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Abstract

Light chain (AL) amyloidosis is a devastating, complex, and incurable protein misfolding disease. 

It is characterized by an abnormal proliferation of plasma cells (fully differentiated B cells) 

producing an excess of monoclonal immunoglobulin light chains that are secreted into circulation, 

where the light chains misfold, aggregate as amyloid fibrils in target organs, and cause organ 

dysfunction, organ failure, and death. In this article, we will review the factors that contribute to 

AL amyloidosis complexity, the findings by our laboratory from the last 16 years and the work 

from other laboratories on understanding the structural, kinetics, and thermodynamic contributions 

that drive immunoglobulin light chain-associated amyloidosis. We will discuss the role of 

cofactors and the mechanism of cellular damage. Last, we will review our recent findings on the 

high resolution structure of AL amyloid fibrils. AL amyloidosis is the best example of protein 

sequence diversity in misfolding diseases, as each patient has a unique combination of germline 

donor sequences and multiple amino acid mutations in the protein that forms the amyloid fibril.
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Introduction

Light chain (AL) amyloidosis was one of the first amyloid diseases characterized via the 

seminal work of Henry Bence Jones, Robert Kyle [1], George Glenner [2], Alan Edmundson 

[3], Alan Cohen [4], Merril Benson [5] and Alan Solomon [6], among others. In this article, 

we describe the current state of knowledge of AL amyloidosis biochemical and biophysical 

research in the context of the advances in clinical research. Our contributions to the field are 

discussed in the context of work performed by several other research groups worldwide.

We consider that a wider understanding of the role of stability needs to be acknowledged by 

the field. We are just starting to acknowledge and understand the role and the interactions 

between the two domains of immunoglobulin light chains. The toxic species identified for 

AL amyloidosis suggest that amyloid fibrils may play a role in cytotoxicity by affecting the 

cells in ways that differ from the oligomeric species, something that appears to be a unique 

feature among amyloidosis. Amyloid fibrils heterologous recruitment (known as cross 

seeding) could have profound implications for individuals with AL amyloidosis because of 

the potential of recruitment of normal repertoire immunoglobulins. Finally, the fibrillary 

structure of light chain amyloid appears to be joining the increasing number of amyloid 

structures from full sequences showing complex topology.

We believe that a sophisticated understanding of the biophysics, biochemistry, and cell 

biology of AL amyloidosis is required to fill the knowledge gap necessary to ameliorate the 

cellular and tissue damage associated with AL amyloidosis. In the sections below, we will 

describe our contributions to the main research questions of this complex disease.

Analysis of immunoglobulin light chains sequences associated with AL 

amyloidosis

Gene rearrangement

The functional light chain gene consists of three different segments: the Variable (V) gene, 

the Junction (J) gene, and the Constant (C) gene. Humans have 73 light chain V genes (40 

kappa (κ) V genes and 33 lambda (λ) V genes), 5 Jκ, 4 Jλ genes, one Cκ gene and 5 Cλ 
genes. The functional gene arises from a recombination of the different VJC genes. 

Structurally, the variable domain consist of (VL) nine β-strands (abcc’c”defg) and the 

constant domain (CL) comprise seven β-strands (abcdefg) arranged such that four strands 

form one β-sheet while 5 β-strands (5 in the case of the constant domain (CL) comprise the 

other β-sheet (Figure 1). The sheets pack together and are joined by a disulphide bond. The 

topology is a form of a Greek key barrel [7]. Several groups, including ours, have shown that 

there are 5 V gene products that are overrepresented in AL amyloidosis: Vκ1, Vλ1, Vλ2, 

Vλ3, and Vλ6 [8–11]. One unresolved question in the field is whether or not these 5 V 

genes are inherently-prone to misfolding or whether somatic mutation contributes more to 

amyloid risk. A recent report studying the stability and amyloidogenic potential of several 

germline gene-encoded proteins showed that there is no correlation that might explain why 

these germline gene products are overrepresented in AL amyloidosis [12]; thus the particular 
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properties that may explain this germline gene overrepresentation in AL amyloidosis remain 

unanswered.

