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Abstract

:

There are probably no biological samples that did more to spur interest in proteomics than serum and plasma. The belief was that comparing the proteomes of these samples obtained from healthy and disease-affected individuals would lead to biomarkers that could be used to diagnose conditions such as cancer. While the continuing development of mass spectrometers with greater sensitivity and resolution has been invaluable, the invention of strategic strategies to separate circulatory proteins has been just as critical. Novel and creative separation techniques were required because serum and plasma probably have the greatest dynamic range of protein concentration of any biological sample. The concentrations of circulating proteins can range over twelve orders of magnitude, making it a challenge to identify low-abundance proteins where the bulk of the useful biomarkers are believed to exist. The major goals of this article are to (i) provide an historical perspective on the rapid development of serum and plasma proteomics; (ii) describe various separation techniques that have made obtaining an in-depth view of the proteome of these biological samples possible; and (iii) describe applications where serum and plasma proteomics have been employed to discover potential biomarkers for pathological conditions.
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1. Introduction


Testing for the levels of specific molecules within blood samples have played a major role in diagnosing and treating various health conditions for decades [1,2]. These blood tests begin as soon as a baby is born through the various newborn screening tests that are used to screen for metabolic (e.g., phenylketonuria, maple syrup urine disease, etc.), hormonal (e.g., hypothyroidism and adrenal hyperplasia), and genetic (e.g., sickle cell anemia, cystic fibrosis, etc.) disorders [3]. Blood-based tests continue throughout our lives in the form of clinical tests such as complete cell counts and metabolic panels [4,5]. These routine tests are used to detect abnormal function of a patient’s liver, kidneys, immune system, blood chemistry, etc. Since no cell in the body is more than four cell units removed from the circulatory system, blood is perhaps the most important window through which a physician can readily view a patient’s health status. Acting as a transportation system, the circulatory system not only contains classic blood proteins, such as albumin, immunoglobulins, and hemoglobin, but also a variety of proteins that are shed from both the exterior and interior of cells.



Owing to its intimacy with the body, considerable effort has gone into characterizing the molecular content of serum and plasma. Over the past couple of decades, the continued development of higher-resolution chromatography and mass spectrometry (MS) technologies have enabled serum and plasma proteomes (i.e., the entire protein complement of a biological sample) to be characterized at an increasingly deeper level. The progress has been outstanding. In the early part of this century, the ability to identify a few hundred proteins in a single serum or plasma sample was considered state-of-the-art [6,7]. Fast forward to today, where exploratory studies can identify thousands of plasma proteins in tens of samples [8,9]. While the development of more powerful mass spectrometers has received most of the accolades, none of the achievements in proteomics would be possible without advances in separation technologies, particularly chromatography. In this article, we describe some of the advances that have enabled the proteomes of both serum and plasma to be explored.




2. Plasma vs. Serum


The obvious question in deciding whether to use plasma or serum is “Which one is the best to use for proteomics?” Answering this question requires understanding the differences between the two samples (Table 1). The main difference between plasma and serum can be summarized by the word “clotting”. In preparing plasma, blood is drawn via venipuncture in the presence of an anticoagulant such as ethylenediamine tetraacetic acid (EDTA), heparin, or sodium citrate [10]. After centrifugation to remove cells such as red (RBCs) and white blood cells (WBCs), and the platelets, the straw-colored plasma sample remains. Serum is also acquired via venipuncture but without anticoagulants being present. The serum is allowed to sit for approximately 30 min during which time the blood clots. Centrifugation removes the clot and blood cells leaving behind serum [10].



Both plasma and serum contain a high protein concentration (i.e., 60–80 mg/mL), with albumin and immunoglobulin G (IgG) making up approximately 90% of this total [11]. The primary protein difference between plasma and serum is the lower amount of fibrinogen found in serum. Another protein that has been shown to be lower in serum than plasma is the coagulation factor, platelet factor 4. While the levels of other coagulation factors, such as factors IX, X, XI, and VII/VIIa, would be expected to be absent in serum, studies show trace amounts of both in serum and plasma. Studies have shown that during the clotting process, platelets, RBCs, and WBCs secrete specific proteins into the serum. For example, platelet-secreted vascular endothelial growth factor levels were shown to be 230 ± 63 and 38 ± 8 pg/mL in serum and plasma obtained from normal individuals, respectively [12]. Other studies have also shown differences in the composition of serum and plasma; however, little consideration beyond availability is made when selecting which sample type to use in a proteomics study, even though the Human Proteome Project recommended that plasma prepared using EDTA be used for all proteomic studies [13].



While serum remains the preferred sample for clinical chemistry tests, both serum and plasma have been used extensively (and almost equally) for proteomic analysis. There were 10,461 and 10,075 entries that included serum/proteomics and plasma/proteomics, respectively, in their search terms within Pubmed as of 2 December 2021. Almost 1800 of these articles included both serum and plasma. Regardless of which specimen is used, both are highly complex samples that require high-resolution separation techniques to enable their proteomes to be characterized.




3. The Dynamic Range of Protein Concentration Problem


While every proteomic study requires the separation of a complex mixture of proteins, serum and plasma have two unique features that set them apart. These features are an extremely large dynamic range of protein concentration and having most of their protein concentration made up by only a small number of proteins (Figure 1). For example, 10 proteins make up about 90% of the entire protein concentration of serum and only 12 proteins make up about 90% of the remaining 10% [11]. For most proteomic studies that focus on identifying diagnostic, therapeutic, or prognostic biomarkers, the most interesting proteins are within the low-abundance region, which makes up only 1% of the entire protein content [14,15,16]. The concentrations of protein within serum and plasma range over approximately 12 orders of magnitude from albumin at the high end to proteins such as cytokines at the low end. While it is often asked, “What is the limit of detection (LOD) and limit of quantitation for the proteomic analysis of serum and plasma?”, this question cannot be accurately answered because the LOD and LOQ pertains to a specific analyte, which would be a peptide in the case of serum/plasma proteomics. The LOD and LOQ is specific to each peptide and needs to be experimentally determined for each using internal standards and calibration curves. While studies can claim that proteins present at concentrations in the nanogram per liter range can be detected, these claims simply rely on targeted studies in which specific serum/plasma LODs and LOQs have been established for these specific proteins.



