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Abstract: Studies carried out in the last three decades have significantly advanced our knowledge
about the structural factors that drive the amyloid aggregation of the immunoglobulin light chains.
Solid-state nuclear magnetic resonance and cryo-electron microscopy studies have resulted in huge
progress in our knowledge about the AL fibril structure. Now, it is known that the assembly of
the light chain into AL fibrils implies an extensive conformational rearrangement that converts the
beta-sandwich fold of the protein into a near flat structure. On the other hand, there has also been
significant progress made in understanding the role that some cell types play as facilitators of AL
formation. Such a role has been studied in glomerular amyloidosis, where mesangial cells play
an important role in the mechanism of AL deposition, as well as for the pathogenic mechanisms
that result in glomerular/renal damage. This review addresses what we currently know about why
and how certain light chains are prone to forming amyloid. It also summarizes the most recent
publications on the structure of AL fibrils and analyzes the structural bases of this type of aggregate,
including the origin of its structural diversity. Finally, the most relevant findings on the role of
mesangial cells in the amyloid deposition of light chains in the glomerular space are summarized.

Keywords: light chain; amyloidosis; AL fibril; mesangial cell; protein aggregation; protein misfolding

1. Introduction

Proteins are key components of living organisms, since they are the molecules re-
sponsible for translating the information encoded in the cellular genome into the myriad
of molecular actions that sustain life [1,2]. Such functional diversity is an expression of
their structural diversity, unparalleled among the biomolecules. Many proteins acquire
their functional capabilities through folding, a complex process that confers to the protein
molecules a defined, generally compact, and stable tridimensional conformation known
as the “native state” [3]. In contrast, there is a class of proteins, or protein segments, that
lack a well-defined ordered structure at physiological conditions. This group is known as
intrinsically disordered proteins (IDPs), and they account for around ~30% of the human
proteome [4]. Upon binding to a functional partner, some IDPs undergo a disorder-to-order
transition that results in a relatively compact and defined conformation [5]. Whether it
occurs spontaneously or induced by the interaction with a functional partner, protein
folding takes place in the highly crowded environment of the intracellular compartment,
where each protein coexists with molecules of a very diverse chemical nature, including
other proteins [6]. Hence, during the folding and after the native state has been adopted,
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proteins face a constant risk of aggregation derived from spurious intermolecular contacts
with other cellular components [7].

As part of their functional cycle in living cells, some proteins associate with each other,
as well as with non-protein molecules, such as nucleic acids, to form liquid-like conden-
sates that contain biomolecules in the absence of membrane structures [8]. Membrane-less
condensates, such as nucleoli, stress granules, and processing (P) bodies, dynamically
assemble and disassemble in a well-regulated manner, in response to cellular stress and
other stimuli [8]. Disruption of the regulatory mechanisms that govern the formation and
disassembling of these supramolecular complexes, as well as mutation of the constituent
proteins, can lead to protein aggregation within phase-separated compartments, which has
been linked to cancer [8,9] and neurodegenerative diseases [10]. On the other hand, pro-
teins that are secreted into the extracellular compartment can misfold and aggregate in an
unregulated manner, as a consequence of different environmental and protein-dependent
factors [7]. This type of aggregation generally implies the loss of the normal function(s)
of the involved protein, which in itself can put the viability of the living organism at
risk if the lost function is critical for the life of the cell and cannot be replaced by other
protein(s) [7,11]. Furthermore, protein aggregates are very toxic for cells, damaging them
by different mechanisms [12-15]. Not surprisingly, the intrinsic propensity of proteins
to aggregate has been one of the driving forces in their evolution, having left a mark in
living organisms in the form of evolutionarily conserved mechanisms that work together
to prevent protein aggregation [7,11,16-19]. Proteins have incorporated through evolution
structural elements that protect them from aggregation. These elements inhibit aggregation
through different mechanisms and structurally vary from a single charged residue placed at
critical positions of the polypeptide chain to relatively complex folding motifs adopted by a
specific protein segment [20-23]. Moreover, associating into stable quaternary complexes is
also an effective strategy to protect proteins from aggregation [24-26]. In addition to these
protein-specific strategies, living organisms have developed complex intracellular and
extracellular mechanisms for dealing with protein aggregation [27,28]. In general, these
mechanisms work by funneling the protein molecules into the native folding pathway,
avoiding the events that can cause them to aggregate, or by removing the proteins that have
suffered structural damage and are at risk of aggregating, or have already aggregated [29].
Although highly effective, the strategies used by nature to avoid protein aggregation are
far from infallible. There are many circumstances in which, despite the aforementioned
mechanisms, proteins misfold and aggregate, causing disease [7]. Protein can form different
types of pathological aggregates, which differ from each other by their physicochemical and
biological properties, a reflection of their differences in internal structure [30]. One of them
is amyloid, which is associated with the pathogenesis of a clinically heterogeneous group
of diseases, collectively known as amyloidosis [31]. Amyloid is characterized by fibrillar
morphology at electron microscopy level, and the ability to bind Congo red and thioflavin
T (ThT). When stained with Congo red and observed under a polarized light microscope,
amyloid, irrespective of its chemical composition, yields an optical phenomenon known as
birefringence that, although usually described as apple-green, can also be yellow, orange,
or red [32,33]. This property is used to detect tissue amyloid deposition in clinical practice.
Another property of amyloid used for clinical diagnosis [34,35], as well as for research,
is the ability to bind ThT and yield a fluorescence with a Apax of around 482 nm, when
excited at 450 nm [36,37]. Structurally, the amyloid’s hallmark is a cross-f3 core formed by
intermolecular B-sheets that run along the fibril ’s axis [38]. Currently, thirty-six different
proteins and peptides are known to form amyloid in humans [39]. Depending on the
number of organs affected, amyloidoses are classified as localized or systemic [31]. The
most frequently diagnosed systemic amyloidosis in Western countries is AL amyloidosis, a
disease caused by the misfolding and amyloid deposition of a monoclonal immunoglobulin
light chain (LC) [40]. The exact incidence of AL amyloidosis is unknown. It has been esti-
mated in the range of 10 to 12 cases per million person-years, depending on the population
and the method used to calculate the parameter [41-45]. A recent study that used claim
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data found that the prevalence of AL amyloidosis in the United Stated increased from
15.5 cases per million in 2007 to 40.5 in 2015, which means an annual percentage change
of 12%. The incidence ranged from 9.7 to 14.0 cases per million person-years, with no
statistically significant increase. The authors estimated that there are at least 12,000 adults
in the United States living with AL amyloidosis [46].

