of several typically equipped labs, including analyses using the Thermo Scientific Orbitrap-Velos and Q-Exactive and the AB Sciex TripleTOF 5600 (Jones et al., 2013). Based on the analysis of serum depleted of an estimated 155 proteins and fractionated by IEF (30 pooled fractions derived from 60 fractions), 1584 proteins were quantifiable from the combined data, of which 706 were common to the different platforms (Jones et al., 2013). Keshishian et al. exceeded this level of detail, reporting confident identification of over 5,300 proteins, with 3,390 quantified in multiple experiments (Keshishian et al., 2015). In this study of microcardial infarction (in 16 subjects), tandem depletion of plasma samples (here they estimated removal of in the order of 60 proteins) together with high pH reverse phase fractionation of the labelled peptides were used. Furthermore, they reported that the coverage of the plasma proteome was 5-fold better than their earlier label free approach (Addona et al., 2011).

The number of proteins detected, quantified and reported is nevertheless dependent on the entire work flow from preparation and separation, the MS instrument and parameters used plus the choices made in data analysis (for example the database and filtering criteria). Without re-analyzing all these data with unified metrics an accurate estimation of the relative success of these experiments is difficult. Notably, for example, in accompaniment to their recent TMT study of the maturing proteome, Liu, C.W. and co-workers, re-analysed Keshishian’s data and stated that the breadth of the proteomic coverage was somewhat less, indicating that using their own parameters the extent of high confidence quantitative data was in the order of 1,500-2,500 proteins (C. W. Liu et al., 2016). From their own 10-plex TMT data they reported 1,800 proteins, with in the order of 1,000 proteins detected in all reporter channels of their ten 10-plex TMT experiments. 

The application of LC-MALDI for the analysis of isobarically labeled samples does not rely upon on-the-fly analysis, and thus pre- and post-defined acquisition methods can be used to avoid oversampling. Also as the peptide ions generated are mostly singly charged, contrasting with the predominance of double and triple charged ions with ESI, crowding of m/z space and precursor overlap is reduced. Van der Greef et al. reported clearly on the experimental design for iTRAQ experiments, alluding to datasets of 86 and 64 iTRAQ 4-plex experiments (van der Greef et al., 2007), from which approximately 230 proteins were detected in more than half the samples. A notable example in terms of protein identification is the LC-MALDI work of Miike et al. (Miike et al., 2010). Using the combination of depletion of the six most abundant proteins, reversed phase protein fractionation, labeling and then strong cation exchange chromatography (SCX) of the labeled samples, they reported the identification of 4,000 proteins and demonstrated gender differences (n = 12 vs. 12) were detectable in this way. Whilst this was far ahead of the field in terms of the number of proteins detected at the time of publishing, notably there were two preparative steps before labeling and the labor intensive nature of the work could limit its applicability to multiple samples.
[bookmark: _Toc483395820]Study size, Discovery and Validation Cohorts
The studies using isobaric labelling of plasma have tested the availability of detectable plasma biomarkers with the sample sizes ranging from a few individuals up to hundreds. Often the larger studies have involved the pooling of tens of samples, comparing the diseased or treated with pooled controls.  Although the labeling necessitates fractionation, it is in this respect that when compared with label free methods isobaric labeling empowers biomarker discovery by permitting parallel processing and sub-fractionation of labeled samples. Here, the use of one of the reported ions as a reference channel overcomes issues associated with sample recovery and loading, and can accommodate changes in signal intensity. The analysis of suitably pooled samples can potentially deliver important information of lower abundance markers that necessitate follow up and validation. In view of the latter it is clear that the size of the discovery and validation cohorts is important. 
Boichenko et al. presented a discovery to validation pipeline for the identification of biomarkers from the serum of patients with cervical intraepithelial neoplasia (CIN) and squamous cell cervical cancer using iTRAQ (Boichenko et al., 2014). In this they began with an iTRAQ-based discovery phase, followed by confirmation and verification with a label free approach, and finally validation with MRM. They equated this pipeline with the expectations of decreasing numbers of protein targets and increasing sample/subject numbers. Here, they identified six protein targets in the discovery phase (nine cervical cancer patients and 17 controls), then analyzed samples from 59 mixed cancer patients and 84 controls in verification measurements, and 180 mixed cancer patients and 50 controls in validation.
As another practical example, Gu et al. investigated the availability of serum biomarkers of acute aortic dissection (AAD), comparing sera from 60 AAD patients with sera from 30 patients with acute myocardial infarction and 30 healthy volunteers (Gu et al., 2011). On the basis of this data they identified lumican as a biomarker of vascular injury, which was supported by ELISA validation in the 120 subjects, although no independent cohort was tested. Similarly, Song, F. et al. used iTRAQ to compare plasma pools from patients with mild cognitive impairment (MCI, n = 261), Alzheimer’s disease patients (n = 19) and cognitively normal subjects (n = 411). Western blotting was used to confirm that afamin was decreased and IGHM increased in the sample pools from the same subjects (F. Song et al., 2014). In a later study they compared these data from an additional cohort of MCI subjects (n = 180) and controls (n = 153). 
In their study of type 2 diabetes (T2D) Kaur et al. used a randomized pooling strategy to compare T2D patients (n = 106) with controls (n = 76). They subsequently used Western blotting, SRM and qPCR to validate several differentially abundant proteins. Apolipoprotein A1, afamin, transthyretin (TTR), fibronectin, and vitamin D-binding protein (GC) were verified with MRM-based targeted proteomics in an independent cohort (n = 72) (Kaur et al., 2012). 
In a small scale study, Zhou, C.  et al. considered the statistics and study design for biomarker discovery by plasma proteomics (Zhou et al., 2012). On the basis of their power calculations from the technical and biological variance of data from healthy volunteers and patients with pancreatic cancer, they suggested that six samples per group could provide sufficient statistical power for most of the proteins detected in their data with changes greater than two-fold. 

[bookmark: _Toc483395821]Differentially Abundant Proteins
A key aim of many of these studies has often been biomarker identification, for which lists of differentially abundant proteins have been reported that are typically in the order of ~15-20% of the detected proteome. For example, in many of the latter day applications, amounting to 35 out of 210 proteins (>2 unique peptides), or presently in the order of hundreds of proteins and in instances with larger identification lists. As most frequently these have been cross sectional comparisons, i.e. of a specific disease state vs. control, it is noteworthy that in the analyses of the serum proteome in maturing children (~1 to 15 years of age), Liu CW et al. observed temporal profiles for 900 hundred proteins (C. W. Liu et al., 2016), underlining the importance of selecting suitable matched controls when comparing subjects. 

While many plasma biomarker studies have strived to identify the lower abundance proteome, disease related patterns and differences in the moderately abundant proteome and depletion targets have frequently been reported. Moreover, since the fundamental processes moderated by the plasma proteome, such as inflammation and coagulation, are concomitant with a range of health disorders, common markers might be expected between similar or related diseases. Accordingly, the observation of the common proteins markers in different cancers and viral infections has been reported (Percy, Chambers, Yang, & Borchers, 2013; Polanski & Anderson, 2007)(Ray, Patel, Kumar, Damahe, & Srivastava, 2014). For example, alpha-1-acid glycoprotein 1 (ORM1) has been detected in non-small cell lung cancer (F. Zhang et al., 2014) and gastric adenocarcinoma (Subbannayya et al., 2015), and apolipoprotein A-IV (APOA4) in ovarian (L. Li, Xu, & Yu, 2012) and pancreatic cancers (Nie et al., 2014). Likewise, many studies have reported elevated inflammatory markers, such as C reactive protein (CRP) and/or Serum amyloid A-1 protein (SAA1) (He et al., 2014; Rice et al., 2015; Walker et al., 2015; F. Zhang et al., 2014), for example, in plasma of patients with lung and liver cancer, and elsewhere in relation to circulation and cardiovascular risk (Kristensen et al., 2014; Satoh, Maniwa, Oda, & Matsumoto, 2013; B. Song et al., 2014), including atherosclerosis and aortic aneurysms. 