3.1. High-Abundance Protein Depletion


Analyzing serum and plasma proteomes is essentially the reverse of the old idiom “can’t see the forest for the trees”. While this saying refers to being unable to see the entire situation because you are too involved in the details, proper analysis of blood’s proteome requires looking past the forest of high-abundance proteins to see the details represented by the low-abundance ones. Therefore, to identify potentially critical biomarkers requires removing the higher-abundance proteins prior to protein identification. Since albumin makes up more than 50% of the protein amount of a typical serum or plasma sample, many of the earliest efforts were focused on removing this protein prior to further proteomic analysis. Many of these efforts used resins to which dye-ligands, such as Cibacron Blue or anti-albumin antibodies, were coupled [17,18,19]. While dye-ligand columns have a large loading capacity, they lack the specificity of antibody-based depletion columns [20]. Albumin-depletion methods generally remove more than 96% of the protein, while other high-abundance proteins remain within the samples, particularly immunoglobulin G (IgG).



A major step forward in the removal of high-abundance proteins were the development of Multiple Affinity Removal System (MARS) columns [21]. The original MARS columns were designed to remove albumin only; however, they progressed to a stage in which 14 highly abundant proteins could be removed using a single column [22,23]. These devices were produced specifically for both human and mouse samples and are available in the column or spin cartridge formats. Studies have generally shown that the MARS columns eliminate about 85% of the total protein content of serum or plasma through the depletion of high-abundance proteins. This depletion expands the dynamic range of the downstream assay by enabling a greater loading capacity of lower-abundance proteins.



One criticism of the use of affinity resins to remove highly abundant proteins was that they would result in the depletion of the low-abundance, low molecular weight proteins via protein–protein interactions. To investigate this possibility, six highly abundant proteins (albumin, IgG, IgA, IgM, transferrin, and apolipoprotein) were extracted from serum using affinity resins and identified using MS [24]. A total of 210 proteins were identified, ranging from a high of 63 bound to albumin to 19 bound to IgM. Twelve of these proteins (e.g., prostate specific antigen, dihydropteridine reductase, meningioma-expressed antigen, etc.) were being used as clinical biomarkers at the time of the study. Almost 140 of these proteins had not been identified in a global study of serum in which approximately 1500 proteins were characterized [25]. Not all the proteins that were identified as being bound to these six highly abundant proteins are present in low concentrations in serum. Many low- and high-affinity interactions occur between proteins in complex samples, especially involving albumin that is not only highly abundant but is well-known as a sticky protein to which many other species bind [26]. This study does not recommend eliminating the depletion steps, but rather suggests there are various other methods to enrich for proteins in serum and plasma that may be of biological interest. Indeed, several subsequent studies used albumin as a bait to enrich for biologically important low-abundance proteins [27,28].



A study utilizing albumin as a bait to isolate low molecular weight proteins analyzed pooled sera from 40 women who were at high-risk of developing ovarian cancer but did not have the condition, 30 women with stage I ovarian cancer, and 40 women with stage III ovarian cancer [29]. Albumin was isolated using a solid-phase affinity capture column. The samples were bound to the column and the column was washed using non-denaturing conditions to capture the proteins that bound to albumin. After eluting the bound proteins using 70% acetonitrile containing 0.2% formic acid, they were fractionated using one-dimensional PAGE. Visualized protein bands were cut from the gel and digested into tryptic peptides. The peptides were identified using reversed-phase chromatography (5-μm C18 silica-bonded beads packed in a 10-cm long, 75-μm i.d. column) coupled directly online with MS. The overall analysis resulted in the identification of over 1200 unique proteins, including over 700 that had not previously been identified in serum. Of specific interest was the identification of BRCA2, a low-abundance protein associated with ovarian cancer susceptibility that is not predicted to be present in circulation, owing to its native size (i.e., 390 kDa) and localization to the cell’s nucleus [30]. Its identification using the albumin-baiting technique suggests that fragments of this protein may be released from the cell and are available for identification using LC-MS. Another interesting protein identified in this study was the known ovarian cancer biomarker CA125 [31]. This protein was identified in serum samples taken from women with stage III ovarian cancer, but not those at high risk or with stage I ovarian cancer. Overall, this study demonstrated that using high-abundance proteins in serum/plasma could be an effective separation technique to increase the chance of identifying disease-specific biomarkers.




3.2. Low-Abundance Protein Enrichment


There are two ways to increase the availability to detect low-abundance proteins in serum and plasma: remove the high-abundance proteins (as described above) or increase the concentration of low-abundance proteins. Increasing their relative concentration is the strategy behind the combinatorial peptide ligand library (CPLL) method for identifying low-abundance proteins in complex proteome samples [32]. In CPLL, a combinatorial library, automated solid-phase synthesis is used to couple ligands to resin beads. Theoretically, each bead has millions of copies of a unique ligand and individual beads have different ligands. The ligands provide surfaces to which specific proteins can then bind. If the library is sufficiently diverse, it is possible that every protein in a complex proteome will bind to a high-affinity ligand and be captured. If the CPLL library is exposed to serum, highly abundant proteins will quickly saturate their ligands, resulting in most of their concentration being unbound and lost in the column eluate. Conversely, most copies of a low-abundance protein will be bound as there is an insufficient amount of it to completely saturate their ligand. This results in an enrichment of low-abundance proteins relative to high-abundance proteins based on the principle of saturation overloading. After the proteins have bound to their corresponding ligands, the beads are washed to reduce the low-affinity interactions and the remaining absorbed proteins are eluted using denaturing conditions. The major disadvantage of the CPLL technique is that it tends to normalize the concentration of all proteins within a complex mixture, resulting in a loss of comparative quantitative information. CPLL technology has been made available to general laboratories through the ProteoMiner Protein Enrichment Kits that are manufactured by BioRad [33]. The application of CPLL has been very useful in the detection of trace food allergens in various extracts, particularly for the detection of IgE-binding proteins. CPLL has been used to detect allergens in milk whey [34], eggs [35], maize [36], as well as fungal allergens in the blood of patients with aspergillosis [37]. A list of some commercially available devices for either depleting high-abundance proteins or enriching low-abundance proteins in serum and plasma is provided in Table 2.





