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Abstract. 
Amyloidosis is a group of disorders caused by deposition of misfolded proteins as aggregates in the extracellular tissues of the body, leading to impairment of organ function. Correct identification of the causal amyloid protein is absolutely crucial for clinical management in order to avoid misdiagnosis and inappropriate, potentially harmful treatment, to assess prognosis and to offer genetic counselling if relevant. Current diagnostic methods, including antibody-based amyloid typing, have limited ability to detect the full range of amyloid forming proteins. Recent investigations into proteomic identification of amyloid protein have shown promise. This paper will review the current state of the art in proteomic analysis of amyloidosis, discuss the suitability of techniques based on the properties of amyloidosis, and further suggest potential areas of development. Establishment of mass spectrometry aided amyloid typing procedures in the pathology laboratory will allow accurate amyloidosis diagnosis in a timely manner and greatly facilitate clinical management of the disease.


1. Introduction
Amyloidosis is a heterogeneous group of diseases differing in cause, treatment, and prognosis. Common to this group of diseases is the mode of pathogenesis    [1, 2]. Amylogenic precursors misfold and assume a pathological conformation taking on a beta-pleated sheet fibrillar structure. Aggregation of these pathological proteins forms amyloid deposits in various organs eventually leading to organ failure and death. Over 20 amyloidogenic precursor proteins have been documented to form amyloid deposits systemically or localise to specific organs [3]. The amyloidogenic potential of these proteins may relate to an acquired (e.g., clonal immunoglobulin light chain in AL amyloidosis) or inherited (e.g., genetic mutations causing amino acid substitution in hereditary amyloidosis) propensity to form a structurally abnormal protein; proteins with intrinsic amyloidogenic properties which only become evident with aging (e.g., in senile systemic amyloidosis) or chronically high concentrations (e.g., serum amyloid A protein); or proteolytic cleavage of the protein precursor (e.g., β-amyloid precursor protein in Alzheimer’s disease). 
Treatment and prognosis depend on identifying the culprit molecule (Table 1). Because of involvement of vital organs such as the heart and kidneys, early amyloidosis identification and treatment is associated with better prognosis [4]. Treatment aimed at reducing amyloid deposits involves preventing production and aggregation of these proteins. For example, in AL amyloidosis chemotherapy or autologous haematopoietic stem cell transplantation are required to kill the clonal bone marrow plasma cells that produce the pathologic immunoglobulin light chain. Such therapies are inappropriate and in fact harmful for other types of amyloidosis. Similarly, accurate diagnosis of amyloid subtype is critical to guide organ transplantation to replace the organ that manufactures the pathogenic protein in hereditary amyloidosis    [4–7]. A detailed review of the clinical manifestation is beyond the scope of this paper, and the readers are referred to recent excellent reviews    [8, 9].
Table 1: Common types of amyloidosis and treatment options    [9, 64].
	

	Amyloid protein1	Precursor	Systemic (S) or localized (L)	Organ involvement	Aetiology	Treatment options
	

	AL	Immunoglobulin kappa or lambda light chain	S, L	Cardiac, renal, hepatic, PNS, and soft tissues	Primary or myeloma associated	Chemotherapy, stem cell transplant
	ATTR	Transthyretin	S	Cardiac, PNS, GIT, CTS	Hereditary	Liver transplant
	ATTR	Transthyretin	S	Cardiac, CTS	Senile	Supportive care
	AA	(Apo)serum amyloid A	S	Renal	Secondary to chronic inflammation	Control inflammation
	


1Recommended amyloid protein nomenclature includes prefix A [3]. PNS: peripheral nervous system; GIT: gastrointestinal tract; CTS: carpal tunnel syndrome.