In Figure 2 we have summarized the top 20 most frequent markers on the basis of the available tabulated data from the articles included in this review. Examples amongst these include the differential abundance of plasma fibronectin, which has been reported in relation to hepatocellular carcinoma, abdominal aortic aneurysms, pulmonary tuberculosis and conotruncal heart defect to name but a few. Similarly, differences in plasma gelsolin have been reported in comparisons of sepsis, aneurysmal subarachnoid hemorrhage, and post-stroke depression. The reoccurrence of the same markers in different diseases could be seen as a limitation to the utility of plasma proteomics. It should also be noted that since the representative peptides of each protein are often considered to represent a single entity that the details of potentially important proteoforms should not be overlooked (Smith, Kelleher, & Consortium for Top Down Proteomics, 2013). Furthermore, the importance of lower abundant proteins may become more apparent as increasingly plasma protein lists grow from hundreds to thousands (Keshishian et al., 2015)(C. W. Liu et al., 2016). 

[bookmark: _Toc483395822]Applications of Isobaric Labeling for Serum and Plasma Proteomics 
It may be that having been the first commercially available variant of these isobaric labeling reagents that iTRAQ currently accounts for by far the largest proportion of the publications using this quantitative approach (Westbrook et al., 2015). Collectively the applications of isobaric labeling of the plasma proteome have ranged from cancer to autoimmune diseases, as well as the influence of life style (smoking and nutrition) and environmentally influenced afflictions (occupational exposure). The references included in this review have not been restricted to human plasma, as for example ape models have been used to study the effect of viral infections (Wiederin et al., 2010; Wiederin et al., 2012), xenographs have been made for tumor models (Chong, Lee, Zhou, Liu, Loh, So et al., 2010), and other animal-based disease models (rat or mouse).  In addition to regular profiling of the plasma proteome, some studies have targeted glycosylation (Ueda et al., 2010) and carbonylation (Madian et al., 2011). These different fields of applications are summarized as follows and in Tables 2, 3, 4 & 5 and Figure 3.
[bookmark: _Toc483395823]Cancer
There are more than 100 different types of cancer (named on the basis of the type of cell, organs or tissues where they occur), which account for in the order of 8 million deaths annually and have thus driven a large body of international research towards their prevention, diagnosis and treatment. Accordingly there have been many cancer orientated proteomic studies that, on the basis of our literature review, cover one of the biggest subgroups of plasma proteomic isobaric labelling studies. The nature of these investigations is summarized in Table 3 and Figure 3.

The analytical strategies that have been used have included most of the variants of sample preparation and analysis previously discussed, examples of these are indicated in Table 1. These have often been performed as pooled subject comparisons ranging from a few subjects to over 100, with validations in similar sized cohorts using ELISA, Western blot and SRM methods. Many of the validations have been healthy vs. control, although some have included additional subgroups for cross validation. In such an example, Jenkinson et al. used ESI and iTRAQ to search for serum biomarkers that might provide earlier diagnosis of pancreatic ductal adenocarcinoma (PDAC). Using a pooling strategy, iTRAQ enabled the comparisons of serum profiles from samples prior to and after PDAC diagnosis, chronic pancreatitis and healthy controls (n=150).  MRM and/or western blotting were used in validation using these and 322 additional human samples, including serum from patients with benign biliary disease, type 2 diabetes (T2D) and healthy controls. Lower levels of thrombospondin-1 (TSP-1) were identified prior to diagnosis of PDAC that together with a known cancer marker, CA19-9, provided improved risk classification (Jenkinson et al., 2015). 

Evaluation of the conditions predisposing subjects or enhancing the risk of cancer have included the iTRAQ comparison of plasma from subjects with chronic hepatitis B virus infection -associated hepatocellular carcinoma, non-malignant cirrhosis, chronic hepatitis B, and healthy individuals (Y. Liu et al., 2014). In the latter study ESI analysis was used to compare labelled pools from 15 subjects of each category, with validations extending to a cohort of 310 subjects. Also studying chronic Hepatitis B Virus-related hepatocellular carcinoma (HBV-related HCC), Liu, T. and co-workers used a glycoproteomic approach, indicating that Galectin 3 binding protein was a promising serum biomarker to identify HBV-related HCC (T. Liu et al., 2017).
Studying the changes associated with response to treatment, Wu, W et al investigated proteomic and metabolic signatures of chemoresistance in epithelial ovarian cancer, validating the differential abundance of FN1, SERPINA1 and ORM1 (W. Wu et al., 2016). Taking a somewhat more selective approach to study the effects of chemotherapy on pancreatic cancer, An and co-workers isolated serum exosomes from patients and healthy controls. Using serum volumes of 4 ml per sample and ultracentrifugation they were able to isolate yields of exosomal proteins in the order of 0.2 to 0.6 µg (An et al., 2017). After 4-plex iTRAQ labelling and LC-MS/MS with an Orbitrap Fusion they reported in the order of 700-800 proteins per sample (in total 1559 proteins were quantified), although it is notable that there was not any additional fractionation of the labelled mixtures.

As an example of a rare cancer subtype, in the multilab ESI instrument benchmarking study of Jones et al., hereditary familial colorectal cancer has been studied, with samples from Familial Polyposis Coli syndrome patients (n = 6) and their controls (n = 6), and samples from Lynch syndrome and controls (n = 5) (Jones et al., 2013).

As indicated previously, not all these plasma orientated studies have been direct profiling measurements. Aberrant patterns of protein glycosylation have been implicated in carcinogenesis and a number of research groups have used isobaric labelling to study these in cancer patients (Hu et al., 2015; Nie et al., 2013; Nie et al., 2014; Qin et al., 2013; Shetty, Hafner, Shah, Nickens, & Philip, 2012; Z. Tan et al., 2015; Ueda et al., 2010; J. Wu et al., 2012)(Yin et al., 2015). These applications have targeted ovarian cancer, hepatocellular carcinoma and pancreatic cancer. Another post-translational modification considered has been carbonylation (Madian et al., 2011), which was demonstrated in samples from breast cancer patients. 

In addition to studies with samples from human subjects, animal models and other approaches have been employed. For example, Kristiansson et al. used the immunodeficient SJL mouse to study B cell lymphomas (Kristiansson, Bhat, Babu, Wishnok, & Tannenbaum, 2007) and rodent xenographs have been used is several instances (Bijian et al., 2009; Chong, Lee, Zhou, Liu, Loh, So et al., 2010; Chong, Lee, Zhou, Liu, Loh, Wang et al., 2010; C. Wang et al., 2011), including studies of gastric cancer and oral squamous cell carcinoma. 

[bookmark: _Toc483395824]Circulation and Cardiovascular Risk
Circulatory problems and the risk of stroke are a fundamental concern of the elderly, obese and increasingly with the young. Many aspects of circulation system and cardiovascular risk have been considered in terms of plasma proteomics with isobaric labelling (Table 5). These have included atherosclerotic disease (Kristensen et al., 2014), abdominal and thoracic aneurysms (Acosta-Martin et al., 2011; Burillo et al., 2015; Calvo et al., 2013; Satoh et al., 2013), arterial and pulmonary embolisms (Howes, 2010), aortic dissection (Gu et al., 2011) haemorrhagic shock (Y. Li et al., 2010) and hypertrophic cardiomyopathy (Fucikova et al., 2016). Investigating markers of cardiac injury, Liu and Song used an ape model together with isoproterenol treatment (Y. Liu et al., 2013; B. Song et al., 2014). 
Anderson-Fabry disease (AFD) is a rare genetic disease that is characterized by the lysosomal storage and is often manifested with heart related effects. Hollander et al. compared AFD patients (n = 32) with healthy controls (n =14) and reported gender-specific plasma protein biomarker panels that were specific and sensitive for the AFD phenotype (Hollander et al., 2015). Also, addressing a rare circulatory condition, Liu, R. et al. used iTRAQ to investigate the serum proteome of Legg-Calve-Perthes disease (R. Liu et al., 2015). The panel of 26 differentially abundant proteins indicated that complement and coagulation cascades, and abnormal lipid metabolism might be involved in the pathogenesis of the disease. Western-blot was used to confirm the large differences in expression of S100-A8, apolipoprotein E (APOE) and two depletion targets ORM1 and HPT. 