Somatic hypermutation

As mentioned above, the amino acid sequence diversity that characterizes immunoglobulin 

molecules arises from somatic hypermutation. Our laboratory and collaborators initially 

explored the possibility that there may be regions in the light chain variable domain 

(composed of the V and J germline gene products) that may accumulate more non-

conservative mutations (defined as mutations that change the chemistry of the amino acid 

side chain) as compared to other light chain V domains from other plasma cell dyscrasias 

(such as multiple myeloma, where the prevalence of amyloidosis is uncommon) or from the 

normal immunoglobulin repertoire. Our results showed that in specific secondary structure 

elements, there are significant differences in the number of non-conservative mutations 

between normal and AL variable domain sequences. In addition, AL sequences from 

patients with different levels of secreted light chain have distinct differences in the location 

of non-conservative mutations, suggesting that for patients with very low levels of light 

chains and advanced amyloid deposition, the location of non-conservative mutations, rather 

than the amount of free light chain in circulation, may determine the amyloidogenic 

propensity of light chains [9].

Recently, we have embarked on determining the mutational hotspots in AL sequences at the 

amino acid level. Our results show that lambda variable domain sequences have a larger 

number of mutational hotspots compared to kappa sequences, resulting in large differences 

in the amino acid positions that are heavily mutated between the kappa and lambda light 

chains throughout the variable domain sequence (Ramirez-Alvarado et al., in preparation). A 

mutational spot region to highlight for its differences between kappa and lambda variable 

domains is the N-terminus β-strand A (amino acids 1–13). Our sequence analysis shows that 

positions 1, 3–9, and 13 in AL lambda proteins contain more non-conservative mutations as 

compared to lambda variable domains in the normal immunoglobulin repertoire. Studies of 

amino acid substitutions at position 2, 7, and 8 in lambda 6a germline variable domain show 

a decreased thermodynamic stability and increased rate of amyloid formation [13]. 

Destabilizing mutations are generally associated with increased amyloidogenicity in AL 

proteins, but the magnitude of the effect is context-dependent. For example, substitutions 

that introduce a Pro residue at the N-terminus β-strand A, F2P and H8P, decreased the 

amount of fibrils formed at equilibrium. In contrast, substituting Pro7 to Ser significantly 

increased fibrillar content [13].

Thermodynamic folding stability studies on the polymorphism R25G in lambda 6a (reported 

in 25% of lambda 6a sequences [14]; found to be present in 27% of lambda 6a sequences in 

our database) by del Pozo-Yauner et al. have shown a decreased stability associated with this 

polymorphism, which may enhance its propensity to form amyloid fibrils.

Mutations in residues appearing on the surface of the light chain protein that may affect 

electrostatic interactions can reduce thermodynamic stability and make the proteins more 

prone to aggregation as it has been shown for several AL proteins [15, 16].
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Role of plasma cells in AL amyloidosis

Plasma cells are fully differentiated B cells responsible for the synthesis and secretion of 

immunoglobulins. In the context of AL amyloidosis, the abnormal proliferation of a plasma 

cell clone in the bone marrow that secrete an excess of monoclonal (meaning one unique 

protein sequence is synthesized) light chains is the initial pathological event in AL 

amyloidosis (Figure 2). AL amyloidosis is not considered a cancer due to the fact that the 

plasma cell burden (a measure of the extent of the malignant plasma cells throughout the 

entire bone marrow) is less than 10% of the bone marrow. It is thought that AL plasma cells 

are not as proliferative as those found in multiple myeloma, which explains the reason 

behind the lack of cellular models for AL plasma cells. In 2008, Jelinek led a team of 

researchers, including our laboratory, in the establishment and characterization of plasma 

cell lines called ALMC-1 and ALMC-2. The ALMC-1 cell line was established from the 

initial diagnostic bone marrow aspirate of a 50-year-old female patient with cardiac 

symptoms and suspicion of amyloid. The patient received a peripheral blood stem cell 

transplant, but relapsed 100 days after transplant. The second cell line, ALMC-2, was 

established at the time of relapse. Cytogenetic analysis of both cell lines compared to the 

primary patient cells pre- and post-transplant revealed c-myc amplification (from 30–100% 

cells) and p53 deletion (from 40–100% cells) among other cytogenetic abnormalities. Both 

cell lines express and secrete identical a monoclonal λ6a light chain with 9 mutations, 5 of 

those non-conservative mutations; 6 out of the 9 mutations are within mutational hotspots in 

lambda protein AL sequences. The secreted protein adopts the typical β-sheet structure 