4. Electrophoresis for the Fractionation of Serum and Plasma Proteins


Although it has been largely replaced by chromatography, electrophoresis was the foremost and major separation technique early in the development of serum and plasma proteomics. Indeed, the field of proteomics can trace its history back to the electrophoretic separation of E. coli proteins. In his seminal paper, Pat O’Farrell demonstrated the ability to resolve 1000 protein components extracted from E. coli using two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), which separates proteins based on their isoelectric point (pI) in one dimension followed by molecular weight in the other [38]. Even the term proteomics can be traced back to a study in which Mycoplasma genitalium proteins were fractionated by 2D-PAGE and identified using matrix-assisted laser desorption–ionization MS [39]. Fifty years ago, a 2D-PAGE gel was able to resolve just over 110 protein spots: most of them originating from highly abundant proteins such as albumin, IgG, transferrin, and haptoglobulin [40]. Although this technology provided little proteomic coverage compared to today’s methods, it was used in a biomarker discovery study comparing sera from controls and patients affected with leukemia, myeloma, and Hodgkin’s diseases. They found several variants of albumin in the disease-affected samples that were not seen in the controls.



Recognizing the utility of 2D-PAGE, the father and son pioneers in the field of serum and plasma proteomics, Norman and N. Leigh Anderson, were able to resolve 300 distinct proteins and their isoforms. While this number almost tripled the number of proteins that could be observed, it was still limited to mostly high-abundance proteins [41]. It was clear that greater resolution was going to be required to observe low-abundance proteins in blood.



4.1. Two-Dimensional Gels Using Isoelectric Immobilized pH Gradients


Two different approaches were taken to achieve this goal. One approach increased the resolution of 2D-PAGE by using immobilized pH gradient (IPG) gels that essentially fractionated proteins within a specific pI range prior to loading them onto the gel, where they would then be separated based on molecular weight [42]. By using a series of overlapping narrow range (i.e., 1 pH unit) or ultra-narrow (i.e., 0.4 pH units) IPG strips, only those proteins that possess pI’s in a specific range (e.g., 4.5–5.5) will be resolved. By using several IPG strips of different ranges, a greater number of proteins will be resolved by increasing the resolution of the first separation dimension. The proteins within each of these strips are subsequently loaded onto individual gels and the proteins separated based on molecular weight.



Using this approach, a group separated out approximately 40 mg (i.e., 80 μL) of serum proteins (from which the six highest abundance proteins had been depleted) using seven overlapping narrow range IPG strips and were able to observe approximately 2–3000 proteins [43]. Of these, the pH ranges 4.5–5.5 and 5.5–6.7 accounted for almost 1150 of the identified proteins. While most of the identified proteins were relatively highly abundant acute-phase proteins, others that had concentrations less than 10 μg/mL in healthy individuals (e.g., ficolin) was also identified.



In a biomarker discovery study, tissue and plasma samples obtained from patients with colorectal cancer (CRC) were analyzed using a narrow-range IPG strip encompassing a pH range of 5.5–6.7 [44]. Comparison of proteins extracted from normal and matched tumor tissues showed that Nm23-H1 (a metastasis-related protein), S100A8, and S100A9 were all elevated in tumor tissue. The investigators then analyzed plasma samples taken from a larger number of patients. They showed that S100A8 and S100A9 were significantly increased in plasma samples of CRC patients compared to healthy individuals. This study demonstrated an excellent combination of IPG strips of tumor tissue discovery with further validation in plasma samples, a more readily obtainable clinical sample.




4.2. Combining Two-Dimensional Gels with Chromatography


Continuing his quest to further serum and plasma proteomics, N. Leigh Anderson combined a series of fractionation methods, including high-abundance protein depletion, chromatography, and 2D-PAGE (Figure 2), to resolve and identify as many proteins as possible in serum [45]. Eight high-abundance proteins (i.e., albumin, haptoglobulin, transferrin, transthyretin, α-1-antitrypsin, α-1-acid glycoprotein, hemopexin, and β-2-macroglobulin) were immuno-depleted from a single serum sample, which was then separated into six fractions using anion-exchange (AEX) chromatography. Each of these six fractions were separated into 11 fractions using strong cation exchange (SCX) chromatography, creating a total of 66 new aliquots. An aliquot of each fraction was taken and separated using 2D-PAGE, resulting in 74 gels (including the original non-depleted, unfractionated serum sample). The resulting gels showed approximately 20,000 individual spots, of which about 3700 were unique. Approximately 1800 of these unique spots were identified and found to originate from 325 unique proteins. One encouraging fact of this study was that 41% of the identified proteins were classified as either intracellular or cell-surface proteins, showing that serum contained species that may reflect the cellular condition of the individual.





5. Chromatography for the Fractionation of Serum and Plasma Proteins


In the early days, 2D-PAGE was the major separation technique used in serum and plasma proteomics. Unfortunately, 2D-PAGE is quite labor-intensive, lacks sensitivity and dynamic range for protein detection, and has limited reproducibility. A simplistic Pubmed search using various combination of the terms “plasma”, “serum”, “proteome”, and “2D-PAGE” shows that the use of 2D-PAGE grew steadily between the years 2000 and 2012, and then started to decrease. This trend does not mean that it is an obsolete technique; 2D-PAGE has been critical in deciphering the protein content of blood. Indeed, with the incorporation of fluorescent tags to enable direct quantitative comparisons of proteins within a single gel (i.e., 2D difference in gel electrophoresis; DIGE), 2D-PAGE continues to produce important results [46,47,48,49]. In the year 2001, however, the combination of two well-known separation techniques would revolutionize how complex proteomes, such as serum and plasm, were analyzed.