Several examples of studies of circulation were cited in the previous sections, such as the data independent PAcIFIC method in the TMT analysis of plasma from abdominal aortic aneurysm (AAA) (Acosta-Martin et al., 2011), and the iTRAQ comparison of plasma proteins, sialic acid-containing glycopeptides and phosphopeptides in relation to atherosclerotic disease (Kristensen et al., 2014).  

Patients with chronic kidney disease (CKD) have a considerably higher risk of death due to cardiovascular causes.  Luczak and co-workers used iTRAQ to investigate differences in the plasma of patients with CKD finding differences with proteins involved in lipid metabolism and atherosclerosis, including constituents of high-density lipoprotein (HDL) and low-density lipoprotein (LDL) (Luczak et al., 2016). Notably they used a combination of analytical platforms (ESI & MALDI) and software, reporting 1,038 proteins detected with two or more peptides from 10 iTRAQ experiments analyzing 180 samples with pooling.

Zhang , X, et al. investigated pulmonary arterial hypertension in relation to congenital heart diseases in a group of 140 children (3-11 years) with heart defects (X. Zhang et al., 2016). Detection and quantification of in the order of 1000 proteins were reported, 338 of which were detected with two or more unique peptides. One fifth of the proteins (~200) were differentially abundant amongst the six patient groups studied. ELISA was subsequently used to validate differences in carbamoyl-phosphate synthetase I (CPSI) and complement factor H-related protein 2 (CFHR2) in a cohort of 152 patients.

In the pursuit of pro-atherogenic HDL profiles in coronary heart disease patients, Yan, L et al. progressed beyond direct plasma profiling and isolated the HDL fraction from plasma and depleted this of albumin and IgG prior to iTRAQ labelling (Yan et al., 2014). With this targeted strategy they identified in the order of 200 proteins associated with the HDL fraction. 
In relation to coronary artery disease (CAD), Jing et al. used MALDI and ESI methods to compare the effects of dietary fat on the plasma proteome in an APOE knock out mouse model (Jing et al., 2011). They were able to quantify more proteins with ESI (~400), and with the combined data from the platforms quantified in the order of 600 proteins, detecting differential abundance of several known CAD markers.

In studies on the effects of trauma upon the heart, researchers have probed for markers of myocardial infarction (Juhasz et al., 2011; Keshishian et al., 2015; Lin et al., 2011). Included in these is the previously mentioned work of Juhasz and co-workers, in which they used the IgY and SuperMix depletion columns in series followed by off-line two-dimensional chromatography with fractions directly spotted on MALDI-TOF/TOF plates (Juhasz et al., 2011). With this approach they used nine 8-plex iTRAQ experiments to compare pools (25 in each) from 252 subjects that experienced a myocardial infarction in the four subsequent years and 499 controls who suffered no event in the follow-up. In the order of 30 differential abundant proteins were detected, seven with known associations with CVD risk. 

In relation to treatment and restoring the function of the heart, plasma profiles have been determined to compare different methods in aortic surgery (Oda et al., 2014), to find markers of calcific aortic stenosis in patients after aortic valve replacement (Satoh, Yamada, Maniwa, Oda, & Matsumoto, 2015), and find signatures of both cardiac allograft vasculopathy (Lin et al., 2013) and recovered heart function (Hollander et al., 2014). Other investigations of the heart include a study of mitral valve prolapse, where Tan et al. (H. T. Tan et al., 2013) evaluated whether plasma biomarkers could be used in the evaluation of mitral regurgitation in patients. 

Considering the influence of cerebrovascular irregularities, the plasma proteomics of acute ischemic stroke (Sharma et al., 2015) have been studied. Also regarding a subtype of the latter, i.e. lacunar infraction, Datta et al. enriched mircovesicles from plasma to determine whether differences in their proteomic profiles could be used to predict adverse outcome in the surviving patients (A. Datta et al., 2014). The microvesicle fraction represents fragments of the plasma membrane that are shed from mostly all types of cells and include misfolded proteins, cytotoxic agents and metabolic waste. To enable the study of this informative sub-fraction, 5 ml of serum was processed. They used ERLIC to fractionate the labelled peptides. Whilst larger numbers of protein identifications might be expected from this sub-fraction (Harel, Oren-Giladi, Kaidar-Person, Shaked, & Geiger, 2015), the detail of their analysis was limited to several hundred proteins, although likely challenged by their use of an early Applied Biosystems QSTAR TOF instrument (A. Datta et al., 2014; A. Datta & Sze, 2015). In relation to stroke prognosis, Azurmendi and co-workers investigated biomarkers for survival from aneurysmal subarachnoid hemorrhage, comparing plasma from nosocomially infected (i.e. pneumonia and urinary-tract) and non-infected patients (Azurmendi et al., 2015).

Beyond the effects more pertinent to circulation, Zhan et al. considered post stroke depression (Zhan et al., 2014). Using a quite typical work flow, pooled sera was depleted of the top 14 proteins, labelled with 4-plex iTRAQ reagents and SCX fractionated prior to LC-MS/MS with an AB SCIEX TripleTOF 5600, in the order of 300 proteins were quantified. They observed that proteins involved in lipid metabolism and immunoregulation were differentially abundant. After validation by Western blotting concluded that the combination of increased levels of GSN accompanied by decreased HPT could be a promising as a plasma-based diagnostic biomarker panel post stroke depression.

Turning towards pharmaceutical toxicology, iTRAQ measurements of plasma were included with metabolomics methodologies in the study of drug toxicity in relation to the prevention and treatment of thromboembolic conditions (Andersson et al., 2009). An iTRAQ based LC-MS/MS pharmacoproteomics approach has also been used to analyses plasma protein profiles of 53 patients with a high (n = 28) and low dose of warfarin therapy (n = 25) (Saminathan et al., 2010). 

[bookmark: _Toc483395825]Respiratory illnesses
Amongst the studies of respiratory afflictions, researchers have considered asthma (Singh et al., 2012), acute respiratory syndrome (X. Chen et al., 2013) and airway obstruction in relation to obstructive sleep apnoea (Jurado-Gamez et al., 2012). In all three of these studies a MALDI/TOF/TOF approach was used with iTRAQ labelling. Banville et al. used ESI with iTRAQ to search for serum biomarkers that could potentially distinguish lymphangioleiomyomatosis from other respiratory conditions (Banville et al., 2014). 

Considering illness from recreational drugs, Bortner and co-workers compared the plasma proteome of healthy non-smokers with otherwise healthy cigarette smokers. Several of the differentially expressed proteins were already associated with tobacco related diseases, including lung cancer and chronic obstructive pulmonary disease (Bortner et al., 2011). Colquhoun et al. investigated the effect of smoking on maternal serum from cord blood (Colquhoun et al., 2009).  Although cord blood serum can be richer in intracellular proteins and more varied than matured serum, the study was conducted with older MS instrumentation (Applied Biosystems, QSTAR-Pulsar) and they reported quantification of in the order of 200 proteins. Other studies of respiratory afflictions have included tuberculosis (C. Li et al., 2015; C. Wang et al., 2016; D. Xu et al., 2015; D. D. Xu et al., 2014) and Mycoplasma pneumoniae (MP) infections (Yu et al., 2016) (see below). Examples of these applications are indicated in Table 5a.