characteristic of immunoglobulin light chains and is able to form amyloid fibrils under 

conditions where partially folded states are populated (incubation at the melting temperature 

of unfolding in the presence and absence of sodium sulphate) [17]. Other laboratories have 

conducted numerous studies using hybridoma technology (a hybrid cell produced by the 

fusion of an antibody-producing plasma cell with a tumor cell used to continuously express 

a specific monoclonal antibody) to shed light into the plasma cell biology in the context of 

multiple myeloma (for a recent review, please see [18]). While these studies are important in 

the field of plasma cell dyscrasias, their relevance to the role of the plasma cell biology in 

AL amyloidosis remains enigmatic.

Structural studies of immunoglobulin light chains

Historically, structural information from immunoglobulin molecules was obtained from 

proteolytic fragments denoted Fc (“Fragment, crystallizes” corresponding to the heavy chain 

constant domains 2 and 3) and Fab (“Fragment, antigen binding” corresponding to the 

dimeric structure including the light and heavy chain variable domains, the light chain 

constant domain, and the first heavy chain constant domain). Allen Edmundson and 

colleagues obtained the first high resolution structures of immunoglobulin molecules using 

Bence Jones proteins (light chain proteins voided in the urine of patients with plasma cell 

dyscrasias and named for the British physician who first isolated them) [19]. The 

information gleaned from Edmundson’s efforts together with the x-ray structures of 

immunoglobulin fragments showed that immunoglobulin variable and constant domains for 

both heavy and light chains presented similar structural domains, which are now known as 

immunoglobulin folds. As we mentioned before, this structure consists of nine (seven in the 

case of the constant domain) β-strands arranged in a way that four strands form one β-sheet 
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while 3 (5) strands form the other β-sheet. The sheets pack together and are joined by a 

disulphide bond. There is a conserved tryptophan at position 35. The dimer interface 

interactions involve a network of aromatic residues that are highly conserved as well.

The topology is a form of a Greek key barrel [7]. The residues that form the Greek key 

barrel are part of the framework region. There are three loops connecting strands B-C, 

strands C’-C” and strands F-G that are called the complementarity determining regions 

(CDRs), responsible for antigen binding and immunologic specificity (Figure 3). The CDRs 

are the regions in the protein that accumulate the largest number of somatic hypermutations 

in order to achieve the extensive diversity of reactivity required by the mammalian 

immunoglobulin system and high-affinity antigen binding.

A feature from the first Bence Jones protein crystal structure solved by Edmundson that 

appears in all light chain structures in the protein data bank (pdb) [3, 16, 20–48] is the 

dimerization between the two immunoglobulin light chains. The dimer interface surface is 

the same surface used by the light chain to dimerize with the heavy chain, with very minor 

alterations in some proteins. Another feature observed in the crystal structure of Bence Jones 

proteins from AL amyloidosis patients was the asymmetry of the two monomers. This 

asymmetry occurs when the angle between the VL and the CL is different between the two 

monomers [49]. In the recent article by Oberti et al., they observe this asymmetry with some 

of their structures [50]. One of the first contributions from our laboratory to the field of AL 

amyloidosis came from solving the crystal structure of the recombinant bacterially produced 

AL-09 variable domain (AL-09 variable domain comes from a cardiac AL amyloidosis 

patient). The AL-09 crystal structure showed an altered dimer interface with a 90° rotation 

from the dimer interface geometry found in most immunoglobulin, Bence Jones proteins, 

and recombinant variable domain crystal structures [51]. This altered dimer interface has not 

been observed in any light chain crystal structure solved by any other groups or since, by our 

group [52] to date. Other reports with an unusual dimer interface (protein RHE and Loc) 

attributed the dimer alterations to crystallization conditions [43, 45, 49, 53]. Through 

mutational analysis, we identified the amino acid responsible for the altered dimer interface 

and learned that light chains have the ability to populate, at least 3 different dimer interfaces 

in a dynamic equilibrium that depends on the specific amino acid substitutions in the dimer 

interface residues. Given that this interface is a model of the light and heavy chain interface 

this region, is something that could be designed or modulated by genetic mutation for 

improved stability and better antigen binding properties of biomedically relevant antibodies 

[51, 54–56].