2. Genetic and Structural Characteristics of the Immunoglobulin LCs

The immunoglobulin LCs, as its name indicates, are one of the two subunits that
compose the antibodies. They are 215-225 amino acids in length and fold into two do-
mains, the variable (V1) and the constant (C) domains, both having the characteristic
immunoglobulin fold (Figure 1A) [47]. The immunoglobulin fold is composed of two
anti-parallel 3-sheets with a Greek key topology, which associate face-to-face to form a
two-layer sandwich [47]. The LCs are encoded by three different gene segments, two for
the Vi, domain, known as variable and joining gene segments, and the constant domain
gene segment for the C;, domain. These genetic elements are dispersed in the human
genome but end up fused into a functional LC gene through the mechanism of Vi -J1—C
combinatorial recombination that takes place during the ontogenesis of the B-lymphocytes,
helping to generate a diverse repertoire of antibodies (Figure 1B). According to the sequence
of the Cy, LCs are classified into two types, kappa (k) and lambda (A). The sequence of
the Vy is used to subdivide the LCs into six k (k1 to k6) and ten A (Al to A10) Vy, sub-
groups (http://www.imgt.org/IMGTrepertoire/; data accessed on 2 January 2022). The Vi,
subgroups were initially established on the basis of both protein sequence similarity and
antibody specificity [48], but now it is known that they represent LCs encoded by groups of
phylogenetically closely related Vi, gene segments that were generated in relatively recent
events of gene duplication and divergence [49]. The number of V1, gene segments per Vi,
subgroup varies from only one, as is the case for the subgroup A6, to twenty in the case of

the subgroup «1 [50,51].
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Figure 1. Cellular and molecular events related to immunoglobulin LC amyloid aggregation.
(A) Structural characteristics of the immunoglobulin LCs and AL amyloid fibrils. The LC structure
shown is that of the full-length A LC MCG determined by X-ray crystallography (PDB 3MCG).
The variable (V1) and constant (Cp) domains are colored in blue and red, respectively. Electron
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microscopy (EM) image of amyloid-like fibrils formed by the A6 rV, protein 6aJL2. Cryo-EM structure
of ex vivo A6 AL fibrils obtained from the cardiac deposits in a patient with AL amyloidosis (PDB
6HUD). The core of the AL fibrils is composed only by segments of the Vi domain. (B) Schematic
representation of the rearrangement of the Vi, (IGLV), Ji, (IGL]), and Cy, (IGLC) gene segments of A
LCs. The gene segments’ rearrangement is completed by means of somatic recombination. Note that
the Vi domain of the LC is encoded by the IGLV and IGL] gene segments, while the C;, domain is
encoded by the IGLC genes. (C) B-cell differentiation pathway and the mechanisms for the generation
of antibody diversity. The repertoire of polyclonal antibodies is generated in two key molecular events:
(1) rearrangement of the heavy (Vy, D, Jy, and Cy) and LC (Vp, J1, and Cr) gene segments, and
(2) somatic hypermutation, which occurs at specific stages of B-cell differentiation. The rearrangement
of the immunoglobulin gene segments occurs prior to the activation of the B-lymphocyte by antigen
(antigen-independent process), while the somatic mutation occurs in centroblast cells and is an
antigen-dependent mechanism. Plasma cells, the final stage of B-cell differentiation, secrete large
amounts of the specific antibody (IgG, IgA, or IgE) for the production of which the plasma cell clone
was genetically programmed during ontogenesis. Under certain circumstances, a clone of plasma
cells can overproduce the antibody LC and secret it in a free state, which entails the risk of aggregation
and disease. MFLC stands for monoclonal free light chain.

3. Structural Factors and Environmental Conditions That Drive the Amyloid
Aggregation of the LCs

AL amyloidosis is a monoclonal gammopathy in which an abnormally proliferating,
but usually small [52], plasma cell clone overproduces a misfolding-prone, structurally
homogeneous LC that is secreted into the bloodstream in a free state (Figure 1C) [53]. This
means that the monoclonal free LC circulates in the body fluid deprived of the protection
provided by the quaternary structure of the antibody. Such protection comes in the form of
stabilizing contacts with the heavy chain (HC) that decreases the probability of misfold-
ing [54,55]. Moreover, a stable LC-HC interface also renders potentially aggregation-prone
segments of the LC less accessible to intermolecular interactions that may nucleate aggrega-
tion. However, it is important to note that a fraction of monoclonal gammopathy patients
with a circulating monoclonal LC never present signs or symptoms of AL amyloidosis,
even after a long period of clinical evaluation [56,57]. This suggests that, although the
presence of a circulating monoclonal free LC is a requirement, it is not sufficient for the
amyloid aggregation to occur. The evidence supports the notion that it is the interplay
between the structural and physicochemical properties of the circulating monoclonal LC
and a series of patient-specific factors, some of which are still not well understood, that
ultimately determines whether a LC will deposit as amyloid fibrils [58-60].

3.1. Pro-Fibrillogenic Sequences in LCs

So far, thirty-six different proteins and peptides have been identified as amyloid
precursors [39]. While they all share the ability to self-assemble into ordered fibrillar
aggregates with a group of common structural and physicochemical properties, it is remark-
able that they do not share significant similarity in sequence or tridimensional structure.
This, and the observations that fibrils with the properties of amyloid can be formed by
polyaminoacids [61], as well as short peptides without stable globular folds [62-64], led
researchers to deduce that the amyloid fibril represents a generic conformational state of
the polypeptide chain, different from the globular folding adopted by most proteins in
physiological condition. According to this notion, the main force driving the assembly of
peptides and proteins in amyloid fibrils would be the intrinsic propensity of the polypep-
tide backbone to assemble into periodic structures [65]. However, experimental data also
show that the sequence of the amyloidogenic protein or peptide modulates the kinetics
and thermodynamics of the fibril formation, as well as the structural and biophysical
properties of the aggregates, such as morphology, cytotoxicity, stability and efficiency for
seeding the fibrillogenesis [62,66]. Studies based on libraries of short synthetic peptides
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identified sequence patterns compatible with amyloid-like structures [67,68]. In addition,
it was demonstrated that the ability to form amyloid-like fibrils can be transferred from
one amyloidogenic protein to another not amyloidogenic one by grafting into the second
of the amyloid-forming segments taken from the former [69-71]. These and other studies
led Esteras-Chopo et al. to postulate that the ability of a protein to form amyloid fibrils is
contained in short stretches of its sequence, known as pro-amyloidogenic hotspots. This
statement is known as the “amyloid stretch hypothesis” [69,72]. It is believed that the
pro-amyloidogenic hotspots drive, in a sequence-dependent manner, the self-assembly of
the protein or peptide into the ordered structure of the amyloid fibrils [69,72]. An attribute
of the pro-amyloidogenic hotspots is the ability to form amyloid-like fibrils when assayed
as isolated peptides [64]. Studies based on X-ray diffraction of micro crystals formed by
short peptides that also form amyloid-like fibrils provided a structural explanation of the
relationship between sequence and fibril-forming capability. Amyloid-forming peptides
were found to adopt an extended 3 conformation and associate side by side in the crystal
lattice, either in a parallel or antiparallel arrangement. This results in intermolecular beta
sheets that extend along the longitudinal axis of the fibrous crystal. The (3-sheets stack on
top of each other in a laminar structure, stabilized by the tight interdigitation of the amino
acid side chains oriented to the sheets interface. This arrangement is known as the “steric
zipper” [73-76]. Consequently, it was suggested that the pro-amyloidogenic hotspots are
those sequence stretches of a protein capable of associating into a stable steric zipper [76].
The key role attributed to these protein segments in the mechanism of amyloidogenesis
makes them obvious targets for therapeutic strategies aimed at inhibiting amyloid aggrega-
tion [77-79]. Therefore, there is much interest in identifying pro-amyloidogenic hotspots in
proteins that are related to pathological amyloid deposition, such as LCs.