[bookmark: _Toc483395826]Autoimmune Diseases
Amongst the autoimmune diseases studied, rheumatoid arthritis (RA) has received some degree of attention (Cheng et al., 2014; Dwivedi et al., 2009; Ortea et al., 2012; Serada & Naka, 2014; Yanagida et al., 2013) (Serada et al., 2010). Several of these RA studies have considered the effects of anti-TNF therapy using the drug infliximab. In comparison to healthy controls (n= 50), Serada et al. observed elevated levels of Leucine-rich alpha-2-glycoprotein in RA (n = 33) and Crohn’s disease patients (n = 22), and found these to decrease with infliximab therapy (Serada et al., 2010; Serada & Naka, 2014). Fischer and co-workers used iTRAQ and metabolomics to identify biomarkers of ankylosing spondylitis (Fischer et al., 2012).
In a study of multiple sclerosis, Tremlett et al. used a LC-MALDI approach to compare the serum of subjects with aggressive and benign multiple sclerosis, finding elevated leucine-rich alpha-2-glycoprotein in the aggressive state (Tremlett et al., 2015). 
Type 1 diabetes (T1D) is caused by the autoimmune destruction of the insulin producing cells in the pancreas, and is associated with genetic risk together with the factors from the environment. Research towards understanding the risk and causes of T1D has included several prospective sample collections from at-risk children (Moulder, Bhosale, Lahesmaa, & Goodlett, 2017). In our own research we have used iTRAQ to compare the longitudinal serum proteome of T1D developing children (n= 13) with healthy controls (n = 13) matched by age, gender and risk, collected in the Finnish Diabetes Prediction and Prevention Study. The serum samples used (n =180) spanned the period of early infancy through to seroconversion and on to diagnosis (Moulder et al., 2015). Based on 27 labelling experiments, together with label free measurements from additional subjects (n = 6 vs 6, 86 samples), the data indicated that the moderately abundant serum proteome could be used to distinguish the subjects en route to developing T1D.  Recently, Liu, C.W. et al. reported TMT analysis of plasma prospectively collected from at risk children enrolled with a T1D study in the USA, observing age related profiles for in the order of 900 proteins (C. W. Liu et al., 2016). The latter analyses detailed the serum profiles of 10 healthy children from ~nine months of age to 15 years using 10 separate 10-plex TMT analyses of plasma depleted of the 14 most abundant proteins. Notably with their combination of high pH fractionation (off-line) and UHPLC analysis with a Q Exactive HF they detected 1800 proteins with quantitative information for ~1000 in all of the 90 samples measured. Other isobaric labelling studies related to T1D have considered complications associated with the disease state addressing diabetic nephropathy, in which samples from 123 subjects were used in the analysis of pooled samples (Overgaard et al., 2010; Overgaard, Thingholm et al., 2010). This range of autoimmune diseases studied and others (H. Li et al., 2013)  are indicated in Table 5a.

[bookmark: _Toc483395827]Type 2 Diabetes, Obesity and Diet
In contrast to T1D (vide supra), type 2 diabetes (T2D) is related to insulin resistance rather than the loss of the insulin producing cells. Although it is generally attributed to lifestyle, in particular diet and obesity, it is influenced by genetics, age and gender. Kaur et al. (as cited earlier) used ESI analysis of iTRAQ labelled albumin and IgG depleted serum to compare pooled samples derived from T2D patients (n = 70) and controls (n =40) (Kaur et al., 2012). They used selected reaction monitoring (SRM) mass spectrometry to validate their finding in an independent cohort (36 vs 36). From their panel of validated markers both afamin and transthyretin provided area under the curve classification of 0.75, based on received operator characteristic curves.
Sleddering et al. compared the influence of a very low calorie diet (VLCD) on obese T2D diabetes patients (n =27) with some following an exercise program (n =13) relative to lean and obese controls (n= 2 x 27) (Sleddering et al., 2014). From eight 8-plex iTRAQ experiments the data indicated that 38% of the proteome was influenced by VLCD, for which they selected several of these to validate using SRM. They grouped and described the validated markers as a diet associated panel of apolipoproteins (i.e. APOE, APO B-100, APOA-IV and APOC-III), T2D associated proteins (Fibrinogen alpha, beta and gamma chain and transthyretin) and obesity associated (complement 3). Other studies of T2D include the use of a mouse model (Takahashi et al., 2013) and plasma protein carbonylation in rats (Madian et al., 2011).
Using samples collected from a large study cohort, Cominetti et al. analyzed in the order of 1,000 plasma samples from 525 individuals enrolled in a study related to diet, obesity and genetics (DiOGenes project) (Cominetti et al., 2015).  Using a semi-automated platform and work flow (presented in an earlier publication by Dayon et al. (vide supra) (L. Dayon et al., 2014)), a total of 1005 samples were analyzed.  They observed that CRP and S100A9 were correlated with BMI and that pregnancy zone protein (PZP), SHBG and APOC-II provided potential gender discrimination.  Using a mouse model to address β cell dysfunction and T2D, Kuo et al. used iTRAQ to determine changes in the plasma proteome of mice with a genetic β-cell defect when subjected to an intravenous glucose/arginine challenge (Kuo, Kim-Muller, McGraw, & Accili, 2016).
In research related to T2D, Jullig et al. used iTRAQ labelling of  plasma to identify  factors  that favor resolution of T2D in subjects undergoing roux-en-y gastric bypass (GBP) surgery when compared with sleeve gastrectomy (n= 15) (Jullig et al., 2014).  Culnan and co-workers also considered changes in the plasma proteome associated with gastric by-pass surgery (Culnan, Cooney, Stanley, & Lynch, 2009). Al-Daghri et al., in their 3D depletion free iTRAQ study (cited previously), demonstrated sexual dimorphism in obese subjects, comparing serum proteomes of nondiabetic overweight females (n =28) and males (n = 31) (Al-Daghri et al., 2014).  
Considering the socioeconomic limitations of nutrition, in their large scale isobaric labelling study, Cole et al. used iTRAQ to identify plasma proteins correlated to the micronutrient status in undernourished Nepalese children (Cole et al., 2013). From a cohort of 1000, plasma from 500 children was used in iTRAQ analyses. Overall, seventy-three 8-plex iTRAQ labelling experiments were made. Of the 4705 proteins detected, 146 were quantified in all 500 children. From correlation analysis a number of nutrient-protein relationship associations were revealed. The established interrelationships observed could be useful in the interpretation of changes observed in other disease models, and in a follow up publication they reported on the correlation between biomarkers of inflammation, on the basis of correlations with α-1-acid glycoprotein (S. E. Lee et al., 2015). The range of these studies related to T2D, obesity and diet are indicated in Table 5b.