Multidimensional Protein Identification Technology


Reversed-phased and SCX chromatography have been utilized for the separation of molecules since the 1970s [50,51]. In 2001, John Yates III’s lab prepared a single 15 cm-long chromatography column that was packed with 10 cm of C18 reversed-phase particles followed by 5 cm of SCX resin (Figure 3) [46]. This chromatography system was coupled with MS and termed MudPIT (multidimensional protein identification technology) [52]. The first published application of MudPIT, also commonly known as “shotgun” proteomics, was the analysis of the Saccharomyces cerevisiae (yeast) proteome. In the use of MudPIT, the proteins are proteolytically digested into peptides using trypsin or Lys-C. The proteins are digested for several reasons, related to both chromatography and MS. While it is possible to separate intact proteins using SCX and reversed-phase chromatography, many will not be soluble under the elution conditions used in these techniques. Using detergents to increase the intact protein solubility is challenging because many detergents interfere with MS detection. Related to MS, the sensitivity of the mass spectrometer is much greater for peptides than for proteins. The sequence of a peptide obtained from a tryptic or Lys-C digest will result in at least two potentially ionizable amino acid residues within each. These residues enable the necessary ionization to occur, which is required for MS analysis. Mass spectrometers are also most efficient at obtaining sequence information from peptides that are between 5 and 20 amino acids in length rather than from intact proteins that are not only much larger but are complicated by the possibility of different isoforms. Finally, software programs such as Sequest and Mascot are designed to readily calculate the sequence information from the tandem MS spectra of peptides.



The separation strategy of MudPIT involves loading the peptides onto the SCX column followed by cycles of eluting a fraction of these peptides onto the reversed-phase column, which are then eluted off this column into the mass spectrometer for analysis. In the first application of MudPIT, four elution buffers were used: buffer A (5% acetonitrile (ACN)/0.02% heptafluorobutyric acid (HFBA)), buffer B (80% ACN/0.02% HFBA), buffer C (250 mM ammonium acetate/5% ACN/0.02% HFBA), and buffer D (500 mM ammonium acetate/5% ACN/0.02% HFBA). Buffers A and B were to elute peptides from the reversed-phase column, while C and D performed the same function for the SCX column. The sample was loaded onto the column over 80 min by first applying a 70 min gradient 0 to 80% buffer B, which was then held for 10 min. The next 12 steps involved eluting fractions of peptides from the SCX column onto the reversed-phase column and then into the mass spectrometer. Each of these steps were 110 min in length. These steps consisted of 5 min of 100% buffer A, followed by 2 min of x% buffer C, 3 min of 100% buffer A, 10 min gradient from 0 to 10% buffer B, and finally a 90 min gradient from 10–45% buffer B. The step involving buffer C was ramped up in each of these 12 cycles from 10% to 100%, with the purpose of eluting new groups of peptides from the SCX column onto the reversed-phase column, where they could be eluted by the increasing buffer B concentration within each cycle. In the final step, the SCX column was washed using 100% buffer D.



So how effective was MudPIT at characterizing the yeast proteome? In this first application, 5540 peptides originating from 1484 proteins were identified from approximately 1 mg of total protein. These numbers are extraordinary when compared to the fact that the greatest number of yeast proteins identified by 2D-PAGE coupled to MS at this point was only 279 [53]. Quite importantly, the MudPIT method was able to identify low-abundance proteins (e.g., transcription factors and kinases) and proteins from a variety of subcellular locations (e.g., cytosolic and membrane).



While these numbers were incredibly impressive, the yeast proteome is significantly different than that of serum or plasma. As mentioned previously, both serum and plasma have an enormous dynamic range of protein concentrations compared to other proteomes. One of the first labs to apply this new MudPIT strategy to serum was that of Richard D. Smith, a pioneer in applying high-performance MS to proteomics. In the first step of the analysis, this group passed 0.5 mL of a standard serum sample over Protein A and G immobilized to beads to selectively remove IgGs [54]. In this study, albumin was not depleted since it is known to transport a variety of compounds in the blood and removing it would also result in the concomitant removal al many low-abundance proteins such as cytokines, peptide hormones, and lipoproteins. The immunoglobulin-depleted serum was digested with trypsin. While a MudPIT fractionation strategy (i.e., SCX and reversed-phase chromatography) was used to separate the serum peptides, unlike the original study in which the two chromatograph techniques were performed within a single column, this study collected fractions off a separate SCX column (i.e., off-line) and then separated each of these using a reversed-phase column coupled directly online with the mass spectrometer.



In the SCX chromatography step, IgG-depleted serum peptides were dissolved in 2 mL of 75% 10 mM ammonium formate and 25% acetonitrile, which was adjusted to pH 3.0 using formic acid (mobile phase A). The peptides were separated on a polysulfoethyl A column containing 5 μm particles with pores of 300 Å. After further equilibration with mobile phase A for 5 min, the peptides were eluted using a linear gradient from 0–100% mobile phase B (75% 200 mm ammonium formate, 25% acetonitrile, pH 8.0) over 30 min. The final peptides were then eluted from the column by maintaining the gradient at 100% mobile phase B for 25 min. The separation was conducted at a flow rate of 4 mL/minute. A total of 120 fractions were collected over the 60-min separation. These fractions were lyophilized and dissolved in 50 μL of H2O containing 0.1% formic acid (mobile phase A). Each peptide sample (8 μL) was sequentially injected onto a 60 cm reversed-phase capillary column (150 μm inner diameter and 360 μm outer diameter) packed with 5 μm Jupiter C18 particles. Peptides were loaded using mobile phase A and eluted using a gradient of 5–70% mobile phase B (acetonitrile containing 0.1% formic acid) over 80 min. The reversed-phase column was interfaced with an ion trap mass spectrometer. The mass spectrometer was operated in a data-dependent mode in which the three most intense peptide signals observed in an initial MS scan were sequentially isolated and subjected to tandem MS for identification.



The analysis resulted in the identification of 490 serum proteins. The concentrations of proteins identified ranged from albumin (~30–50 mg/mL) to prostate-specific antigen (~1 pg/mL). While common serum proteins, such as complement and coagulation factors, blood transporters, etc., were readily observed in the analysis, so were many intracellular (e.g., transcription factors) and membrane proteins (e.g., integrins), confirming the hypothesis that the circulatory systems contain intracellular proteins that are shed from tissues. Because of the peculiar dynamic range of protein concentrations within serum, the number of proteins identified in serum was only about one-third of that identified in yeast; however, it was substantially greater than the number of proteins previously identified in the massive chromatography/2D-PAGE study of N. Leigh Anderson [45].