2. Current Methods for Diagnosis and Amyloid Typing
Suspected amyloidosis is confirmed by positive Congo Red staining, with red-green dichroism/birefringence under polarized light microscopy [10]. Typing is currently achieved by a multidisciplinary diagnostic approach and requires detailed clinical evaluation combined with immunohistochemical (IHC) studies [11], biochemical tests [12], genetic studies    [1], and sometimes functional imaging [13]. When applied to amyloid deposits, IHC on formalin-fixed paraffin-embedded (FFPE) tissues often suffers from low specificity and sensitivity    [11, 14]. There are several reasons for this. Firstly, antibodies produced against native precursor proteins are often ineffective in detecting aberrantly produced and misfolded amyloid counterparts. Genetic mutations can also cause loss of epitope in the amyloid protein. This problem is exemplified by the over 80 amyloid-causing mutations in transthyretin. Furthermore, one of the most common amyloid precursor proteins is immunoglobulin light chain. Due to the hypervariable nature of immunoglobulins, antibodies are generally produced against the constant regions, meaning these antibodies are unresponsive against truncated AL proteins expressing variable regions. Finally, the formalin fixation process also traps the abundant normal serum protein counterparts in the tissue sections, a process called “contamination”, causing high nonspecific background staining [15]. 
Since amyloidosis is usually related to an underlying disorder or genetic mutation, diagnosis of the primary disease may help determine the type of amyloid present. Clinically however, genetic and pathological predisposition does not always equate to type of amyloidosis and, there is significant overlap between the disease phenotypes of the various amyloid subtypes. For example, discovery of a clonal plasma cell population, which is usually associated with AL amyloidosis, may actually be an incidental finding as monoclonal gammopathy of undetermined significance is not uncommon in the elderly    [1]. Similarly, while the presence of a family history is important to diagnose hereditary amyloidosis, a low penetrance in carriers of the mutation, overlapping involvement of organs usually affected in acquired (AL and AA) amyloidosis, and failure of IHC typing to identify the mutant protein can result in misdiagnosis of hereditary as an acquired amyloidosis    [16]. In addition, various atypical cases have been reported in the literature, and copopulations of amyloid proteins have been found in amyloid deposits. Furthermore, different amyloid subtypes can deposit in different organs in an individual further complicating amyloid typing and subsequent management    [17–21]. These factors illustrate the difficulty in subtyping amyloidosis which is very important because correct diagnosis is the key to effective treatment.
3. Current Proteomics Technology
Before introduction of protein identification by mass spectrometry, N-terminal Edman degradation was the method of choice for protein sequencing [22]. This method involves the sequential addition of a phenylisothiocyanate (PITC) probe to and cleavage of the N-terminal amino acid. The released phenylthiohydantoin (PTH) amino acid is identified by HPLC analysis. The process can be repeated to analyse subsequent amino acids, with a limit of approximately 30. 
Proteomics studies differ from protein biochemistry studies with the aim of detecting and measuring the entire complement of the proteome. This goal required high-throughput protein identification methods. Advent of modern proteomics technology was shaped by the completion of the Human Genome Project and development of other genome databases, together with advances in high-resolution mass spectrometry. Before considering recent research and future prospects in using mass spectrometry to identify amyloid proteins, it is pertinent to review mass spectrometry-based protein identification techniques and how they relate to amyloidosis typing. 
Two aspects need to be considered in mass spectrometry-assisted amyloidosis typing: (a) sample source selection and preparation and (b) mass spectrometry and bioinformatics analysis.
3.1. Sample Source Selection and Preparation
The amyloid-causing protein must be isolated from normal tissue proteins to enable its identification. Since amyloidosis can also result from overproduction of wild-type proteins, direct analysis of the amyloid deposit is necessary to ensure identification of the causal protein. Analysis of Congo Red-positive regions of FFPE samples is the most straightforward method. However, protein recovery from FFPE samples presents several challenges: the paraffin wax must be removed, and the fixation reversed before the proteins can be extracted with any efficiency. Since archival FFPE blocks are a rich source of clinical samples, several protocols have been developed to overcome these issues    [23, 24].
Other sources have been suggested including abdominal adipose tissue    [25–27] and serum    [13, 28–30]. In particular, the possibility of a noninvasive serum-based amyloidosis diagnostic test is very attractive. The difficulty in using serum or normal tissue as a sample is the technical challenge of separating amyloid protein from normal tissue protein without the guidance of Congo Red staining. Apart from immuno-isolation using antibody to the suspected amyloid protein, currently there is no structural-based method to separate amyloid fibrils from normal serum or tissue proteins. 