[bookmark: _Toc483395828]Pregnancy and Gynecology 
Isobaric labelling has been used to study the plasma proteome in the context of gynecological health, including the study of endometriosis, adenomyosis, endometrial hyperplasia and gestational diabetes (Table 5b). Wang, Y. et al. compared serum from patients with different grades of endometrial hyperplasia and endometrial carcinoma in addition to healthy controls (Y. S. Wang et al., 2011). Xiaoyu et al. used iTRAQ and ESI with an AB SCIEX TripleTOF 5600 to analyses the pooled serum depleted of albumin and IgG from women with adenomyosis (n = 20) and healthy controls (n =20). Amongst the ~150 proteins quantified 25 were differentially abundant proteins (Xiaoyu, Weiyuan, Ping, Anxia, & Liane, 2013). Later, Xiaoyu et al. used the same iTRAQ approach to compare sera from adenomyosis and endometriosis patients (n =20 vs. 20) (Xiaoyu, Weiyuan, Ping, Anxia, & Liane, 2014). They reported that proteins related to blood coagulation and complement activation were more abundant in adenomyosis, and those related to inflammatory response and the regulation of apoptosis were more abundant in endometriosis. The differential abundance of FN1, CD44, CFB, albumin (ALB) and fibrinogen alpha chain (FGA) were confirmed by Western-blotting.
 Zhao and co-workers have investigated biomarkers of gestational diabetes mellitus (GDM) using Proteominer depletion, iTRAQ and ESI (TripleTOF 5600). Samples from mothers with GDM were compared with normoglycemic pregnant controls (10 vs. 10), and ELISA used for the validation of the observed differences (20 vs. 20). The validated markers, APOE, F9, FGA and IGFBP5, classified the subjects with high sensitivity and specificity (Zhao et al., 2017). 
As well as mapping the changes in maternal serum during pregnancy (Scholl et al., 2012), the iTRAQ method has also been used to study complications during pregnancy, such as preeclampsia and intra-uterine growth restriction (Auer et al., 2010; Blankley et al., 2013; Kolla et al., 2012)(Kolla et al., 2010), in addition to evaluating the effects of smoking on the cord blood serum proteome (Colquhoun et al., 2009).  Auer and co-workers used iTRAQ to compare the plasma of women with preeclampsia and/or intra-uterine growth restriction with healthy controls (~ 40 subjects in total). Among the proteins differentially expressed with intra-uterine growth restriction were those from the complement and coagulation cascades (Auer et al., 2010). 
Analysis of the plasma proteome in relation to potential birth and genetic defects have included the iTRAQ-based comparisons of plasma from mothers bearing Down syndrome fetuses with plasma from uncomplicated pregnancies (Kolla et al., 2010), and serum of pregnant women carrying a fetus with conotruncal heart defects (Y. Zhang et al., 2014)(L. Chen et al., 2016). Sui et al. compared umbilical cord blood from mothers carrying Down syndrome fetuses (n = 6) and healthy fetuses (n =11). Using iTRAQ labelling, SCX fractionation and LC-MALDI they identified 505 proteins and reported five putative biomarkers (Sui et al., 2015).
[bookmark: _Toc483395829]Infection
Isobaric labelling-based studies of the plasma proteome in response to infection have ranged from bacterial, parasitic (i.e. Malaria (Mu, Bee, Lau, & Chen, 2014) ) and viral encounters (see Table 5a). Bacterial studies include iTRAQ studies of pulmonary tuberculosis (PTB) in humans (C. Li et al., 2015; C. Wang et al., 2016; D. Xu et al., 2015; D. D. Xu et al., 2014)  and mycobacterial infections in cattle (Seth et al., 2009). In the works of Xu et al. and Wang and co-workers, differences in serum proteome were studied in association with PTB (D. Xu et al., 2015; D. D. Xu et al., 2014)(C. Wang et al., 2015). Included in these was the use of a pooled iTRAQ strategy to compare treated, untreated and cured PTB patients with healthy controls (250 samples in total), in which markers of cured PTB were identified (C. Wang et al., 2015).  Whilst the latter studies were performed using ESI (AB Sciex 5600), Li, C. et al. used MALDI-TOF/TOF (AB Sciex 5800) and iTRAQ to profile the serum of PTB patients, comparing sera from drug resistant, smear-positive and smear-negative pulmonary tuberculosis cases with normal controls and pneumonia patients (87 samples in iTRAQ discovery and 207 in the ELISA validations) and found that sex hormone binding globulin (SHBG) was significantly elevated in PTB (C. Li et al., 2015).  Also considering bacterial infection and respiratory afflictions, Yu and co-workers compared serum from healthy controls and patients with mycoplasma pneumoniae pneumonia (Yu et al., 2016).

Cao and co-workers used iTRAQ labelling to analyses plasma from sepsis patients, including ten 4-plex iTRAQ comparisons of infected and uninfected subjects (n= 39 in total). These ESI data (Orbitrap-Velos) indicated age related differences in the incidence of infection (Cao, Yende, Kellum, & Robinson, 2013; Cao, Yende, Kellum, Angus, & Robinson, 2013). In their study of sepsis in rats, Jiao et al. correlated several biomarkers with diagnosis and others with prognosis (Jiao et al., 2014).

In terms of viral infections, Dengue fever (Kumar et al., 2012)(Nhi et al., 2016), Hepatitis B and C (Y. Liu et al., 2014; Peng et al., 2013; L. Yang et al., 2011)(J. Yang et al., 2016), HIV (Shetty et al., 2011) and Simian immunodeficiency virus (SIV) (Pendyala, Trauger, Siuzdak, & Fox, 2010; Wiederin et al., 2010; Wiederin et al., 2012) have been studied using iTRAQ of plasma and serum samples. Liu, Y. et al. compared plasma from individuals with chronic hepatitis B virus-associated hepatocellular carcinoma (HCC), non-malignant cirrhosis, chronic hepatitis B, and healthy individuals. They concluded that von Willebrand factor was a potential marker of HCC progression and viral infection (Y. Liu et al., 2014).

[bookmark: _Toc483395830]Diseases, Injuries and Afflictions of the Brain
The range of studies using isobaric labelling to study differences in the plasma proteome associated with afflictions of the brain is indicated in Table 5b. For example, Song, F. et al. performed iTRAQ based plasma profiling to identify markers that could provide a more specific diagnosis and prognosis of Alzheimer's disease (AD) and mild cognitive impairment (MCI), using plasma from 680 subjects (Muenchhoff et al., 2015; F. Song et al., 2014). 
Turning from dementia to depression, Xu, H. et al. used iTRAQ of plasma samples to study major depressive disorder comparing a case to control group (n = 21 vs 21).  In their validation experiments significant differences were found in Apo-B100, A2M, VTDB and Ceroplasmin (H. B. Xu et al., 2012). Zhan et al. used iTRAQ to study plasma profiles of subjects with post stroke depression, stroke and healthy controls (n = 35 for each group) (Zhan et al., 2014). 
In an investigation of markers of traumatic brain injury, Hergenroeder et al. compared serum protein profiles from patients with severe brain injury (n =11) to age-, sex- and race-matched volunteers. SAA, CRP and RBP4 levels were identified and found to be robust indicators of injury (Hergenroeder et al., 2008). Using instead a transgenic mouse model to identify plasma biomarkers of traumatic brain injury Crawford et al. used solvent based removal of albumin (chilled ethanol) prior to iTRAQ labelling and high pH reversed phase fractionation (Crawford et al., 2012). As this study was performed with an earlier Orbitrap mass spectrometer (XL-model), pulsed-Q dissociation (PQD) fragmentation was used to facilitate analysis of the iTRAQ reporter ions.
[bookmark: _Toc483395831]Occupational Exposure 
A number of isobaric labelling studies have been made to evaluate the effects of occupational exposure on the plasma proteome. Using a rat model, Betancourt and co-workers used TMT reagents to measure changes in the serum proteome when the animals were exposed to Bisphenol A and genistein (Betancourt et al., 2014). The latter two are suspected to mimic endogenous hormones. A MudPIT approach was used in this study and a number of novel markers were identified and then cross validated by Western blot. Huang et al. used iTRAQ to determine markers of benzene exposure in humans (Z. Huang et al., 2012).  After ELISA validations they summarized that lowered expression of PBP and APOB served as potential biomarkers of chronic occupational benzene exposure. In an evaluation of occupational exposure of miners to rare earth elements Liu, H. et al. included iTRAQ analysis of serum (H. Liu, Wang, Yang, & Wang, 2015). They observed differential abundance of 29 proteins that could be related to the neurovirulence, hepatotoxicity, pathological fibrosis, osteoporosis, and anticoagulation caused by rare earth exposure.