6. Other Separation Techniques for Characterizing the Serum/Plasma Proteome


Low Molecular Weight Fractionation


In 2003, our group utilized a 30 kDa cutoff membrane to remove highly abundant proteins and recover the low molecular weight (LMW) proteome of serum [6]. The hypothesis was that by eliminating proteins with molecular weights greater than 30 kDa, high-abundance proteins such as albumin, immunoglobulins, lipoproteins, and transferrin would be greatly reduced in abundance. Enriching for the LMW proteome would enable greater coverage of biologically significant proteins such as cytokines, chemokines, peptide hormones, and proteolytic fragments of larger proteins. After the LMW fraction of serum was extracted using a 30 kDa molecular weight cutoff (MWCO) centrifugal filter, the sample was digested with trypsin, separated off-line using SCX into 20 fractions that were analyzed using reversed-phase chromatography coupled online with MS (Figure 4). Since previous studies have shown that many proteins bind to albumin, acetonitrile was added to a final concentration of 20% v/v to the serum sample prior to LMW filtration. While this addition did not affect the depletion of albumin and other HMW proteins, it did increase the amount of LMW proteins that were extracted.



A total of 341 unique proteins were identified in the LMW fraction of human serum. The efficacy of the LMW ultrafiltration method is demonstrated by the complete lack of any albumin peptides being detected in the analyzed samples. The proteins identified include common circulatory proteins, coagulation and complement factors, transport and binding proteins, cytokines, growth factors, and hormones. Other proteins, such as transcription factors, nuclear proteins, channels, and receptors, were also identified, corroborating the hypothesis that cell contents may be released into the bloodstream during necrosis, apoptosis, and hemolysis.





7. Applications


7.1. Biomarkers of Ectopic Pregnancy


Ectopic pregnancy (EP), the second leading cause of maternal death in the first trimester of pregnancy, is a clinical condition in which an embryo implants outside of the uterus, typically within a fallopian tube [55]. As the fetus grows, the mother’s life is threatened by the potential for tubal rupture and internal hemorrhage [56]. Ectopic pregnancy is diagnosed using a combination of serial β-human chorionic gonadotrophin measurements and transvaginal ultrasound [57]. Unfortunately, approximately 50% of EPs are misdiagnosed, particularly at an early stage [58], in part due to the fact that almost one-third of all cases are asymptomatic and 9% exhibit no symptoms prior to tubal rupture [59]. As with many conditions, there exists an urgent need to identify biomarkers that can improve the early diagnosis of EP. To try to meet this need, the group of David Speicher used a three-stage fractionation strategy to compare the proteomes of serum samples obtained from women with EP and those with normal intrauterine pregnancy (IUP) [60]. Nine samples from each cohort were collected and matched based on gestational age, β-hCG levels, and diagnosis. The samples were pooled to make three samples from women with EP and three with IUP.



The first step of fractionation was the depletion of 20 abundant proteins from 100 μL of serum using a ProteoPrep20 Immunodepletion Column (Sigma Aldrich). This immunodepletion step removes approximately 97% of the protein content of serum or plasma. The sensitivity of modern proteomics technology is demonstrated when one considers that only 100 μL of each sample was used. After each sample was immunodepleted, they were separated using 1D-PAGE. Each of the six gel lanes (corresponding to each pooled serum sample) was cut into 21 uniform 1 mm slices. After destaining, the proteins in these gel slices were digested into tryptic peptides, which were extracted from the gel. The peptides were identified using a BEH nanocapillary column (75 μm i.d. × 25 cm; Waters) packed with 1.7 μm C18 particles. Peptides were eluted using a 77 min-long gradient of increasing acetonitrile containing 1% formic acid. The flowrate was 200 nL/min. A total of 252 LC/MS runs were performed, as each gel piece was analyzed in duplicate.



The MS data from the EP and IUP samples were compared using a label-free approach in which the intensity values of the peptides are compared. Using this strategy, twelve candidate biomarkers were identified. Of these, 5 were selected for multiple-reaction monitoring (MRM)-MS in which the signal intensity of the peptides from these specific proteins are specifically monitored. These five proteins included ADAM12 (disintegrin and metalloproteinase domain-containing protein 12), CGA (glycoprotein hormones, alpha polypeptide), CGB (glycoprotein hormones, alpha polypeptide), CSH1 (chorionic somatomammotropin hormone 1), and PAEP (progestogen-associated endometrial protein). Instead of using pooled samples, individual samples from EP and IUP cases were analyzed by MRM-MS. The MRM-MS results for ADAM12 showed a particularly good diagnosis of EP (Figure 5A), with a large decrease in the signal intensity for peptides originating from this protein. Specifically, the EP diagnostic sensitivity and specificity of ADAM12 was 78% and 100%, respectively. ADAM12 is known to be expressed in a secreted form in the placenta that may initiate myogenesis (i.e., the formation of skeletal muscle) during first trimester of pregnancy [61]. Given its localization and role in cell-fusion in other tissues, it is biologically plausible that low ADAM12 levels can play a role in abnormal embryonic implantation, as seen in EP.



While the discovery and pre-validation of ADAM12 as a potential biomarker for EP using MRM-MS is exciting, this juncture is where current proteomics technology that relies heavily on chromatography and MS needs to pass the analysis to higher-throughput techniques. While separation-based proteomics technology has revolutionized the discovery of potential biomarkers, immunoassay-based methods are still critical as they possess the necessary throughput required for validation studies. In a follow-up study, the ADAM12 levels were quantitated in serum from 99 and 100 women with EP and IUP, respectively, with an immunoassay that used dissociation enhanced lanthanide fluorescence for greater sensitivity [62,63]. A statistically significant (p < 0.0001) decrease in the ADAM12 concentrations were observed in serum taken from the EP compared to the IUP cohort (i.e., 11.7 ng/mL vs. 115.4 ng/mL). The MRM-MS and immunoassay studies gave similar results (Figure 5B) and discriminatory power as assessed by the receiver operating characteristics (AUC = 0.81 and 0.82). A most intriguing result was that only 16% of the serum samples from IUP patients had a level of ADAM12 below the detection limit of the assay, while the same for EP patients was almost 70%. Overall, this study demonstrated the utility of both a discovery proteomics approach that utilized three sequential separation strategies (i.e., immunodepletion, 1D-PAGE, and reversed-phase chromatography) to identify potential biomarkers and a higher throughput immunoassay for validation.