Mass spectrometry is a concentration-dependent technique, where the higher abundance analytes will be preferentially analysed. Hence, apart from samples containing few proteins, such as amyloid deposit extract, one or more separation steps need to be performed to ensure depth of coverage. Proteins can be separated by one- or two-dimensional gels or by liquid chromatography (LC). One-dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins by size and is a simple and robust method for protein separation. Two-dimensional gel electrophoresis (2DE) allows higher resolution of a complex protein mixture. Proteins are first separated on the basis of their charge by isoelectric point focussing (IEF), and then by size using SDS-PAGE. Analytes are separated according to physical properties such as charge or hydrophobicity. Reverse phase LC has been used to separate amyloid proteins from other tissue proteins by preferential elution at 35–45% acetonitrile [11]. Peptide level separation is generally performed by reverse phase LC using C18 columns online with an electrospray mass spectrometer.
3.2. Mass Spectrometry and Bioinformatics
Several mass spectrometry methods are now routinely used for protein identification with standard mass spectrometers readily available in research facilities. Mass spectrometry measures the mass of charged (ionized) analyte (protein or peptide), recorded as a mass-to-charge ratio (m/z). Mass spectrometers are classified according to their mode of ionization and the type of mass analyser. There are two main modes of ionization, MALDI (matrix-assisted laser desorption ionization) and ESI (electrospray ionization). Mass analysers can be divided into two main types, TOF (time-of-flight) and Q (quadrupole), with ion trap being a subtype of quadrupole analysers which traps selected ions hence allowing greater sensitivity. The discussion here will be restricted to mass spectrometers commonly used in nonspecialist laboratories as these instruments will be most accessible for clinical diagnostics.
Mass spectrometric identification of proteins is based on the concept that all naturally occurring mammalian amino acids (except for the leucine and isoleucine pair) have a unique mass, and hence each combination of sequences will correlate with a specific mass. Proteins may be analysed intact (“top-down” proteomics) to obtain the mass of the entire protein. However, since many proteins will have the same total mass, and due to the current limits in the range of m/z detection, “bottom-up” proteomics is more commonly used for protein identification. In “bottom-up” proteomics, proteins are proteolytically cleaved into peptides prior to mass spectrometry, and protein identities are inferred from the identified peptides. 
In highly purified samples (containing 1–5 proteins), sufficient information is gained from the masses of the proteolytic peptides to identify the protein(s), a method called peptide mass fingerprinting (PMF)    [31–34]. In a typical PMF experiment, gel-separated proteins are excised and subjected to in-gel digest with trypsin, which cleaves C-terminal of arginine and lysine (except before proline). The m/z ratios of tryptic peptides are then measured to generate a peptide fingerprint of the protein(s) which were then matched against in-silico tryptic digest of the entire database using specifically designed algorithms. MALDI-TOF is usually the mass spectrometer used for PMF analysis due to speed and ease of use. While PMF does not actually provide sequence information, by further fragmenting selected peptide ions and detecting the resulting daughter ions in a second mass analyser, sequence information can be obtained by a similar spectral matching algorithm. This method is called tandem mass spectrometry (MS/MS or tandem MS) [35] and is commonly used with electrospray mass spectrometers, although MALDI-TOF/TOF instruments are also now widely used. 
Protein identification both PMF and MS/MS requires database searching using specialist software and sequence databases. Since the principle of these methods rely on matching the experimental spectra to theoretical spectra generated from a sequence database, it follows that only sequences within the selected database has a chance of being “identified”. De novo MS/MS peptide sequencing without the reference to a sequence database can be performed manually by correlating the mass difference between MS/MS peaks [36]. Understandably, manual interpretation has not gained popularity with researchers undertaking proteome-wide studies. Many algorithms have been developed for automated de novo sequencing over the past decade    [37–43].
The formalin fixation process introduces many chemical alterations to the proteins, which reduces the efficiency of protease cleavage and/or alters the mass of the resulting peptides. These variables must be considered in the bioinformatics analysis to ensure accurate protein identification.
4. Proteomic Investigations in Amyloidosis Typing
Given the importance of identifying the culprit protein in amyloidosis, recent years have seen collaborative efforts between clinicians and proteomics researchers in the application of high-resolution mass spectrometry to amyloid identification (Table 2).
Table 2: Summary of recent reports on the use of proteomics techniques for amyloidosis typing. Studies are grouped according to broad methodological categories.
	