The identification and characterization of pro-amyloidogenic sequences in LCs have
been addressed by some laboratories. Brumshtein et al. used a strategy based on the
theoretical prediction of steric zipper-forming sequences with the computational algorithm
ZypperDB [80] and site-directed mutagenesis for identifying amyloid-driving segments
in both k and A LCs [81]. This approach led to the identification two distinct segments
shared by both LC types that, by means of X-ray crystallographic analysis, were shown to
form self-complementary steric zippers. Since point mutations of conserved residues of
these segments by proline (Pro) inhibited the fibrillogenesis of the intact Vi, domain, it was
concluded that they can independently drive the amyloid aggregation of the LC through
their ability to form a self-complementary steric zipper [81].

Schmidt et al. also used prediction algorithms, in combination with several biophysical
and structural methods, to search for pro-amyloidogenic sequences in a A LC derived
from an AL patient [82]. They identified a fibrillogenic fragment spanning part of the
complementarity determining regions 1 (CDR1) and the 3-strand C that formed amyloid-
like fibrils. Using cryo-electron microscopy (cryo-EM), it was determined that the fibrillar
peptide arranged in a lattice-like assembly of face-to-face packed peptide dimers that
resembles the self-complementary steric zippers observed in fibrous crystals [82].

Recently, Ruiz-Zamora et al. reported several pro-amyloidogenic hotspots dispersed
along the sequence of the A6 V, protein 6aJL2 [75]. This protein is encoded by the germline
VL gene segment IGLV6-57, which is associated with AL amyloidosis [83]. Ruiz-Zamora
et al. used two complementary strategies to increase the probability to identify amyloid-
forming segments in 6aJL2 protein. One strategy consisted of the theoretical prediction
of amyloid-forming sequences by several web-based computational algorithms, and the
validation of the prediction with libraries of synthetic peptides. The second strategy was
based on the proteolysis of the 6aJL2 protein with trypsin, seeking to generate peptide frag-
ments capable of forming amyloid-like fibrils, indicative of the presence of pro-fibrillogenic
sequences. This approach was combined with the analysis of libraries of synthetic peptides
designed for a more accurate characterization of the protein fragments generated by prote-
olysis. In both strategies, several physicochemical and structural techniques were used to
characterize the protein fragments and the aggregates. By combining these two strategies,
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Ruiz-Zamora et al. identified three large fibril-forming fragments of 6aJL2 protein that, in
conjunction, span 60% of the protein sequence (Figure 2A) [84]. One of the fibrillogenic
fragments identified in this study was composed by two peptide fragments linked by the
conserved intradomain disulfide bond Cys23-Cys88 (Figure 2A). It was shown that the
aggregation of this fragment depends on the preservation of the disulfide bond Cys23-
Cys88, a feature that could be a reminiscence of the structural restrictions that operate in the
aggregation of the intact Vi domain [75]. Interestingly, the most aggregation-prone frag-
ment of 6aJL2 protein is that spanning from Ser26 to Arg29, a segment that comprises the
CDR1 and the 3-strand C (Figure 2A). This highly amyloidogenic fragment is structurally
homologous to that reported by Schmidt et al. [82]. Remarkably, several other germline «
and A Vi, genes also encode a pro-amyloidogenic hotspots for the CDR1, which suggests
that this loop plays an important role in the mechanism of LC amyloid aggregation [75].

Ser26-Arg39 B
WS
lle66-Lys79

Thrig;Arg25 / Thris-Arg25
S—SI S-S
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Figure 2. Fibrillogenic fragments of the A6 germline-encoded rVy, protein 6aJL2. (A) Location in
the tridimensional structure of 6aJL2 protein of the three main fibrillogenic fragments generated by
limited proteolysis with trypsin, as described in [75]. The N- and C-terminal residues in each fragment
are indicated, using the same numbering of the protein. The inserts show an electron microscopy
micrograph of the amyloid-like fibrils formed by each fragment, analyzed by negative staining. For
reference, the complementarity determining regions (CDRs) 1 to 3 are indicated (B) Location in the
tridimensional structure of the ex vivo AL fibril AL55 of the fibrillogenic fragments identified in
the rVp, protein 6aJL2. The fibril AL55 was obtained from the deposits of a patient with cardiac AL
amyloidosis and was formed by the A6 LC [85]. The partial overlap of the fibrillogenic fragments
of 6aJL2 protein with the segments that form the 3-core of the ex vivo AL fibril AL55 supports
the hypothesis that sequences contained within them also drive the in vivo aggregation of A6 light
chains. The conserved intradomain disulfide bond between cysteines 23 and 88 (Cys23-Cys88) are
represented in stick format in both the 6aJL2 protein and the AL55 fibril. The structure of the rVp,
6aJL2 and the AL fibril AL55 was determined by X-ray crystallography (PDB 2WO0K) and cryo-EM
(PDB 6HUD), respectively. The images of both structures were created with PyMOL.