[bookmark: _Toc483395832]Other Diseases and Applications
ITRAQ and TMT analysis of plasma has been used to study number of other diseases, as are indicated in Table 5a These include Parkinson’s disease (X. Zhang, Yin et al., 2012), osteoarthritis (Fernandez-Puente et al., 2011) and non-Alcoholic Fatty Liver Disease (NAFLD) (Miller et al., 2014). For example, Fernandez-Puente et al. used iTRAQ with MALDI-TOF/TOF to profile sera obtained from 50 moderate osteoarthritis (OA) patients, 50 severe OA patients, and 50 non-symptomatic controls (5 pools of 10). Amongst the differentially abundant proteins detected were a number of complement components, lipoproteins, in addition to von Willebrand factor, tetranectin, and lumican (Fernandez-Puente et al., 2011). Miller and co-workers used both an iTRAQ and label free approach to study the serum proteome of sub classes of NFALD. Pooled samples made from controls (n =10), simple steatosis (n = 7), nonalcoholic steatohepatitis (NASH) (n =7), and NASH with fibrosis (n = 7) (Miller et al., 2014). Andersen et al. studied both plasma and urine to identify biomarkers of idiopathic nephrotic syndrome (Andersen, Palmfeldt, Jespersen, Gregersen, & Rittig, 2012).

Some applications in which the analysis of the plasma proteome was made in relation to transplants were mentioned in the section on circulations and cardiovascular risk (Hollander et al., 2014; Lin et al., 2013). Whilst in such specific instances it may be difficult to find sizeable study cohorts, liver, kidney and stem cell transplantation have also been investigated. Freue et al. used LC-MALDI-TOF/TOF and iTRAQ to identify plasma proteomic signatures of allograft rejection (Freue et al., 2010).  In this work they used twenty-six 4-plex iTRAQ labelling experiments to analyses case and control samples (n = 11 vs. 21). Of the 855 protein groups detected in the cumulative dataset, 144 were detected in two thirds of the samples. On the basis of subsequent ELISA measurements, four proteins, F9, SHBG, complement factor D (CFD), and LCAT, gave good classification of the subjects (tested in 10 patients and 19 controls).  Wu, D. et al. used iTRAQ with ESI to compare depleted plasma from kidney transplant patients with allograft rejection patients (n =5) against graft patients without rejection (n = 8). They reported that in the order of a third of the detected proteins (179 proteins detected) were two-fold different and that the dominant processes and responses were associated with inflammation and complement activation (D. Wu et al., 2011). Parviainen and co-workers have performed quantitative analysis of plasma from liver transplantation surgery (Parviainen et al., 2011).
In their methodologically orientated study, Ye et al. used SCX-LC- MALDI/TOF/MS/MS to analyses plasma samples from hematopoietic stem cell transplant patients (Ye et al., 2010). They compared the plasma of these four patients at the time when they developed acute graft-versus-host disease (aGVHD) and after remission. Amongst the differentially abundant proteins CRP was observed with the largest fold difference. In a follow-up study from the same researchers using a larger study population they observed plasma ceruloplasmin as a potential plasma biomarker of aGVHD (Lv et al., 2013). In this study they compared the technical performance of immuno-depletion and depletion using hexapeptide beads. Although the approaches produced complimentary data, more proteins were identified with immuno-depleted samples. 


[bookmark: _Toc483395833]Discussion and Summary
During the past 15 years since their conception and commercial launch, isobaric labelling reagents have been used to analyze the plasma proteome in relation to many different diseases and afflictions. As indicated within this review, many of these have provided quantitative information for in the order of only a few hundred proteins and the same differentially abundant proteins can be common to several disease manifestations. Nevertheless, the information generated and the panels of markers can be important and beneficial within the specific contexts of these specific applications and there have been a growing number of more extensive proteomic characterizations. 
In terms of competing methods, it is notable that in addition to throughput, the clear advantage of isobaric labeling at the time of its introduction was robustness to variations in sensitivity and chromatographic reproducibility, which are crucial for label free quantification. However, with the current generation of mass spectrometers and chromatographs, label free profiling of undepleted plasma has been demonstrated with both DDA and DIA methods providing reasonable coverage and impressive throughput (Geyer et al., 2016; Geyer, Wewer Albrechtsen et al., 2016; Y. Liu et al., 2015). The use of labeling strategies nevertheless remains a powerful approach, facilitating the combined analysis of fractionated samples, particularly when executing complex preparative workflows. Alternatively, with the growing capabilities of SRM and PRM methods it is becoming increasingly possible to directly target wider panels of these proteins in non-depleted serum (Chambers, Percy, Yang, & Borchers, 2015; Domanski et al., 2012; Gallien, Kim, & Domon, 2015). However, notably in the context of increasing the multiplexing capacity of such assays, Erickson and coworkers have demonstrated the use of 10-plex TMT reagents with isotopically labeled synthetic peptide standards together with biological samples to improve the throughput of targeted assays (Erickson et al., 2017). 

The throughput of labeling approaches is limited by whether depletion is performed and how digestion, labeling, fractionation (how many fractions?) and analysis (how many replicates, how much time is used to analyze each fraction?) are performed. Dayon et al. demonstrated the scalability of depletion, TMT labelling and ESI analysis, with cited a throughput of 2 x 96 samples in 3 weeks and 1005 samples in 15 weeks (Cominetti et al., 2015; L. Dayon et al., 2014). Such measurements would allow plasma proteomics to catch up to some degree with genomics measurements. Although deeper profiling has yet to be demonstrated with the same throughput, it is notable that with the protein numbers reported in recent publications and the constant evolution of platforms for mass spectrometry, there are exciting new opportunities for biomarker discovery. Nevertheless, these measurements should be used in conjunction with current strategies to reduce compression of the detectable ratios. However, as can be seen from the earlier incremental improvements in protein identification from changes in depletion and fractionation strategies, and several generations of mass spectrometry platforms, plasma proteomics remains a formidable challenge.
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Table 1: Depletion Systems Used in Isobaric labeling Proteomics Analysis of Plasma
Plasma proteomics has mostly been performed with depletion of the most abundant proteins, typically using immuno-affinity resins. Examples of the type of   immuno-affinity systems are listed with their targets, manufacturer and practical references. A number of these experiments involved xenographs (as indicated). 

Table 2: Cancer Studied Using Isobaric Labeling of Plasma 
Examples of the type of cancers studied with isobaric labelling and plasma proteomics are indicated with citations to published examples.

Table 3: Methodologies used with Isobaric Labeling of Plasma in Cancer Studies 
Examples are cited of plasma proteomic cancer studies indicating the approaches used and the scope of protein identification.

Table 4: Applications using isobaric labeling of plasma in the study of circulation, stroke and cardiovascular risk.  Citations to published examples are included 

Table 5 a & b: Illnesses, diseases, interventions and hazards studied by plasma proteomics with isobaric labeling: 

Figure 1: Plasma proteomics strategies and their usage. a) A schematic is presented for a typical workflow for plasma proteomics with isobaric labeling. The accompanying pie charts, b, c, d, indicate the frequency that the methodologies have been used, and the bar chart indicates the relative usage of ESI and MALDI for mass spectrometry (~ 4:1), these are based on the information available from the literature reviewed in the manuscript (180-210 studies, depending on the information supplied). b) Depletion strategies: the numerical values indicate the number of depletion targets, 20+ includes the both applications targeting the top 20 and the use of SuperMix columns, PM refers to ProteoMiner beads. c) The figure indicates the type of reagents used, TMT combines applications with all forms of TMT reagents (including 2, 6 and10-plex). d) The figure indicates the cumulative usage of the different fractionation strategies, IEF combines on and off-gel isoelectric focusing methods, AX combines different methods using anion exchange resins (i.e. HILIC & ERLIC) and RPB refers to reversed phase fractionation at a basic pH.