		Investigators	Sample type	Proteomics techniques	Outcome
	

	Immuno affinity MS     Advantages: Identify mutations on     known amyloid proteins.      Disadvantages: Only applicable to    known amyloid proteins; Require    antibody of high specificity;     Mutation may destroy antigenic    epitope, leading to reduction of    antibody binding; Amyloid proteins    may deposit in tissues leading to low    serum levels; Not as efficient as    DNA sequencing.	Tachibana et al. [29]	Serum	Immunoprecipitation, MALDI-TOF	Spectral pattern matching to genetic mutation
	Sen et al. [44]	Serum, cerebrospinal fluid	On-line immunoaffinity capture, ESI-MS	Informations on relative abundance of protein isoforms, requires specific antibodies
	Bergen et al.    [28, 45]	Serum	Automated-online affinity purification, ESI-MS	Clinical assay to detect transthyretin mutations
	Nepomuceno et al. [46]	Serum	Immunoprecipitation, Fourier-transform ion-cyclotron-resonance MS	Able to detect 91% of known transthyretin mutations due to high mass accuracy
	Lavatelli et al. [47]	Serum	Immunopurification, SDS-PAGE or 2DE, MS	Can detect posttranslational modifications
	

	Antibody-free serum or tissue extract analysis      Advantages: Identify mutations on    known amyloid proteins; Measure    relative abundance of mutant to    wide type proteins.      Disadvantages: Only applicable to    known amyloid protein.	Kishikawa et al. [48]	Serum	Multidimensional liquid chromatography, ESI-MS	Applied to serum samples without requiring specific antibodies
	da Costa et al. [49]	Serum	SDS-PAGE fractionation, MALDI-Fourier transform ion cyclotron resonance MS	Quantitation of mutant to wild type transthyretin
	Ueda et al. [50]	Tissue and serum	HPLC separation, SELDI-TOF	Quantitation of mutant to wild type transthyretin within 3 hours
	Lavatelli et al. [25]	Fine needle aspiration of abdominal adipose tissue	2DE, PMF by MALDI-TOF	Identification of amyloidogenic proteins
	

	Direct extraction from FFPE samples      Advantages: Identify unknown    amyloid proteins in tissue sections    or fat aspirates.     Disadvantages: Protein extraction    requires days.      	Murphy et al. [11]	FFPE	HPLC purification, N-terminal sequencing, PMF	Successful identification
	Murphy et al. [51]	FFPE	HPLC, MS/MS de novo sequencing	Successful identification
					
					
	