One contribution from the study of Ruiz-Zamora et al. that is worth mentioning is the
validation of a proteolysis-based strategy that allowed the identification of amyloid-forming
protein fragments longer than those usually yielded by prediction-based approaches. Such
a result was made possible because the search strategy designed by Ruiz-Zamora et al. was
based on the concept that the pro-amyloidogenic hotspots of globular proteins consist of
relatively long regions of the molecule that are flanked by gatekeeper residues (Arg, Lys,
Glu, Asp, and Pro) [20,21], which drive amyloid aggregation by means of the cooperative
interaction of short aggregation-prone stretches contained in the long pro-amyloidogenic
hotspots [86] (Figure 2A,B). Another contribution, derived from the aforementioned study;,
established that Vi, 6aJL2 contains several long amyloid-forming segments that, together,
comprise more than 60% of its sequence (Figure 2A). This finding led to the hypothesis that
the core of the amyloid-like fibrils formed by the model protein 6aJL2, as well as by the LCs
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derived from the Vi, gene segment IGLV6-57, should be made up of several segments of the
protein in 3 conformation (Figure 2B). An implication of this hypothesis is that the assembly
of the protein into amyloid-like fibril would require an extensive conformational change,
with the consequent loss of its native folding. Structural studies carried out subsequently
support this hypothesis [85,87].

3.2. The Folding Stability and Role of the Somatic Mutations

A large amount of data obtained through more than four decades of research identify
the thermodynamic stability of the native folding as a major driver of the amyloid aggrega-
tion of the LCs [88-103]. Overall, the amyloidogenic LCs tend to be thermodynamically
less stable than the non-pathogenic ones [90]. It has been postulated that the decrease in
folding stability makes the LC more prone to adopt non-native conformations that may
have propensity to aggregate. This concept is at the core of the paradigm of non-native
intermediaries as key components of the LC amyloid aggregation pathway, and is essential
for the comprehension of AL amyloidosis as a misfolding disease [54,88,92,104,105]. The de-
creased folding stability that characterizes amyloidogenic LCs is primarily the consequence
of the somatic mutations. These changes are introduced mostly in Vi, during the affin-
ity maturation of the antibody in response to a specific antigen [54,60,88,93,95,97,98,106].
Moreover, as will be discussed in another part of this review, the structural characteristics
of the germline V7, protein from which a particular LC derives also appear to contribute to
determining its folding thermodynamic and aggregation propensity. Some germline Vi,
proteins are relatively unstable and misfolding-prone proteins, which may confer risk of
misfolding and aggregation to the light chains derived from them [107].

In addition to compromising the LC folding stability, the somatic mutations can pro-
mote amyloid aggregation through other mechanisms [54]. Some mutations promote
aggregation by destabilizing the non-covalent dimer that some LCs tend to form [108-110].
This deprives the LC from the stabilizing contacts at the LC-LC dimer interface, which, as
a reminiscence of the LC-HC interface, also protects LC from aggregation [55,111]. Other
mutations modify the charge distribution and polarity of the protein surface, increasing
the intrinsic aggregation propensity [100]. Studies suggest that some mutations promote
aggregation by disrupting the dynamic of specific segments of the protein, increasing their
conformational flexibility. Such an effect can promote amyloid aggregation, even if it is
not accompanied by a decrease in the protein folding stability [112-114]. Mutations can
also disrupt the structural elements that protect LCs from aggregation [22], a topic that
will be addressed in more detail in another part of this review. Furthermore, mutations
can modulate the kinetics of unfolding/refolding of LCs, increasing, in some environ-
mental conditions, the fraction of molecules that populate aggregation-prone misfolded
intermediates [93]. Given that, on average, the V|, of an amyloidogenic LC has 8-12 somatic
mutations, the increased aggregation propensity that characterizes these proteins is likely
due to the effects of several mutations acting through more than one mechanism.

3.3. Contribution of the V| Gene Segment to the Propensity of the LCs to Form Amyloid

On average, the k:A ratio in the normal repertoire of polyclonal antibody is ~2:1. In
contrast, the A isotype widely exceeds k among amyloidogenic LCs, with the k:A ratio being
1:3 [115,116]. Such a difference is mostly determined by the strong association of a group
of A Vi, gene segments with amyloidosis. Nearly 40 years ago, Solomon et al. reported
the preferential association of LCs of the A6 V1, subgroup with AL amyloidosis [117]. This
finding was corroborated in a subsequent study in 1992, carried out in a larger series of AL
patients [118]. In both studies, the AL proteins were classified with an immunoassay with
a set of anti-V}, subgroup-specific antibodies. Therefore, the frequency of usage of the Vi,
gene segments in those AL patients was not determined. More recently, studies based on
DNA sequencing revealed that the use of the Vi, gene segments among amyloidogenic LCs
differs from that characterizing the normal repertoire of polyclonal antibodies [119-122].
Only five gene segments, four A (IGLV1-44, IGLV2-14, IGLV3-1, and IGLV6-57) and one «
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(IGKV1-33), account for ~60% of the amyloidogenic LCs compiled in the AL-Base database
(https:/ /wwwapp.bumc.bu.edu/BEDAC_ALBase; data accessed on 2 January 2022) [115].
This is remarkable, considering that they represent only ~7% of the human repertoire of V.
genes, composed of 74 elements (http:/ /www.imgt.org/IMGTrepertoire/; data accessed on
1 January 2022). The determinants of such a skewed repertoire of Vi, gene segments in AL
amyloidosis remain unknown. It was initially suggested that the association of the afore-
mentioned five VI, gene segments with amyloidosis could be determined by the biophysical
and structural properties of the protein encoded by their germline sequence [83]. According
to this hypothesis, the AL-associated V|, genes encode germline V|, proteins intrinsically
prone to misfolding and aggregate as amyloid fibrils. Accordingly, the association of LCs
derived from these Vi, genes with AL amyloidosis would reflect the amyloid-forming
capability inherited from the germline Vy, proteins. To test this hypothesis, Garay et al.
evaluated the thermodynamic stability and in vitro fibrillogenesis of recombinant (r) Vi,
proteins with the germline sequence of the gene segments IGLV1-44, IGLV2-14, IGLV6-57
and IGKV1-33 [107]. It was found that the germline Vi, proteins encoded by the AL-
associated Vi, gene segments differ broadly in thermodynamic stability and aggregation
propensity [107]. While the germline Vi, protein encoded by IGLV6-57 (A6) was found to be
prone to misfolding and readily formed amyloid-like fibrils, those encoded by IGLV1-44
(A1) and IGKV1-33 (k1) were thermodynamically stable and barely aggregated in vitro [107].
Therefore, it was concluded that the association of this group of Vi, genes with amyloidosis
cannot be totally explained by the folding thermodynamic and amyloid-forming capability
of the germline V7, proteins they encode [107]. It is worth noting that IGLV6-57 encodes
~20% of AL of A type [121], but it is expressed only in 2% of the normal polyclonal bone
marrow B cells expressing a A LC [122]. More strikingly, with only one well-documented
exception [102,123], all monoclonal A6 LCs so far identified in monoclonal gammopathies
have been shown to be implicated in amyloid deposition [107,115]. In conjunction, these
data support the notion that, in addition to factors such as the somatic mutations, post-
translational modifications (PTMs), and organ-specific variables, the germline Vi, protein
encoded by IGLV6-57 contribute in some extend to make the A6 LCs high propense to
aggregate as amyloid in vivo [107]. In contrast, the germline Vi appears to play a minor
role in the association of the LCs encoded by IGLV1-44 and IGKV1-33 to amyloidosis [107].