7.2. Identification of a Novel Proatherogenic Peptide Hormone


As described above, extraction of the LMW serum proteome has been shown to be a simple and effective method to remove highly abundant proteins, while potentially containing biologically relevant biomarkers. Since the original study [6], many groups have tweaked the method to improve the extraction efficiency and increase the number of identified proteins [64,65,66]. One such study used an organic solvent to precipitate high molecular weight proteins from a 50 μL sample of plasma [64]. The peptides within the supernatant were separated using a nano-capillary reversed-phase column packed with C18 particles (particle diameter 3 µm, 75 μm i.d. × 125 mm). The peptides were separated at a flow rate of 300 nL/min using a gradient composed of solvent A (0.1% FA) and solvent B (0.1% FA and 90% ACN) (0–20 min, 5–32% B; 20–26 min, 32–55% B; 26–27 min, 55–95% B; 27–30 min, 95% B). Peptides eluting from the column were identified using a high-performance quadrupole Orbitrap mass spectrometer coupled directly online with the chromatography column.



The method resulted in the high confidence identification of almost 8000 unique peptide sequences. Instead of simply determining the levels of these peptides in serum, this group did something rather interesting. The group analyzed the list of identified peptides to determine which of these may possess bioactivity. Bioinformatic analysis and solubility testing resulted in 129 synthetic peptides being produced. The activity of these synthetic peptides was tested in human macrophages and vascular cells in vitro. One peptide in particular corresponding to residues 22–51 of human glucose-dependent insulinotropic polypeptide (GIP_HUMAN[22-51]) was found to activate NF-κB signaling in these cells. Since GIP is known to be involved in production of atherosclerotic plaques, the effect of GIP_HUMAN[22-51] was tested by infusing ApoE−/− mice with the synthetic peptides.



Atherosclerotic lesion development was accelerated in GIP_HUMAN[22-51]-infused ApoE−/− mice. Atheromatous plaque formation and macrophage accumulation induced by GIP_HUMAN[22-51] was inhibited in mice treated with an anti-GIP_HUMAN[22-51] antibody. Serum samples taken from ApoE−/− mice infused for 4 weeks of with or without GIP_HUMAN[22-51] or anti-GIP_HUMAN[22-51] IgG that were applied to protein antibody arrays detected 111 mouse cytokines and chemokines. Serum samples from mice infused with GIP_HUMAN[22-51] contained higher levels of several proinflammatory and proatherosclerotic proteins, including angiopoietin-2, serum amyloid P (SAP), CXC chemokine ligand 16 (CXCL16), proprotein convertase subtilisin kexin type 9 (PCSK9), fetuin A, and MMP-3. Serum from mice treated with anti-GIP_HUMAN[22-51] IgG showed lower levels of intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), fetuin A, PCSK9, CXCL16, C-reactive protein, and SAP. Taken together, these results suggest that GIP_HUMAN[22-51] induces various proinflammatory and proatherosclerotic proteins.



While both the in vitro and in vivo results demonstrate its proatherogenic activity, this activity is physiologically irrelevant to humans if the peptide is not expressed within human tissues. Analysis of a human tissue array using an anti-GIP_HUMAN[22-51] polyclonal antibody detected the high expression of this peptide within cerebellum, liver, stomach, kidney, heart, small intestine, and colon, and lower expression in the cerebral cortex, tonsils, lymph nodes, and testes. While the identification of this novel proatherogenic peptide was significant, the greater result of this study is the demonstration of how the combination of a serum fractionation method, MS analysis, bioinformatics, and systematic validation can lead to the identification of endogenous bioactive peptides and biomarkers for diagnosis, prognosis, and treatment of diseases.





8. Current Challenges in Serum and Plasma Proteomics


The goal of a vast majority of serum and plasma proteome studies is to identify a clinical biomarker that can be used for disease diagnosis or therapeutic monitoring. This requires that the study aims be precisely defined with respect to the desired application and target patient population. If the aim is to identify a biomarker for disease screening, the disease incidence and prevalence needs to be carefully considered as the cost of false positive and false negative results drive the required sensitivity and specificity of any putative biomarker. Designing a study aimed at discovering a therapeutic biomarker needs to carefully consider the specific therapy that is used, the response rates to this therapy, and survival analysis when given this therapy.



Considering that most of the biomarkers sought in serum/plasma proteomic studies originate from specific cell populations and undergo significant dilution prior to acquisition, their abundance difference in two cohorts of patients would be expected to be small. This expectation means that any variability in pre-analytical sample handling and processing must be minimal. Overcoming these variability issues requires careful planning of the number of samples that must be analyzed to obtain the desired power, limit the number of false discoveries, and control the technical and biological variation. Studies have shown that the ability to detect a 1.2-fold difference in a specific plasma protein with 80% power would require the comparison of 50 cases and 50 controls [67,68]. While these numbers can be a useful estimate, the number of samples required will differ based on both the condition being studied and the analytical process. Fortunately, with the increasing amounts of information regarding analytical and biological variability observed in serum/plasma proteomes along with fold-changes observed for specific proteins, software tools have been developed that enable sample size estimates to be calculated [69,70].