Figure 2: Candidate plasma protein biomarkers discovered in multiple diseases using isobaric labeling approach. Cumulatively there is a notable degree of reoccurrence of some proteins as biomarkers in different diseases and afflictions. As a representation of the top twenty most frequent biomarkers in each column each protein is represented by a unique color and mapped to diseases in which it has been reported as differentially abundant. The light grey color indicates no reported association, “2” indicates two publications with supporting evidence. The proteins are indicated with their UniProt accession numbers and IDs, where an asterisk (*) added to indicate proteins that are frequent immune-depletion targets. 


Figure 3: Subdivision of Isobaric labeling Plasma proteomic research by organ and disease. Plasma proteomics with isobaric labeling has been used to study diseases and conditions affecting a wide range of the body’s organs. The figure provides a body-wise map of the different targets, including a separate subdivision for studies of cancer.

Table 1
	Type
	Targets
	Examples

	Agilent series (Immuno-affinity)

	Mouse 3:
	Albumin, IgG, transferrin
	Xenograph (Chong, Lee, Zhou, Liu, Loh, Wang et al., 2010)(Jing et al., 2011)

	MARS6
	Albumin, transferrin, haptoglobin, IgG, IgA, and α1-antitrypsin
	(Boylan, Andersen, Anderson, Higgins, & Skubitz, 2010)

	MARS7
	MARS6 targets plus Fibrinogen
	(Luczak et al., 2014)

	MARS14
	MARS7 + α2-macroglobulin, α1-acid glycoprotein, complement C3, IgM, apolipoprotein AI, apolipoprotein AII, and transthyretin 
	(Tremlett et al., 2015)

	IgY series (Geneway) (Immuno-affinity)

	IgY7
	Albumin, IgG, fibrinogen, α1-antitrypsin, transferrin, haptoglobin and IgM
	(Takahashi et al., 2013)

	IgY12
	IgY7 + IgA, α2- macroglobulin,  α1-Acid Glycoprotein, apolipoprotein A-I, apolipoprotein A-II
	(Boylan et al., 2010)

	IgY14
	IgY12 + Complement C3,  Apolipoprotein B
	(Hollander et al., 2015)

	IgY+ SuperMix
	IgY12/14 +60-150
	(Jones et al., 2013; Keshishian et al., 2015)

	Other Depletion Systems (Immuno-affinity)

	Proteo 20 (Sigma)
	Albumin, IgG, transferrin, fibrinogen, IgA, α2- Marcroglobulin, IgM, α1- Antitrypsin, complement C3, haptoglobulin, apolipoprotein A1, apolipoprotein A2 and apolipoprotein B; α1- Acid Glycoprotein, ceruloplasmin, complement C4, C1q; IgD, transthyretin, and plasminogen.
	(Tonack et al., 2013)

	Albumin Only
	Human Albumin
Bovine albumin
	(Mu et al., 2014)
(Faulkner et al., 2012)

	Albumin & IgG
	Albumin, IgG
	(Y. Liu et al., 2014)

	Not  Immuno-affinity

	Poteominer- (hexapeptide beads)
	Not applicable
	(Dwivedi et al., 2010)

	Solvent precipitation
	albumin
	(Seth et al., 2009)

	SDS-PAGE
	
	(L. Zhang et al., 2008)

	Size exclusion chromatography
	
	(Al-Daghri et al., 2014)

	Undepleted
	
	(B. Song et al., 2014)


NOTE: α1- Acid Glycoprotein is often referred to as Orosomucoid, transthyretin as pre-albumin, Apolipoprotein B as the main component of LDL and apolipoprotein A-I, apolipoprotein A-II of the HDL


	Table 2
	

	Cancer or target Type
	References and  subdivisions 

	Breast
	(Madian et al., 2011; Meng, Gormley, Bhat, Rosenberg, & Quong, 2011; Opstal-van Winden et al., 2011)

	Blood
	human: (P. Y. Huang et al., 2015) 
mouse: (Kristiansson et al., 2007) 

	Cervical
Colorectal
Polyposis Coli  & Lynch syndrome
	(Boichenko et al., 2014)
(X. Zhang et al., 2012)
(Jones et al., 2013)

	Gastric
	(Chong, Lee, Loh et al., 2010; Chong, Lee, Zhou, Liu, Loh, Wang et al., 2010; Subbannayya et al., 2015)  
Xenograph: (Chong, Lee, Zhou, Liu, Loh, So et al., 2010)  

	Glioblastoma
	(Gautam et al., 2012)

	Liver
	(He et al., 2014; C. Huang et al., 2013; H. J. Lee et al., 2010; Y. Li et al., 2012; Qin et al., 2013), 
Xenograph: (C. Wang et al., 2011)
Hepatitis B: (Y. Liu et al., 2014)(T. Liu et al., 2017) 
Glycosylation: (Yin et al., 2015)

	Lung
	(Pernemalm et al., 2009; F. Zhang et al., 2014)(Rice et al., 2015)(Jin et al., 2016)(Okano et al., 2016)

	Oral
	(Bijian et al., 2009; Chai et al., 2014; Y. Yang, Huang, Rabii, Rabii, & Hu, 2014; L. Zhang et al., 2008)

	Ovarian
	Human: (Boylan et al., 2010; Karabudak et al., 2013; L. Li et al., 2012; Shetty et al., 2012; J. Wu et al., 2012)(Russell et al., 2016),  (W. Wu et al., 2016)
Rat: (Y. Huang et al., 2012)

	Pancreatic
	(Nie et al., 2014; Nie et al., 2014; Sinclair & Timms, 2011; Z. Tan et al., 2015; Tonack et al., 2009; Tonack et al., 2013; Zhou et al., 2012)(An et al., 2017)

	Prostrate
	(Rehman et al., 2012)(Larkin et al., 2016)(M. Zhang et al., 2016)

	Kidney
	(Y. Zhang, Cai, Yu, & Li, 2015)

	Other
Chinese medicine
Endometrial hyperplasia vs. cancer
Glycosylation

Carbonylation
	
(Upur et al., 2015)(C. Liu et al., 2016) 
(Y. S. Wang et al., 2011)
(Hu et al., 2015; Nie et al., 2013; Nie et al., 2014; Qin et al., 2013; Shetty et al., 2012; Z. Tan et al., 2015; Ueda et al., 2010; J. Wu et al., 2012)(Yin et al., 2015)(T. Liu et al., 2017)
(Madian et al., 2011)





	Table 3: Examples of Isobaric Labeling Plasma Cancer Studies






	Author
	Year
	Depletion system
	Fractionation
	Spectrometer
	Disease
	Labelling
	Proteins

	Betancourt et al.
	2014
	IgYR7 (rat)
	MudPIT
	LTQ  Orbitrap XL
	Breast and prostate cancers
	6-plex TMT
	NA

	Sinclair et al.
	2011
	Seppro 14 + SuperMix
	SAX & 1D gel  
	 LTQ Oribtrap XL
	Pancreatic cancer
	6-plex TMT
	265

	Subbannayya et al.
	2015
	Hu14
	SCX
	Orbitrap-Velos
	Gastric adenocarcinoma
	4-plex iTRAQ
	643

	He et al. 
	2014
	Hu14
	SCX,
	MALDI , 5800
	Hepatocellular carcinoma
	4-plex iTRAQ
	271

	Meng et al. 
	2011
	ProteoMiner
	SCX 
	Agilent 6520 qTOF
	Breast cancer
	8-plex iTRAQ
	397

	Wang,C, et al.
	2011
	MARS3 (mouse)
	SCX
	 QSTAR XL TOF
	Hepatocellular carcinoma 
	4-plex iTRAQ
	554

	Zhang F, et al.
	2014
	Hu14
	High pH RP, 
	TripleTOF 5600
	Lung cancer
	4-plex iTRAQ
	316

	Liu Y, et al.
	2014
	ALB & IgG 
	IEF
	QSTAR TOF
	Cancer/ hepatitis B virus
	8-plex iTRAQ
	328

	Larkin et al.
	2016
	3D
	HILIC
	LTQ-Velos Pro Orbitrap Elite
	prostate cancer
	4-plex iTRAQ
	1034

	Zhang M
	2016
	ProteoMiner
	SCX
	TripleTOF 5600
	prostate
	4-plex iTRAQ
	825

	Walker MJ
	2015
	Hu14
	High pH RP, 
	TripleTOF 5600 
	Non-small Cell Lung 
	8-plex iTRAQ
	685





Table 4: Applications using isobaric labeling of plasma in the study of circulation, stroke and cardiovascular risk.  