On the other hand, it has been speculated that the skewed repertoire of Vi gene
segments in AL amyloidosis results from distortions in the regulatory mechanisms of
the antibody repertoire diversification, causing changes in the accessibility of certain Vi,
gene segments to recombination events [119]. Furthermore, it has been suggested that
the overrepresentation of some Vi, genes in AL amyloidosis may reflect the preferential
selection and expansion of B cell clones expressing certain Vi, gene segments by an antigen-
dependent mechanisms [119]. It is worth mentioning that marked differences in the usage
of the V1, gene repertoire between localized and systemic AL amyloidosis [121] and between
IgM and non-IgM AL amyloidosis [124] have been reported. An example of this is the
gene segment IGLV6-57, which accounts for ~22% of the amyloidogenic A LCs in systemic
amyloidosis, but only accounts for 10% of the cases of localized A amyloidosis [121]. The
frequency of this gene segment was also found to differ significantly between non-IgM
and IgM ALA amyloidosis cases. It caused approximately 18% of non-IgM ALA cases, but
only 2% of those classified as IgM ALA [124]. The last figure is similar to the frequency
determined for IGLV6-57 in the normal repertoire of LCs in bone marrow B cells [122]. This
means that IGLV6-57 is overrepresented in some, but not all forms of AL amyloidosis.

In conjunction, these studies are consistent with the notion that the probability for a Vi,
gene segment to be involved in AL amyloidosis depends on both genetic and environmental
factors. The origin of the amyloidogenic plasma cell clone and the characteristics of the
microenvironment where it expands and secretes the LC appear to play a role.

The Vi, gene segment encoding the amyloidogenic LC can also confer it organ
tropism [119-121,125]. It has consistently been found that renal involvement is more
common in AL patients with a LC derived from IGLV6-57 compared with those with a dif-
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ferent LC [119-121,125]. Cardiac involvement, a clinical condition that deeply impacts the
survival of AL patients, has been found to be more frequent in patients with a LC encoded
by LV1-44 (A1). This clinical condition is also frequent in AL patients with LCs encoded by
the gene segments IGLV3-19 (A3) and IGKV1-05 (k1), although their frequency in AL amy-
loidosis is low. The gene segments IGLV2-14 (A2) and IGKV1-33 (A3) have been associated
with a higher rate of peripheral neuropathy and liver involvement, respectively [121].

3.4. How Does the LC Protect Itself from Aggregation?

As with other proteins with a high content of (3 structures, LCs are at risk of ag-
gregation if the (3 strands placed at the edges of the 3 sandwich, or any other segment
of the molecule with an aggregation-prone sequence, are left exposed to intermolecular
interactions [22]. To deal with this risk, LCs have incorporated several structural elements
that protect the edge strands from edge-to-edge interactions, an evolution-driven strategy
that has been called “negative design” [22]. At least three different protective structural
elements are shared by all Vi, domains, irrespective of if they are k or A. They are the sheet-
switch motif and f3-bulge of the 3-strands A and G, respectively, and the long loop spanning
positions 40 to 60, henceforth loop 4060 (Figure 3). The sheet-switch motif of the 3-strand
A is characterized by an abrupt kink in the polypeptide chain encompassing residues 7-8
in A, or 89 in k LCs. In A LCs, a Pro residue may be present at position 7 or 8, or in both,
while in k proteins, Pro is only found at position 9. Structurally speaking, the sheet-switch
breaks the 3-strand A into two halves. The N-terminal half interacts by H-bonding with
the B-strand B, integrating into the 3-sheet formed by strands B-E-D. The C-terminal half
integrates into the other (3-sheet of the sandwich (strands C-F-G) by H-bonding with the
-strand G (Figure 3A). Therefore, the 3-strand A covers the longer strands B and G with
segments, respectively, that are too short to sustain stable edge-to-edge interactions [22].
Additionally, Pro residues located in the kink region physically hinder the access to both
edges, further helping to prevent aggregation [22]. The 3-bulge is described as a region be-
tween two consecutive 3-type hydrogen bonds which includes two residues on one strand
opposite a single residue on the other strand, an arrangement that introduces a bend in the
(-sheet [126] (Figure 3B). The 3-bulge of the strand G is encoded by the LC joining gene
segment (IGV]), and structurally is centered on the residue at position 100. The germline-
encoded residue at this position varies, depending on the IGV] allele. It is GIn, Pro, or Gly in
k LCs and Gly, Thr, Ser, or Glu in A LCs. However, in both k and A LC, residues at positions
99 and 101 are two conserved Gly (http:/ /www.imgt.org/IMGTrepertoire/LocusGenes /#F;
data accessed on 2 January 2022). It is thought that the 3-bulge inhibits aggregation by
physically blocking access to the edge strand G (Figure 3B). The third protective structural
element common to all Vi, the loop 40-60, covers the edge strands C and D, preventing
them from engaging in edge-to-edge contacts (Figure 3C) [22]. The loop 40-60 comprises
the CDR2 and, in the intact antibody, participates in the V-V interface. In free LCs, it
forms part of the V-V, interface formed in LC dimers. Depending on the LC, the loop
40-60 contains three or four relatively conserved Pro residues that likely provide it with
conformational stability, thereby contributing to its protective function. (Figure 3C).