The pre-analytical stages, such as sample collection and storage time and temperature, need to be very consistent. A recent study evaluated the intra- and inter-laboratory reproducibility in the proteome analysis of both serum and cerebrospinal fluid (CSF) [71]. They took eight pooled serum and eight CSF samples and processed them using an identical procedure. Aliquots were analyzed in triplicate within a single lab as well as in two different labs using the same reversed-phase chromatography separation and mass spectrometer conditions. To assess the sensitivity, linearity, and dynamic range of the LC-MS method, serial dilutions of 18 stable isotope-labeled peptides were added to the serum and CSF samples. The lower limit of quantification (LLOQ) for these peptides ranged from 0.1 to 0.5 fmol, with excellent linearity (r2 > 0.978) for both samples. While intra-laboratory reproducibility for peptide identification was excellent for both serum and CSF (medium coefficient of variation (CV) of 12.5% and 17.3%, respectively), the inter-laboratory reproducibility was significantly higher (CVs of 23.8% for serum and 32.0% for CSF). Probably the most encouraging result from this study related to the intra- and inter-laboratory results comparing peptide quantitation. The Pearson correlation value was 0.98 for the replicate samples analyzed both intra- and inter-laboratory when the quantitative peptide results for the peptides were compared. These results show that under highly controlled conditions, quantitative proteomic analysis of serum samples can provide reliable quantitative results.



While the resolution of separation technologies used for proteomic analysis have greatly increased, their sheer complexity and degeneracy makes it currently impossible to fully resolve all the peptides within serum/plasma samples. The faster duty cycles and data-independent acquisition methods available with modern mass spectrometers has lessened the need for complete resolution; however, minimizing the number of peptides that enter the mass spectrometer per unit time increases the proteome coverage, making it currently impossible to fully resolve these samples. As a single chromatography is insufficient, proteomic scientists have relied on combining multiple separation techniques to minimize the number of peptides that are concurrently being analyzed [72,73]. Unfortunately, adding more separation steps increases the experimental variability and time. Each separation step can increase the number of aliquots that need to be analyzed per sample by an order of magnitude. For example, while immunodepleting a single serum sample produces one aliquot, once this sample is fractionated using SCX (for example), it may result in 10–100 aliquots that require MS analysis. Considering that some calculations suggest that 100 samples are necessary to detect the types of quantitative differences expected for biomarkers with reasonable confidence, simply combining two chromatography methods could require the analysis of 1000–10,000 aliquots. It is very challenging to maintain low inter-laboratory variability over this large number of samples. While pooling samples to reduce the time and resources required to complete a serum/plasma study is tempting, this method should be avoided as it assumes that specific samples within a cohort have similar biological values [74].



The time, equipment, and personnel commitment required for acquiring serum/plasma proteomic data is just the tip of the iceberg. Once the raw MS data have been acquired, it must be processed to be turned into peptide identifications. This step has been historically done using software programs such as Sequest [75] and Mascot [76]. Spectral library searching is becoming an increasingly popular tool in proteomics as it allows MS spectra to be queried against libraries of experimental reference spectra of previously identified peptides [77]. This method has been applied to peptides, phosphopeptides, glycopeptides, as well as cross-linked peptides [78,79,80,81]. Studies have shown that some spectral library searching tools can increase the number of peptides identified by approximately 30% compared to conventional search engines that compare experiment spectra to theoretical fragment ions of putative peptides [82]. While spectral matching has been used for the analysis of metabolites for years, it is now currently becoming more popular in proteomics with the development of search tools such as SpectraST [83], COSS [84], Pepitome [85], and Calibr [86]. Not only is spectral library searching faster, it is also more accurate and results in lower false discovery rates than using theoretical fragment ion algorithms.




9. Conclusions


Biomarkers have been used by physicians, epidemiologists, and scientists for centuries. There are four classes of biomarkers: molecular (e.g., DNA, protein, and metabolite levels, etc.), histologic (e.g., cell shape), radiographic (e.g., tumor size), and physiologic (e.g., blood pressure). Unlocking the blood proteome to enable the identification of clinically validated biomarkers would have a huge impact on public health. One of the primary attributes of blood is its accessibility. Having been used in clinical chemistry for decades, blood samples are routinely taken at doctor visits and analyzed for a variety of molecular and histological markers. Imagine the impact that being able to routinely test blood samples for various cancers and neurological disorders would have on public health. Early diagnosis provides the opportunity for more accurate treatment decisions, resulting in higher quality of life and overall prognosis [86,87,88]. Not only would blood-based diagnostic biomarkers impact public health, but biomarkers for monitoring treatment would benefit drug development. Considering the resources focused on their discovery, it is astonishing that most biomarkers were discovered over two decades ago and only a small fraction (out of the more than 14,000) of human diseases have companion tests [89]. Why, then, has the current era of serum and plasma proteomics not produced more validated biomarkers? The answer is simple: serum and plasma proteomes are very difficult to analyze and compare between cohorts because they are extremely complicated. The proteomes of samples taken from cells and other biofluids (e.g., urine, cerebrospinal fluid, etc.) simply do not possess the large dynamic range of protein concentration and sheer number of proteins as found in serum and plasma.



While the development of more sensitive and higher-resolution mass spectrometers has had a tremendous impact on the ability to characterize complex proteomes, the importance of separations technology cannot be underestimated. Although very-fast mass spectrometers can only identify a single (or very small number) peptide per cycle. They are analogous to hitting tennis balls. If 100 tennis balls are served sequentially, the receiver can successfully hit each one. If all 100 are served simultaneously, the receiver is only able to hit those within the area of the racket. Separating proteins with the highest resolution possible is critical for maximizing the number of proteins that can be characterized in a serum or plasma proteome. While a shotgun separation strategy (i.e., SCX followed by reversed-phase chromatography) is standard for most proteome analyses, serum and plasma has been subjected to many different combination strategies. Immunodepleting highly abundant blood proteins is critical for identifying low-abundance proteins, which are the most likely source of clinically useful biomarkers.



The progress made in characterizing serum and plasma proteomes has been remarkable. In the span of 20 years, scientists went from being able to identify about 300 proteins to more than 1000 [90,91], with one report even identifying more than 5000 proteins in plasma [92]. Inventive separation technologies have been a key to this progress and will continue to play a major role if we hope to discover the much-needed biomarkers that can impact human health.