The Immunoglobulin fold is a versatile structural domain that provides stability, the ability 

to build highly diverse binding loops or edge β-strands without disrupting its core structure, 

It is in fact one of the most widely used protein topologies in nature. However, significant 

differences in the N-terminal region (namely, β-strand A) are observed between kappa and 

lambda light chains. The β-strand A in both kappa and lambda light chains adopts a 

characteristic conformation known as a β-sheet switch (the inclusion of a β-bulge), a known 

negative design element that prevents the two edge β-strands from non-native intermolecular 

interactions that lead to aggregation [57]. The size of the β-bulge in kappa light chains and 

the β-strand A hydrogen bond network is greater than in lambda light chains. Mutations that 
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disrupt the interactions and the negative design of this particular region of the molecule can 

have significant effects in the thermodynamic stability and amyloidogenic properties of the 

proteins.

Protein stability studies

Work by our group and others have established that decreased thermodynamic stability in 

the VL domain is associated with an increased propensity to form amyloid fibrils [51, 54, 

58–60]. The rationale behind this paradigm is that decreased stability will allow the protein 

to sample partially folded structured states necessary to initiate the aggregation reaction, as 

has been generally proposed for all amyloid formation initiation reactions [61, 62]. Surface 

mutations can affect thermodynamic stability. It is worth mentioning that there are data in 

the literature from irreversible folding transitions reported as thermodynamic parameters. 

This data does not conform with thermodynamic formalisms. Therefore, any reported 

‘thermodynamic parameters’ shown in those publications should be considered as apparent 
[15]. Auton et al., have developed and applied scan rate dependency of protein folding for 

proteins with irreversible transitions that we have applied for AL proteins [63, 64].

The effect of solutes (e.g salts from the Hofmeister series) and sulphated 

glycosaminoglycans affect the thermodynamic equilibrium of AL proteins, and alter the 

experimental conditions required for fibril formation for AL-09 and AL-12 VL [65, 66]. 

Interestingly, we have found that unstable (AL-12 H32Y: the substitution of histidine for 

tyrosine at position 32) (or the more stable AL-12 Q96Y) AL-12 restorative mutants form 

fibrils, suggesting that fully unfolded AL proteins are unable to promote aggregation. This 

prompted us to suggest a thermodynamic range for optimal aggregation in physiological 

solution conditions. This was also observed with AL-T03 VL, associated with renal 

amyloidosis [67, 68].

In addition to thermodynamic stability, we have explored the role of kinetic stability in the 

process of amyloid formation using two protein systems: the AL protein AL-103 VL [69] 

and the full length proteins (FL) AL-09 FL, κI FL [63], as well as Bence Jones proteins [70]. 

AL-103 VL exhibits kinetic control in protein unfolding evident as scan rate-dependence in 

thermal denaturation experiments. The refolding process is reversible with hysteresis of 

different extents for several AL-103 VL restorative mutations. Interestingly, AL-103 VL and 

AL-103 del95aIns present the largest scan rate dependency [69]. AL-103 VL has a diproline 

motif as a result of the insertion of a Proline in position 95a which results in a trans/cis 

proline conformation while the del95Ins mutant has cis proline conformation. This is 

important because trans/cis proline isomerization directly affects the kinetic protein stability 

with little or no effect on the thermodynamic stability, slowing down the rate of protein 

folding, allowing the VL and full length light chains to sample amyloidogenic misfolded 

conformations. The main structural deviations found in the AL-103 structure center around 

the CDR3 region, where the Pro95aIns mutation is located [52], suggesting that the AL-103 

CDR3 region appears to be a dynamic region based on the poor electron density data. 

Similar weak electron density in the CDR3 region of AL-103 delP95Ins crystal structure 

suggested to us that this mutant exhibits the same dynamic behaviour around CDR3 as its 

parent protein AL-103.
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Full length AL proteins in amyloid deposits

Early reports on the composition of tissue amyloid deposits from patient-derived material 

indicated that the amyloid fibrils comprised fragments consisting principally of the entire 

variable domain and a portion of the constant domainn [71, 72]. Because the variable 

domain is the region of the light chain that accumulates somatic hypermutation, it was 

assumed that the light chain variable domain was the main component of the amyloid 

deposits. In 2008 and 2009, mass spectrometry analysis of patient fat aspirates and biopsy 

tissues reported the presence of the entire light chain (variable + constant domains) in 

patients’ samples [73, 74]. These mass spectrometry findings highlighted an added level of 

complexity associated with AL amyloid deposition, suggesting that mixed fragments of 

variable, variable + portions of the constant domain, and full length light chains may form 

part of the amyloid fibrils in AL amyloidosis. Mass spectrometry is not a quantitative 

approach, so the proportion of each fragment cannot be assessed and requires different 

approaches. However, given that highly sensitive mass spectrometry studies were required to 

identify the full length components, it suggests that full length proteins may be minor 

component of the amyloid deposit relative to the VL domain fragments.