Since the aforementioned structural elements are part of the evolutionarily selected mech-
anisms to prevent aggregation in LCs, it is rational to anticipate that conformational changes
that undermine their protective function are an essential component of the mechanism of LC
amyloid aggregation, likely as triggering events of the aggregation. Structural changes can be
caused by destabilizing somatic mutations, and/or PTM, such as the oxidation of certain side
chains, aberrant proteolysis, or glycosylation [95,98,106,109,112-114,127-131]. Additionally,
variation in the local environment of pH, ionic strength, or temperature can exert similar
effects [99,104,132-134].
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Figure 3. Structural elements of the Vi domain that prevent edge-to-edge aggregation. (A) Sheet-
switch motif of the 3-strand A, (B) 3-bulge of the 3-strand G, and (C) loop 40-60. The three mentioned
structural elements are indicated in the figures and highlighted in blue. The p3-strands B, D, C, and
G are edges of the (3-sheets of the domain. In A and B, the H-bonds between adjacent strands are
represented as black dotted lines. The insert in B shows the structural relationship of the 3-bulge in
strand G with amino acid residues of strand F. The glycine residues at positions 99 and 100 (G99 and
G100) are indicated. For reference, the CDRs 1 to 3, the structurally relevant proline (Pro) residues,
and the N- and C-terminal of the Vi domain are indicated. The image of the full-length LC and the
V1, domains correspond to the crystallography structure of the k1 LC DEL (PDB 1B6D) and were
prepared with PyMOL.

A study based on sequence analysis of more than one hundred amyloidogenic LCs
found that the loop 40-60 are frequently targeted by non-conservative somatic mutations
in both k and A AL [98]. As a trend, AL LCs bear a higher number of non-conservative
mutations in positions of the loop 40-60 than the non-pathogenic LCs, or the group of
LC from multiple myeloma patients [98]. Moreover, a high number of non-conservative
mutations were also found in -strands A and G in all AL sequences; with (3-strand
G bearing more non-conservative mutations in the A6 sequences [98]. Remarkable, a
statistically significant difference in the number of non-conservative mutations in the (3-
strand A was found among AL patients classified by the level of involved serum free LC
(iFLC) at diagnosis. Those patients with a lower level of iFLC had a higher number of
non-conservative mutations in the 3-strand A [98]. This finding agrees with in vitro studies
that have shown that mutations targeting structural residues at the (3-strand A of the Vi,
as Pro residues located in the kink are particularly effective in promoting LC amyloid
aggregation [94,127]. Although without reaching statistical significance, the number of
non-conservative mutations in 3-strand B, as well as in positions of loop 40-60, was also
higher in AL patients with low iFLC [98]. It is important to highlight that the authors of this
study interpreted the low level of iFLC as expression of a more aggregation-prone LC [98].

There is experimental evidence suggesting that Vi, structural elements with a protec-
tive role are involved in the conformational adjustments that trigger aggregation. Mukher-
jee et al. carried out NMR analysis of the k4 rVy, protein Len at pH 2.0, a condition shown
to promote the aggregation of the protein as amyloid-like fibrils. The analysis revealed
three contiguous segments of about 5-20 residues that displayed increased conformational
flexibility [135]. These segments encompassed residues Val3 to Asp9 (3-strand A), GIn37 to
Val58 (loop 40-60), and GIn89 to GIn100 (CDR3 and strand G) [135]. They concluded that
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the group of amino acids with high conformational flexibility at pH 2 are involved in the
earliest stages of Len misfolding [135].

In addition to the aforementioned protective structural elements, LCs also use other
mechanisms to prevent aggregation, which vary from one protein to another, depending
on the encoding IGVL and IGV] gene segments. Placing the large and charged amino
acids Arg and Lys in strategic positions at the edge strands, or, as was mentioned above,
placing Pro residues at positions where they stabilize protective motifs and hinder the
access to aggregation-prone segments are other protective strategies used by LCs to prevent
aggregation [22]. Another anti-aggregation strategy identified in LCs is the folding of pro-
amyloidogenic segments into helices, despite the intrinsic propensity of these sequences
to adopt 3 conformation [136]. The CDRI1 of the A6 LCs is an illustrative example of
this strategy. As mentioned in previous sections, the CDR1 in A6 LCs is part of a pro-
amyloidogenic hotspot [75] (Figure 2A). The native fold of this loop comprises an helical
segment in its C-terminal half, a type of folding that results from structural constraints
imposed by other segments of the domain [137]. Such helical folding allows the CDR1 to be
exposed at the LC surface, a critical requirement for its function as a recognition loop, which
at the same time avoids the risk of aggregation by 3-f3 interaction. This strategy is also used
by the LCs of the A1 and A2 subgroups, in whose CDR1 the presence of pro-amyloidogenic
hots has also been demonstrated [75,82]. In a recent study, Peterle et al. found evidence
that a conservative mutation in the CDR1 of an AL A6 LC promoted amyloid aggregation
by increasing the conformational flexibility of the loop, an effect that propagated to other
regions of the domain [113]. A more flexible CDR1 would be more prone to undergoing
the transition from «-helix to 3-strand that, as will be seen elsewhere in this review, is an
integral part of the amyloid aggregation mechanism of A6 LCs [85,87].

In conjunction, these studies support the notion that conformational changes at struc-
tural elements of the V|, with protective function, such as (3-strands A and G, loop 40-60,
and CDR1, are early events of the mechanism of LC amyloid aggregation.