	LMD with LC-MS/MS      Advantages: Capture specific regions    of interest: amyloid deposits from    FFPE sections; Identify unknown    amyloid proteins in tissue sections;     Protein extraction within hours.     Disadvantages: Requires specialist    LMD equipment and expertise.	Rodrigues et al.    [52]	FFPE of immunoglobulin deposits in nerve tissue	LMD, LC-MS/MS	Successful identification
	Vrana et al. [55]	FFPE samples of four amyloid types, 50 cases in training set, 41 cases in validation set	LMD, LC-MS/MS, algorithm to assign amyloid type according to highest number of spectra	>98% specificity and sensitivity for the 4 amyloid types examined
	Klein et al. [53]	FFPE of various amyloid types in nerve tissue	LMD, LC-MS/MS	Successful identification of all 21 cases including transthyretin mutations
	Sethi et al. [54]	FFPE of immunoglobulin renal deposits	LMD, LC-MS/MS	Successful identification
	

	MS Imaging     Advantages: Detecting amyloids in    situ, allowing correlation to    deposits; No extraction steps.     Disadvantages: Specialist MS    imaging software and expertise    required.	Stoeckli et al.    [58]	Frozen tissue	MSI	Localization of amyloid β peptides in mouse brain sections
	Seely and Caprioli [59]	One 100 year old amyloid FFPE sample	In-situ tryptic digest and imaging MALDI-MS/MS	Successful identification of serum amyloid A
					
					
					
					
	