The participation of the CL in the pathophysiology of AL amyloidosis is not well 

understood, although previous studies reported that the κI CL domain can form amyloid 

deposits in AL patients [6, 75]. In addition, work performed with a mouse immunoglobulin 

light chain has shown the importance of the the initial residues of the CL domain 

(considered a structural linker between the structural VL and CL) for protein stability and 

amyloid formation potential [76]

The role of the CL in the thermal stability of lambda-6a light chain AL-01–095 was assessed 

and compared with its corresponding variable and constant domain proteins [77]. One 

common characteristic of full length (FL) AL proteins is their irreversible refolding nature 

[50, 78–80]. In this regard, Oberti et. al [50] highlight the complexity to achieve 

generalizable observations about the role of the constant domain. Their results indicate that 

AL LCs have lower stability than the non-amyloidogenic LC, however low thermodynamic 

values do not correlate perfectly with LCs amyloidogenicity. Another interesting observation 

from the Oberti report is that structural rearrangements and the nature of the LC dimeric 

interface (as observed on the crystallographic structures) do not correlate with amyloid 

propensity. One possible explanation to the discrepancy can be the effect of solvent of 

crystallization, its ionic strength, and pH influence the interactions within the dimeric 

interface of LCs, as shown by the work of Shiffer et. al. [49] Our thermodynamic studies on 

AL-09 and κI FL present similar thermodynamic stability parameters compared to their VL 

counterparts [63].

In the case of κI FL, the thermodynamic parameters calculated in our 2015 study suggest 

that the VL domain is slightly more stable than the FL protein, suggesting that for AL-09 

and κI FL, the presence of the CL domain did not have any stabilizing effect. Our results 

differ from those published by Klimtchuk and colleagues using a λ6 (IGLV 6–57) full 

length protein [77]. Their study used the VL, CL, and the FL versions of protein AL-01–095 

(comparing their results to the corresponding urine-derived Bence Jones protein). They 

showed that the CL domain (LC3*04 or IGLC3) is more stable than the VL and FL AL-01–
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095 suggesting that the CL domain in this λ6 protein is destabilized by the VL domain, 

further indicating that some potential interactions between these domains exist. Heretofore, 

it has widely been acknowledged that these domains are completely autonomous and 

independent. Sequence alignment of the kappa constant domain (IGKC) and the constant 

domain from AL-01–095 (IGLC3) indicated that the proteins are 41% identical. The level of 

sequence identity among the 5 lambda constant domains (IGLC) is quite high (93–99%), 

varying among them by a maximum of 7 amino acids.

Our sequence comparisons between IGKC and IGLC indicate that the differences in stability 

behaviour observed between Klimtchuk et al. and our study could be easily explained by the 

differences in the amino acid composition of the constant domains. In addition, the high 

sequence identity among IGLC sequences suggest that their thermodynamic properties are 

probably very similar, implying that there may be more interactions between VL and CL 

domains in lambda light chains that may modulate their stability and amyloidogenic 

potential. This is again another example of the ways in which kappa and lambda proteins 

differ in their structural and stability properties and how that may impact differentially their 

amyloidogenic potential.

With regards to the role of FL proteins in the process of amyloid formation, our data indicate 

that the presence of the constant domain in κI FL modulates fibril formation, facilitating the 

recruitment of κI VL [56] (see section below for more detailed description of these results).

Role of co-factors

The amyloid deposits in the tissues and organs affected by AL amyloidosis consist of a 

number of protein co-factors. These “accessory molecules” are often ubiquitous in the 

amyloid deposits from patients affected by any of the 36 human amyloid diseases [73]. 