3.5. Intact LC as the AL Precursor and the Role of Proteolysis

It has long been known that the most abundant component of the AL deposits are
fragments of the monoclonal LC comprising the V1, alone, or this domain plus a variable
portion of the Cp, although the intact LC may also be present. This observation, and
evidence obtained in animal models [138], led researchers to infer that the structural factors
that make LCs amyloidogenic are contained in the Vi, sequence. As a consequence, the
use of recombinant rVy, proteins as experimental models to study the mechanism of LC
amyloid aggregation was adopted by several laboratories [83,91,96,102,108,139]. Studies
based on these proteins contributed importantly to the understanding of the mechanism
of LC misfolding and aggregation, as well as in identifying structural factors that make
the LC amyloidogenic [75,83,94,101,102,104,108,109,127,132,133,140-144]. However, the
precursor of the AL is the intact monoclonal LC, a fact that should be considered when
interpreting the results of studies carried out with rVy, models. The C;, profoundly influ-
ences the thermodynamic stability and aggregation propensity of the LC [145]. As a rule,
full-length LCs exhibit significantly slower fibrillogenesis kinetics than their respective Vi,
and in some cases, they do not aggregate at all [55,146]. Such differences in aggregation
propensity likely reflect the higher stability of the LC compared to the Vi, [55,145]. LCs tend
to form extensive Vi -V and C;—Cy, interfaces that result in more stable dimers than those
formed by V1, proteins, which inhibits aggregation [55]. Additionally, many LCs feature a
kinetically controlled and irreversible thermal unfolding reaction, even if this process is
partially reversible for their constituent domains, Vi and Cr, [145,146]. This phenomenon,
which has been related to restrictions imposed by cis/trans isomerization of Pro residues
at the Cr, may prevent some LCs from adopting a misfolded conformation suitable to
polymerize into AL fibrils [147]. The inhibitory effect of the Cy, on LC amyloidogenesis
led researchers to suggest that the proteolytic cleavage of the monoclonal LC, with the
release of the misfolding-prone Vi, could be the limiting step of the AL fibrils formation.
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With this idea in mind and pursuing an explanation to the difference in amyloidogenicity
characterizing the LCs, Morgan and Kelly investigated the potential relationship between
LC folding stability and susceptibility to proteolysis in a group of AL and non-AL and
germline LCs [146]. They found that the intact LCs, even those obtained from AL patients,
were unable to form amyloid-like fibrils in physiological conditions. They also found that
the folding stability of the LC dimers was kinetically controlled, which agrees with other
reports [55,147]. Moreover, they found an inverse correlation between LC kinetic stability
and susceptibility to endoproteolysis. LC dimers obtained from AL amyloidosis patients
were less kinetically stable and more susceptible to being cleaved into their component
domains by proteases, whereas non-amyloidogenic LC dimers were more kinetically stable
and resistant to endoproteolysis [146]. Based on these findings, they concluded that, in ad-
dition to LC dimer unfolding, endoproteolysis by the appropriate protease, one that affords
an amyloidogenic sequence, appears to be required to trigger LC amyloidogenesis [146].
Previous studies have shown that proteolysis of a A6 rVy, protein with trypsin [75], as well
as Bence Jones proteins with pepsin [148,149] or a preparation of lysosomal proteases [134],
generate fragments of the Vi, that form amyloid-like fibrils. Interestingly, Morgan and
Kelly did not detect amyloid formation after proteolysis of the LCs with proteinase K,
trypsin, or pepsin. Instead, they found that the V1, of the LCs was rapidly degraded, being
released the more stable and non-amyloidogenic C;.. To overcome this limitation of the
experimental model, a thrombin cleavage site was engineered between the two domains of
the LC [146]. Although it is a creative solution for probing the concept, such site-directed
proteolysis does not reproduce what is expected to occur in tissues well. Therefore, testing
the hypothesis that the proteolytic release of amyloidogenic Vi, triggers the formation of
AL fibrils in vivo has its main challenge in identifying the acting proteases.

The alternative explanation to LC fragmentation in AL fibrils, that is, that proteolysis
occurs after aggregation, has also been investigated. Rocken et al. reported a patient with
plasmacytoma of the tonsil with AL amyloidosis caused by a A LC. They detected two
fragments of the LC with different molecular weight but the same N-terminal sequence.
This finding and the observation of two different immunostaining patterns of the amyloid
deposits in immunogold labeling analysis were interpreted by the authors of this study as
evidence of post-fibrillogenic proteolysis of the fibrillar protein [150]. Enqvist et al. char-
acterized the proteolytic pattern in six patients with AL-amyloidosis of k type, applying
immunotyping with three peptide antisera against two epitopes in the constant segment
and one conserved epitope in framework 3 of the Vi, respectively. They found that the
fragmentation pattern was similar in the amyloid of different organs in one patient, but
differed greatly between patients. N- and C-terminal fragments and the intact LCs were
detected in Western blot analysis with the three antisera. The authors concluded that the
results of the study support the hypothesis that the proteolytic cleavage is a post fibrillogen-
esis event [151]. More recently, Lavatelli et al. applied proteomic analysis for characterizing
the fragmentation pattern of AL fibrils extracted from the hearts of two AL cardiomyopa-
thy patients [152]. They found that proteolysis occurs both on the Vi, and C;, domains,
resulting in a complex fragmentation pattern. The structural analysis was consistent with
an extensive remodeling of the fibrillar protein by multiple proteases, largely taking place
on poorly folded regions of the fibril surfaces. Although not excluding the possibility that
the proteolysis of the LC may be a triggering event of AL fibrils formation, the authors
concluded that their results indicate that LC deposition largely precedes the proteolytic
events documentable in mature AL fibrils [152]. In a very recent publication, the same
researchers extended the previous analysis to amyloid deposits obtained from the kidneys
and subcutaneous fat of the same patient. It was found that all tissues contain fragments of
the LC, along with the intact protein. While the fragment pattern was coincident across
organs, microheterogeneity was also detected. Some cleavage positions were the same in
all organs, but some were organ specific. Remarkably, it was found that some cleavage
sites were not accessible on native dimers, while they are compatible with fibrils. The
author concluded that the heterogeneous ensemble of LC fragments originated in tissues,
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being consistent with digestion of preformed fibrils, or with the hypothesis that initial
proteolytic of the LC triggers AL fibrils formation, followed by subsequent proteolytic
degradation [153].

Whether proteolysis occurs before or after LC aggregation is still a matter of debate.
However, the available evidence points to the second option as the most likely. Solving this
question is critical to understanding the mechanism of in vivo LC amyloidogenesis and
may help in identifying factors driving it.

3.6. Environmental Factors Modulating the Propensity of LCs to Form Amyloid

The intrinsic propensity of a LC to form amyloid is primarily determined by the
amino acid sequence. Hence, much effort has been invested in understanding how the
amino acid sequence drives LC aggregation. However, the inability to accurately predict
the aggregation behavior of a LC just on the basis of its sequence, and the organ tropism
that characterizes the amyloid deposition of these proteins, suggest that factors of the
tissue microenvironment can also modulate the aggregation of the LC, influencing both
the type and amount of aggregate it forms [60]. Specific components of the extracellular
matrix [154], mediators and products of inflammation [155], oxidative stress [131], and
receptor-mediated internalization and processing of the LC [156] are factors/mechanisms
that have been suggested to promote LC amyloid aggregation. Given their ubiquity in all
amyloid deposits, the effects of the extracellular matrix component glycosaminoglycans
(GAGs) on LC amyloidogenesis have been investigated by several laboratories. It has
been found that the GAG heparan sulfate exerts a differentiated effect on LC aggregation,
since it can accelerate the in vitro fibril formation of some LCs, but delays or has no
effect on the aggregation of others. In contrast, chondroitin sulfate A predominantly
exerts an inhibitory effect on LC aggregation [92,157,158]. Heparan sulfate is believed
to accelerate LC fibrillogenesis by promoting the formation of transient amyloidogenic
conformations of the protein, whereas the inhibitory effect of chondroitin sulfate A appears
to depend on its ability to kinetically trap partially unfolded intermediates, favoring the
formation/accumulation of oligomeric/protofibrillar aggregates, but not of fibrils [92].
Taken together, these studies suggest that the effect of GAGs on LC amyloid aggregation
depends on both the structural properties of the LC and the GAGs [154]. On the other hand,
the interactions between LCs and GAGs may influence the clinical course of disease by
enhancing fibril stability and contributing to resistance to protease degradation [154].