Chromatography and separation methods will continue to improve enabling a greater coverage of serum and plasma proteomes. Future developments will include continued decreases in stationary-phase particle sizes, which will lead to improvements in peak capacity. Improving peak capacity allows shorter columns to be used and faster separations. Using decreasing particle sizes results in higher column back pressures; however, instrument innovations that provide robust operation at higher pressures are expected to continue. Outside of chromatography, peptide separation using ion mobility–mass spectrometry (IM-MS) will continue to increase in use. IM-MS adds an extra separation dimension between chromatographic separation and MS detection [93]. As peptides enter the mass spectrometer from the chromatography column, they are separated based on their drift time (or ion mobility), which is related to the size, shape, and charge state. The advantage of IM-MS is that it increases the overall analytical resolution without increasing the analysis time. This MS method is versatile in that it can be coupled with both chromatography and electrophoretic techniques. In the future, IM-MS will play an increasingly bigger role in proteomic analysis.



The importance of being able to accurately characterize the proteomes of serum, plasma, and other clinical samples cannot be understated as medicine has only begun to mine the treasure of biomarkers present within these samples. The discovery of biomarkers that could diagnose various cancers at early stages would save millions of lives every year. Identification of therapeutic biomarkers could assist in ensuring that patients are provided the most effective treatment as soon as possible. While the discovery of novel biomarkers has been slower than anticipated, serum and plasma proteomics has come a long way since the early days, when being able to identify 100 proteins in these complex samples was considered state-of-the-art. While the development of high-performance mass spectrometers deserved much of the credit for these advances, the importance of the continued improvements seen in electrophoretic and chromatographic separations should not be ignored. Separations will continue to be an integral part in the march towards gaining a greater understanding of the serum and plasma proteomes.
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Figure 1. (A) Approximately 90% of the protein content of these samples is made up of only 22 proteins, with albumin making up between almost half of the total amount. (B) Separation strategies to characterize serum and plasma focus on methods to enable proteins within the lower 10% concentration level to be identified. (C) The dynamic range of protein concentration of serum and plasma is very broad, covering approximately 12 orders of magnitude. Adapted from [7]. 
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Figure 2. Serum proteome analysis using a combined immunodepletion, liquid chromatographic, and two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) strategy. In the first stage of this strategy, high-abundance proteins were immunodepleted from a serum sample that was then fractionated into six aliquots using anion exchange chromatography. These six aliquots were subsequently fractionated into a total of 66 aliquots using strong cation exchange chromatography. Each aliquot throughout the process was fractionated using 2D-PAGE. Visualized spots within the gel were identified using mass spectrometry. Adapted from [36]. 
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Figure 3. Multidimensional protein identification technology (MudPIT) for the separation of complex proteome samples. MudPIT consists of a biphasic column packed with strong cation exchange (SCX) and reversed-phase resins. Peptides derived via a tryptic digest of a proteome sample are loaded onto the SCX resin and eluted using a step gradient of increasing salt concentrations onto the reversed-phase column. The peptides are eluted from the reversed-phase column using a linear gradient directly into the mass spectrometer for identification. Repeated cycles of this process using increasing salt concentrations enables the peptides to be separated providing the mass spectrometer more opportunity to identify a greater number of peptides. Adapted from [43]. 
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Figure 4. Analysis of a low molecular weight (LMW) serum proteome. In this analysis, serum (or plasma) is centrifuged through a 30 kilodalton (kDa) low molecular weight membrane. The flow-through is digested into tryptic peptides that are fractionated using strong cation exchange (SCX) chromatography. Fractions collected off the SCX column are separated using reversed-phase chromatography. Peptides coming off this column elute directly into the mass spectrometer, where they are analyzed to generate a list of identified proteins. 
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Figure 5. Statistical analysis of the intensity of ADAM12 peptides observed in a quantitative proteomics analyses using (A) multiple reaction monitoring mass spectrometry (MRM-MS) and (B) immunoassay comparing serum samples obtained from woman with ectopic pregnancies (EP) and normal intrauterine pregnancies (IUP). The MRM-MS data were compiled from the analysis of 9 EP and 9 IUP serum samples, while the immunoassay data was compiled using 99 EP and 100 IUP samples. Adapted from [51]. 
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Table 1. Comparison of plasma and serum.
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	Plasma
	Serum





	Straw-colored
	Clear, yellowish fluid



	Composed of serum and clotting factors
	Blood without clotting factors



	Acquired by centrifuging blood to which an anticoagulant has been added
	Acquire by centrifuging blood that has been allowed to clot for ~30 min



	Easier and faster to prepare
	Takes longer and is more difficult to prepare



	Long shelf-life (i.e., up to ten years)
	Shorter shelf life (i.e., a few months)
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Table 2. List of commercially available products for high-abundance protein depletion or low-abundance protein enrichment of serum and plasma samples.
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	Product
	Manufacturer
	Capture Agent
	Captured Proteins





	Albumin

Depletion Kit
	ThermoFisher Scientific
	Antibody
	Albumin



	High-Select HSA/Immunoglobulin Depletion Spin Columns
	ThermoFisher Scientific
	Antibodies
	Albumin, IgG, IgM, IgE, IgD, and IgA



	High-Select Top14 Abundant Protein Depletion Spin Columns
	ThermoFisher Scientific
	Antibodies
	Albumin, IgG, IgA, IgM, IgD, IgE, Alpha-1-Acid glycoprotein, Alpha-1-Antitrypsin, Alpha-2-Macroglobulin, Apolipoproteins A-I, Fibrinogen, Haptoglobin, Transferrin



	Albumin/IgG Removal Kit
	ThermoFisher Scientific
	Cibacron Blue Dye and Protein A
	Albumin and IgG



	Multiple Affinity Removal Column Human 14
	Agilent
	Antibodies
	albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin, fibrinogen, alpha-2-macroglobulin, alpha1-acid glycoprotein, IgM, apolipoprotein AI, apolipoprotein AII, complement C3 and transthyretin



	ProteoExtract Albumin/IgG Removal Kit
	Millipore Sigma
	albumin-specific affinity resin and protein A
	Albumin and IgG



	ProteoMiner Protein Enrichment
	BioRad
	Combinatorial library of hexapeptides
	All proteins
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