	Circulation, Stroke and cardiovascular risk
Aortic aneurysms, abdominal and thoracic aortic aneurysms:

Aortic dissection :
Deep vein thrombosis (microparticles) : 
Haemorrhagic shock:
	
(Acosta-Martin et al., 2011; Burillo et al., 2015; Calvo et al., 2013; Satoh et al., 2013)
(Gu et al., 2011)
(Howes, 2010)
(Y. Li et al., 2010)

	CVD/myocardial infarction
CVD:
Heart failure: 
Therapeutic, planned myocardial infarction: 
Mitral regurgitation: 
	
(Juhasz et al., 2011)
(Lin et al., 2011)
(Keshishian et al., 2015)
(H. T. Tan et al., 2013)

	Coronary heart disease-     Human:
· Mouse model:
	(Yan et al., 2014)
(Jing et al., 2011)

	Atherosclerosis
	(Kristensen et al., 2014; J. Li et al., 2017)

	Stroke
Acute ischemic stroke.
Lacunar infarction:
Post stroke  depression:
Cerebral aneurysm: 
Pharmokinetics (warfarin): 
Cardiac biomarker discovery using isoproterenol-treated nonhuman primates: 
	
(Sharma et al., 2015)
(A. Datta et al., 2014)
(Zhan et al., 2014)
(Azurmendi et al., 2015)
(Saminathan et al., 2010)
(B. Song et al., 2014)(Y. Liu et al., 2013)

	Heart surgery
Cardiopulmonary bypass surgery:
Transplant :
After  valve replacement:
	
(Oda et al., 2014)
(Hollander et al., 2014; Lin et al., 2013)
(Satoh et al., 2015)

	Legg-Calve-Perthes disease:
Anders-Fabry’s Disease:
	(R. Liu et al., 2015)
(Hollander et al., 2015)





	Table 5a

	Respiratory-lung Diseases and Disorders 

	Asthma/allergy:
ARDS (acute respiratory distress syndrome):
Obstructive sleep apnoea:
Smoking:
Lymphangioleiomyomatosis (LAM):
	(Singh et al., 2012)
(X. Chen et al., 2013)

(Jurado-Gamez et al., 2012)
(Bortner et al., 2011)
(Banville et al., 2014)

	Autoimmune diseases
	

	Rheumatoid arthritis (RA) :

RA & Crohns Disease :
Autoimmune hepatitis :
Multiple Sclerosis :
T1D : 
Diabetic Nephropathy (T1D):
	(Cheng et al., 2014; Dwivedi et al., 2009; Ortea et al., 2012; Serada & Naka, 2014; Yanagida et al., 2013)
(Serada et al., 2010)
(H. Li et al., 2013)
(Tremlett et al., 2015)
(Moulder et al., 2015)(C. W. Liu et al., 2016)  
(Overgaard et al., 2010; Overgaard, Thingholm et al., 2010)

	Other diseases & comparisons

	Osteoarthritis:
Non-Alcoholic Fatty Liver Disease:
Parkinson’s disease:
Kidney- idiopathic nephrotic syndrome:
Anders-Fabry’s Disease:
	(Fernandez-Puente et al., 2011)
(Miller et al., 2014)
(X. Zhang, Yin et al., 2012)
(Andersen et al., 2012)
(Hollander et al., 2015)

	Infection

	Sepsis-human: 

Sepsis - rat: 
Tuberculosis :

Mycobacterial infections of cattle:
Malaria:
	(Cao, Yende, Kellum, & Robinson, 2013; Cao, Yende, Kellum, Angus et al., 2013) 
(Jiao et al., 2014)
(C. Li et al., 2015; C. Wang et al., 2016; D. Xu et al., 2015; D. D. Xu et al., 2014)
(Seth et al., 2009)
(Mu et al., 2014)

	Viral infection

	Hepatitis B: 
Hepatic Fibrosis in Hepatitis C:
HIV: 
Dengue fever:
SIV (in apes): 
SIV induced CNS disease:
	(Y. Liu et al., 2014; Peng et al., 2013)(J. Yang et al., 2016)
(L. Yang et al., 2011)
(Shetty et al., 2011)
(Kumar et al., 2012)(Nhi et al., 2016)
(Wiederin et al., 2010; Wiederin et al., 2012) 
(Pendyala et al., 2010)





Table 5b
	Gynaecological & Pregnancy related
	

	Downs syndrome: 
Congenital heart defect: 
Preeclampsia :
Preeclampsia / Intra-Uterine Growth Restriction: 
Fertility (porcine and bovine):
Endometrial hyperplasia:
Endometriosis:
Smoking and  maternal serum:
Gestational diabetes:
	(Kolla et al., 2010; Sui et al., 2015)
(L. Chen et al., 2016; Y. Zhang et al., 2014)
(Kolla et al., 2010) 
(Auer et al., 2010)(Blankley et al., 2013)
(Bijttebier et al., 2009; Faulkner et al., 2012)
(Y. S. Wang et al., 2011)
(Xiaoyu et al., 2014)
(Colquhoun et al., 2009)
(Zhao et al., 2017)

	T2D, Obesity, Diet & Nutrition
	

	T2D:
T2D+Very Low Calorie Diet: 
Gastric bypass-related:
T2D/Obesity/Roux-en-Y gastric bypass: 
T2D mouse: 
Diabetic Zucker rats (carbonylation): 
Diet and obesity:
Nutrition:
	(Kaur et al., 2012)
(Sleddering et al., 2014)
(Jullig et al., 2014)
(Culnan et al., 2009)
(Takahashi et al., 2013)
(Madian et al., 2011)
(Al-Daghri et al., 2014), (Cominetti et al., 2015)
(Cole et al., 2013)

	Transplant

	Liver: 
Renal allograft rejection: 
Heart/cardiac: 
Stem Cell:
	(Parviainen et al., 2011)
(Freue et al., 2010; D. Wu et al., 2011)
(Hollander et al., 2014; Lin et al., 2013)
(Lv et al., 2013)(Ye et al., 2010)

	Diseases and afflictions of the brain
	

	Brain injury – human:
Brain injury -mouse model:
Depression:
Post stroke  depression:
Alzheimer’s vs. mild cognitive impairment:
	(Hergenroeder et al., 2008) 
(Crawford et al., 2012)
(H. B. Xu et al., 2012)
(Zhan et al., 2014)
(Muenchhoff et al., 2015; F. Song et al., 2014)

	Environmental Exposure
	

	Rat exposure to bisphenol and genistein:
Occupational health: benzene: 
Exposure to rare earth metals: 
	(Betancourt et al., 2014)
(Z. Huang et al., 2012) 
(H. Liu et al., 2015)
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Figure 3
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