Tissue amyloid is located in the extracellular space and perhaps not surprisingly many of the 

accessory proteins are components of the extracellular matrix. Proteoglycans are 

glycoproteins comprising a core protein associated with glycosaminoglycans (GAGs). GAGs 

are a group of negatively charged, unbranched, long heteropolysaccharides composed of 

repeating disaccharide units consisting of uronic acid and either N-acetylglucosamine or N-

acetylgalactosamine. GAGs play multiple roles related to cell signaling and adhesion and are 

a major component of all plasma membranes and extracellular matrices. The structures of 

the repeating disaccharides determine the classes of GAG, which include heparan sulfate, 

chondroitin sulfate A, dermatan sulfate, hyaluronic acid, and keratan sulfate. Amyloid fibrils 

have been found associated with GAGs from proteoglycans in AL amyloidosis and many 

other forms of amyloid-associated disorders (for a review on this topic, see [81]). Our 

laboratory has studied the effect of glycosaminoglycans and anions from the Hofmeister 

series in amyloid formation in vitro in AL amyloidosis [65, 66, 82, 83]. Our data indicate 

that charge (in the case of GAGs, this means the level of sulphation) and size (meaning 

number of disaccharide repeats) are important factors that contribute to the acceleration and 

possibly the stability of the amyloid formation reaction. We have also reported that the 

different somatic mutations in AL proteins may be responsible for differential enhancing 

effects of GAGs in amyloid formation reactions (Figure 4). Our results may explain the 

differential deposition between different systemic amyloidosis. For example, it is possible 
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that cardiac AL amyloidosis is stabilized through the interaction of AL proteins with 

Heparan sulfate. In contrast, it is possible that joint deposition of β2-microglobulin in 

haemodialysis-associated amyloidosis is stabilized by the strong interaction with 

Chondroitin sulfate [82]. Research from Boston University has also demonstrated the 

potential role of sulphation for in vitro and cell culture studies in AL amyloidosis [84, 85].

The ability of amyloid deposits to bind to GAGs has been explored by the Wall laboratory to 

develop molecular imaging agents. Their basic heparin-binding peptides recognize murine 

and human amyloid deposits in both in vivo and ex vivo tissues and therefore, have potential 

as radiotracers for the non-invasive molecular imaging of amyloid deposits in situ [86]. 

More recently, the Wall laboratory has shown potential therapeutic applications for fusion 

peptides based on the GAG binding peptide sequences [87].

Light chain induced toxicity in cells and model organisms

Animal models of systemic AL amyloidosis have been challenging to generate. Those that 

have been published do not recapitulate the complex pathophysiology of AL disease [88–

93]. Therefore, cellular studies that shed light into the pathophysiological mechanisms, 

notably cytotoxicity, are a very important source of knowledge as it relates to AL 

amyloidosis. Early studies from several groups, including our laboratory [84, 94, 95,96–98] 

utilized rat and mouse-derived cardiac fibroblasts and cardiomyocytes to study the 

internalization and effects of LC soluble species on cellular homeostasis. Numerous cellular 

effects have been observed including, increased oxidative stress, reduced contractility and 

relaxation, increased apoptosis and cell death, as well as increased sulphation of 

extracellular glycosaminoglycans. In primary human renal mesangial cells, amyloidogenic 

light chains internalize, promoting what appears to be macrophage-type phenotypic 

transformation [99–101].

More recent studies from our laboratory in collaboration with the Wall laboratory have 

utilized a human-derived cardiomyocyte cell line to characterize the in vitro effect of 

exposure to amyloid fibrils composed of recombinant AL-09 (κI) and Wil (λ6) AL proteins. 

AL-09 and Wil fibrils become internalized by the cells and are also seen bound to the human 

cardiomyocyte plasma membrane. Membrane bound fibrils act as nucleus for fibril 

elongation in cell culture with enhanced kinetics compared to test tube elongation reactions. 

Both types of fibrils cause cell growth arrest when cultured with 12.5% fetal bovine serum, 

while Wil can also cause mitochondrial dysfunction in the cardiomyocyte cell line when 

serum starved; as found by other laboratories as well [102–105].

Non mammalian model organisms (Caenorhabditis elegans and Danio rerio) have been 

utilized by other groups to study AL amyloidosis and to screen molecular libraries for 

possible therapeutic strategies [106–111].