One stream of studies focused on the serum as a sample, initially using immune-affinity purification to isolate known amyloid protein followed by mass spectrometers analysis, with the aim of identifying the mutation    [28, 29, 44–47]. The methods developed were translated to clinical assays    [28, 45], however, these methods require antibody of high specificity, and some mutations may destroy the antigenic epitope leading to reduction or loss of antibody binding. In addition, amyloid proteins may preferentially deposit in tissue leading to low serum levels. Furthermore, genetic mutation is already routinely identified through DNA sequencing with high accuracy. Recognising the pitfalls of antibody-based methods, alternative, nonimmune strategies were devised for tissue and/or serum analysis. These include use of multidimensional HPLC separation [48], SDS-PAGE fractionation then excising region according to predicted size of the (known) amyloid protein [49] and HPLC separation following by binding to an activated MALDI surface, a method termed Surface-Enhanced Laser Desorption Ionisation (SELDI) [50]. Most of these methods were designed to detect mutation in known amyloid protein (usually transthyretin) and to measure the relative abundance of mutant to wild-type proteins. 
In order to identify unknown amyloid proteins, an antibody-free method based on analysis of the actual amyloid deposit is required. Tissue biopsies are routinely processed into FFPE samples. FFPE-processed samples have not been extensively used in proteomics studies due to the potential chemical alterations and difficulty in protein extraction. In an early study, Murphy et al. [11] extracted protein samples from multiple FFPE slides of different amyloid types. Extraction was performed by denaturing the scraped slides in a solution containing 50 mM Tris-HCl, pH8.0, 0.2 M EDTA, and 6.4 M guanidine hydrochloride at 37°C for up to 5 days, and sonicating until the solution is clear. Amyloid proteins were purified by HPLC and identified by Edman sequencing. Samples that could not be sequenced were analysed by peptide mass fingerprinting. In a follow-up study, the authors used a similar method, with the incubation time increased to 8–10 days with daily sonication, to extract amyloid proteins from FFPE slides and abdominal fat aspirates and adopted de novo sequencing by tandem mass spectrometry [51]. Although too time consuming as clinical pathology procedures, these studies demonstrate the potential for proteomic identification of amyloids from FFPE samples. 
Instead of the extensive purification steps, a team from the Mayo Clinic pioneered the use of laser microdissection (LMD) to capture amyloid deposits from FFPE sections, followed by ESI-MS identification    [52–55]. LMD utilizes cleverly designed caps with computer-guided laser to capture regions of interest from tissue sections [56]. Extraction used a mild solution containing 10 mM Tris, 1 mM EDTA, 0.0002% Zwittergent3-16 and was shortened to 90 minutes at 98°C, followed by 60 minutes of sonication. Following tryptic digest, peptides of were analysed with LC-tandem mass spectrometry. Using a training set of 4 amyloid subtypes to design an algorithm, Vrana et al. reported greater than 98% specificity and sensitivity for their assay in detecting the amyloid subtypes used in training the algorithm [55]. We have successfully extracted proteins from LMD-dissected amyloid deposits using a commercial FFPE Protein Extraction Solution (Agilent) with a 10 minute incubation at 95°C, followed by 2 hours at 60°C.
A novel method correlating MS data with tissue location is mass spectrometry imaging (MSI). Like traditional immunohistochemistry for amyloid detection, tissue sections are mounted on activated glass slides but are processed by a robotic liquid handler to dispense protease and then matrix, and analysed using MALDI-TOF with MS imaging software [57]. This method has the advantage of detecting amyloids in situ, allowing correlation to the deposit. A proof-of-concept study used fresh frozen mouse brain tissue to correlated amyloid β peptide with immunostaining of consecutive sections    [58]. In a follow-up report, MSI analysis successfully identified the amyloid type in a FFPE amyloid sample that has been preserved for over 100 years [59].
5. Outlook for Proteomics in Amyloidosis Typing
Although relative few in number, recent studies have aptly demonstrated feasibility in mass-spectrometry-based amyloid typing. Indeed, LMD-MS is currently the gold standard for amyloid subtyping [4]. A clinically useful assay needs to be accurate, fast, and suitable for the relevant sample type. Although highly accurate, LMD is not a fast technique, requiring 1–1.5 hour per slide even in experienced hands [56]. After LMD, sample preparation requires a further 1-2 days to undergo fixation reversal, protein denaturation, and proteolytic digestion.
One possibility is to combine the LMD and MS steps by using imaging MALDI-MS/MS (MSI-MS/MS). Recent pilot studies point to the potential for using MSI-MS/MS for amyloid-type identification from FFPE sections [59]. The lack of protein/peptide separation steps in MSI-MS/MS limits the depth of proteome coverage able to be achieved in this technique. However, this limitation is not a problem for amyloid deposits which contains 1 or 2 major proteins, which are the amyloid proteins of interest. Hence the possibility of directly using Congo Red-stained FFPE section for guided MSI-MS/MS in amyloid typing is an exciting prospect. Furthermore, this technique is more likely to achieve wide practical use in clinic as it is much more streamlined and requires less sample handling compared to LMD-MS. The time-consuming steps in LMD-MS include LMD, the extensive extraction steps and tryptic cleavage. MSI-MS/MS does not require LMD or protein extraction, and the tryptic cleavage is faster because it occurs in much smaller volumes (on droplets sprayed on the slide). MSI-MS/MS can also be adapted for the analysis of tissue microarray and fresh frozen tissue samples of different clinical conditions in histopathology. Results from MSI-MS/MS can be correlated with adjacent tissue sections analyse by immunohistochemistry to coordinate protein identity and location. With the possibility to automate samples preparation, MSI-MS/MS is an attractive technique for the clinical pathology laboratory.
Another important area of development is bioinformatic analysis software for de novo peptide sequencing    [37–40, 42, 60, 61], and those combining de novo peptide sequencing (sequence tag) with MS/MS database searching for protein identification    [41, 62]. Performance of de novo sequencing is likely crucial to successful amyloidosis typing due to (1) high likelihood of mutations and immunoglobulin variable regions that are not in the sequence database, and (2) increased likelihood of chemical modifications due to FFPE processing. Hence deployment of an accurate de novo sequencing algorithm with or without MS/MS database matching should be considered in proteomics analysis of amyloid deposits. 
In conclusion, technical advances in mass spectrometry and development of bioinformatic algorithms have matured to bring mass-spectrometry-based amyloidosis typing diagnostics. Mass spectrometry techniques are already being used in clinical pathology [63]. The tissue slide sample format of MSI-MS/MS is a comparable and complementary technique to immunohistochemistry. With automated samples preparation and development of diagnostic algorithms, MSI-MS/MS will be extremely useful for clinical amyloidosis subtyping in the near future.
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