Recruitment of soluble proteins using preformed nucleus-seeding

The ability to self-propagate is a fundamental property of all amyloid fibrils, and self-

propagation proceeds as a continuous autocatalytic process via the recruitment of additional 

protein molecules from the surrounding solution (reviewed in [112]). Autocatalytic reactions 

proceed slowly in the beginning because there is little catalyst present. As the reaction 
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continues, the rate of the reaction accelerates with an increased amount of catalyst then 

slowing as the reactant is consumed. We have reported the ability of different cardiac 

amyloid-associated AL proteins to be recruited by homologous (also known as self-seeding: 

fibrils made with the same recombinant AL protein) and heterologous (also known as cross-

seeding: fibrils made with different recombinant AL protein) preformed seeds [112, 113]. 

Our data have indicated that fibril formation is kinetically controlled by the conformation of 

the amyloidogenic precursor and modulated by the differential ability of each protein to 

either nucleate or elongate fibrils. For the most amyloidogenic light chains, the presence of 

preformed fibrils did not have a significant effect accelerating amyloid formation, indicating 

that these proteins do not need a catalyst or the seed provided cannot serve as a catalyst for 

these proteins.

As discussed previously (Full length protein section), the appearance of mixed populations 

of full length, variable domain and other fragments present in tissue amyloid deposits has 

been documented extensively in the literature. In 2016, we demonstrated that for the least 

fibrillogenic of the proteins we have studied so far, κI O18/O8, both the VL and FL fibrillar 

forms of the protein are able to recruit soluble κI O18/O8 (κI) VL and FL proteins with 

optimal efficiency compared to de novo fibril reaction at the conditions where we have 

observed optimal de novo fibril formation (pH 2.0 for VL, pH 7.4 for FL) [112]. We studied 

the heterologous recruitment of κI VL and the κI FL at different ratios within one reaction 

and with both preformed fibrils of VL and FL.

In 2017, we demonstrated that FL κI O18/O8 fibrils served as excellent nucleators of fibril 

formation in mixed reactions, while the VL κI O18/O8 acted as an excellent elongator of the 

reaction, particularly when VL:FL ratio is 2:1 [56].

These results have profound implications on the mechanism of disease initiation and 

propagation and sheds light into the complex behaviour of different forms of the same AL 

protein.

The ability of amyloidogenic light chains to be recruited during the amyloid fibril elongation 

reaction may serve as a useful tool for diagnosis. The Wall laboratory led a collaborative 

effort with our laboratory to develop a sensitive binding assay to quantify the recruitment of 

full length, patient-derived LC proteins by synthetic amyloid fibrils composed of the 

recombinant Vλ6 Wil protein. Eight urine derived light chains from AL and non-AL 

patients (multiple myeloma (MM) controls) were used and evaluated for their ability to bind 

to preformed amyloid fibrils. This study indicated that AL-associated light chains bound 

significantly more efficiently to the recombinant amyloid fibrils compared to the MM 

controls. Notably, the light chain from a MM patient who subsequently developed AL 

amyloidosis behaved as an AL associated protein in the assay, indicating the possibility for 

identifying MM patients at risk for developing AL amyloidosis based on the light chain 

recruitment efficacy [114].

Cell to cell propagation-the role of extracellular vesicles

The kidneys are the most common organs affected by AL amyloidosis. Urinary extracellular 

vesicles (UEX) contain kidney-derived membrane and cytosolic proteins that can be used to 
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probe the proteomics of the entire urinary system from the glomerulus to the bladder for 

clinical and mechanistic questions related to organ damage [115]. In 2012, our laboratory 

analysed UEX to determine the possible differences between those from patients with light 

chain amyloidosis, multiple myeloma, monoclonal gammopathy of undetermined 

significance, and non-paraproteinemia related kidney disease controls. In patients with light 

chain amyloidosis, multiple myeloma and monoclonal gammopathy of undetermined 

significance, immunoreactive proteins corresponding to monomeric light chains were found 

in UEX by western blot.

In all of the samples from AL amyloidosis patients with active disease, high molecular 

weight immunoreactive species corresponding to a decamer were observed. These 

oligomeric species were not found in UEX from the other diseases or in amyloidosis UEX 

from patients in remission. These initial results showed that UEX may have tremendous 

potential in furthering our understanding of the pathophysiology and diagnosis of plasma 

cell dyscrasia related kidney diseases [116].

In 2017, we embarked on a follow-up study to further explore the role of the light chain 

oligomers in progression of AL amyloidosis. For this study, we isolated UEX from an AL 

amyloidosis patient with progressive renal disease despite achieving a complete 

haematological response. Light chain oligomers were identified in the UEX. MS analysis of 

the UEX and serum identified two monoclonal lambda light chains. Proteomics of the 

trypsin digested amyloid fragments in the kidney by laser microdissection and MS analysis 

identified a λ6 light chain. The cDNA from plasma cell clone was also from a λ6 family 

and matched the amino acid sequences of the amyloid peptides. The predicted mass of the 

peptide product of the cDNA correlated with the mass of one of the two LCs identified in the 

UEX and serum. UEX combined with MS were able to identify 2 monoclonal lambda LCs 

that current clinical methods could not. It also identified the amyloidogenic light chain 

which holds potential for response assessment in the future [117].

In addition to the potential for clinical applications described above, UEX have been 

implicated in the cell-to-cell propagation of amyloid disease and aggregated species in 

neurodegeneration [69, 118–120]. It is unclear to us what may be the potential role of UEX 

in the pathophysiology of renal amyloidosis; however, it is possible that glomerular AL 

amyloid could spread throughout the nephron and propagate tubular disease in this manner.

Fibril structure

Our laboratory, in collaboration with Chad Rienstra et al. have performed solid state NMR 

studies of isotopically labelled AL-09 VL fibrils to glean insight into the high resolution 

structure of these fibrils [121, 122]. Our results show that the N- and C-terminus of the 

variable domain are involved in the rigid portion of the fibril structure. Moreover, work in 

preparation has allowed us to assign >90% of the residues involved in the fibril structure 

(Piehl et al., in preparation). Initial analysis of the structural properties observed in these 

fibrils indicate that these light chain fibrils may adopt complex fibril structures, similar to 

what has been found for α-synuclein and the protein Fused in Sarcoma (FUS) amyloid 

fibrils [123, 124].
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Conclusions

AL amyloidosis is a complex, heterogeneous, and devastating disease. While there has been 

tremendous progress in the field, there are many questions that remain unanswered in all 

areas of research associated with this disease. It is our belief that biochemical and 

biophysical studies of AL amyloidosis will shed light on features and characteristics of 

immunoglobulin molecule dynamics, positive and negative design considerations, and 

sequence selection for stability and solubility. These new insights can have enormous impact 

in the design and delivery of many antibodies now used as therapeutic agents.
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Outlook-where do we go from here?

• Structural studies to understand the dynamic interactions between the variable 

and constant domain in the context of AL amyloidosis.

• Role of accessory proteins in the elongation of amyloid fibrils and the 

cytotoxicity of the amyloid deposits

• Mechanistic studies of the role of extracellular vesicles in the propagation of 

AL amyloidosis between organs.

• Molecular basis for heterologous recruitment on systemic amyloidosis. In 

depth investigation of possible heterologous recruitment of different 

amyloidogenic proteins

• The role of macrophages in amyloid clearance.
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Figure 1. 
2D topology diagram of immunoglobulin light chain (LC) fold. The nine β-strands that form 

theframework regions. These strands are connected by unstructured loops in a Greek key 

pattern. The loops (blue lines) that connect strands B and C, C’, C”, and F and G are 

determine the specificity of the antigen-antibody interactions, and are known as the 

complementarity-determining regions (CDRs).
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Figure 2. 
Light chain amyloidosis pathology. Clonal expansion of plasma cells secreting light chain 

(LC) dimers that deposit in vital organs as amyloid fibrils.
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Figure 3. 
Primary structure of an immunoglobulin LC consisting of a variable domain (VL) and a 

constant domain (CL). A. Crystal structure of an immunoglobulin LC. B. Antibody basic 

structure, showing the interactions between the LCs and heavy chains (HC) forming a 

heterotetramer.
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Figure 4. 
A–C. suggested model of GAG modeof action on AL amyloid fibril formation. The 

morphological designations/definitions were based on empirical/visual comparison and 

contrasted with the description of amyloid aggregates and intermediates in the fibril 

formation pathway, reported for AL proteins as well as other proteins. Adapted from 

Blancas-Mejia et al., 2015.
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