A proteomic-based study identified several oxidative post-translational modifications
in an amyloidogenic Ig LC from a patient with AL amyloidosis. It was found that some
tyrosine residues were heavily mono- or di-chlorinated. Furthermore, a nitrile moiety was
observed for many of the terminal aminomethyl groups on lysine side chains [130]. Ac-
cording to a recent study, oxidative post-translational modifications, specifically in tyrosine
residues, can promote misfolding and amyloid aggregation of LCs [131]. Inflammatory-
derived lipidic aldehydes have also been shown to modulate the in vitro aggregation
propensity of the LCs. In vitro studies showed that the aggregation of both k and A LCs
can be accelerated in the presence of the lipid-derived aldehydes 4-hydroxynonenal, mal-
ondialdehyde, glyoxal, atheronal-A, and atheronal-B [155].

Tissues are composed of cells. Consequently, the interaction of amyloidogenic LC
with cellular structures, such as the cytoplasmic membrane, can be anticipated to influence
LC aggregation [159]. Studies performed in human AC16 cardiomyocytes showed that
external amyloid aggregates rapidly surround the cells and act as a recruitment point for
soluble protein, triggering the amyloid fibril elongation [160]. However, it has not been
determined whether the cytoplasmic membrane can provide a molecular environment
in which amyloidogenic LC misfolds and aggregates in vivo. On the other hand, some
cell types can internalize the LC by a receptor-mediate mechanism and promote amyloid
aggregation intracellularly [156]. This topic is addressed in another section of this review.
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4. The Structure of AL Fibrils

The insoluble nature and large molecular size of amyloid fibrils imposed challenging
restrictions on any attempt to reveal their internal structure for decades, as they are not
suitable for conventional X-ray crystallography or solution NMR analysis, the two most
used methods in structural biology. Therefore, several laboratories developed procedures
to tailor these methods to the unique properties of amyloid fibrils [161]. Initial clues
regarding the internal structure of these aggregates came from X-ray fiber diffraction
studies carried out in the 1960s. These studies revealed that amyloid fibrils, irrespective
of the constituent protein, yield a common X-ray diffraction pattern known as a cross-
3 pattern. This finding was interpreted in terms of a fibril core formed by a “pleated
sheet” structure, with (3-strands oriented perpendicular to the fibril axis [162]. Further
progress in the elucidation of the amyloid fibril structure required the combination of
several biophysical and biochemical techniques [163,164]. As far as we know, the first
attempt at modeling the AL fibrils structure was that of Schormann et al., which was
based on X-ray crystallography data from the amyloidogenic k1 LC BRE [165]. In the
early 2000s, studies based on transmission electron and atomic force microscopy allowed
a better understanding of the protofilament structure of ex vivo AL fibrils [166] and the
assembly mechanism of amyloid-like fibrils [167], respectively. However, it was not until
the second half of the 2010s that detailed information on the internal structure of AL
fibrils was obtained. This breakthrough was made possible by the implementation of two
powerful structural methods suitable for amyloid analysis, solid-state (ss) NMR and cryo-
EM [82,85,168,169]. At the time of the completion of this review, six ssNMR-based studies
of the LC amyloid fibril structure had been published [87,170-174]. Due to the requirements
of this method, the samples analyzed in these studies were synthetic amyloid-like fibrils
produced by rVp, proteins; three of human origin belonging to subgroups k1, A3, and A6,
respectively, and one murine. For the purposes of this review, we will focus on two studies,
one performed on amyloid-like fibrils of the model protein 6aJL2-R25G [87] and another
one performed on amyloid fibrils produced by a A3 rV}, proteins with the sequence of the
amyloidogenic LC FOR005 [172]. 6aJL2-R25G protein is a point mutant of the A6 germline
encoded rVy, 6aJL2 with Gly replacing Arg25 [87]. Gly25 is an allotypic variant of the
VL gene segment IGLV6-57 that makes the 6aJL2 protein less thermodynamically stable
and more fibrillogenic [83,95]. As mentioned in another part of this review, IGLV6-57 is
strongly associated with amyloidosis. The ssNMR analysis showed that the amyloid-like
fibrils of 6aJL2-R25G show polymorphism, with three different polymorphs detected in the
fibril preparations analyzed. Polymorphs A and B were the most extensively characterized
(Figure 4A) [87]. The predicted localization and extent of secondary structural elements in
6aJL2-R25G in the fibrillar state differed substantially from those determined for the native
protein by both solution NMR [175] and X-ray crystallography [176] (Figure 4A—C). This led
to the conclusion that the assembly of this protein into amyloid-like fibrils occurs through
substantial structural conversion that affects the entire molecule [87]. Most assigned
residues adopted a 3-strand conformation, with the strands being formed both by residues
that are situated in 3-strands and in former turn regions (Figure 4C). Remarkably, the CDR1
and the loop connecting 3-strands E and F (from now on loop E-F), the only two segments
of 6aJL2 protein with o-helix conformation in the native state, also refold into 3-strands in
the fibrillar protein (Figure 4C). Helix-to-strand transitions have also been found to drive
the aggregation of other amyloid precursors, such as prion proteins [177], Apo A-I [178],
and A peptides [179,180]. The loop E-F integrated into a long single (3-strand that also
includes the segments comprising 3-strands E and F of the native protein. This structural
rearrangement abolishes the loop that forms the CDR3, which illustrates well how extensive
the structural adjustments accompanying the fibrillogenesis of 6aJL2-R25G protein are.
ssNMR analysis of °N:!3C differentially labeled samples determined that the monomers
assemble into fibrils by stacking one on top of the other, in such an ordering that the protein
segments in (3-strand form parallel in-register intermolecular (3-sheets (Figure 4B). The
result is several (3-sheets running parallel to the fibril axis, which is consistent with the
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predictions made based on the XRFD cross-f3 pattern. The spatial arrangement of the
monomers and the location and extent of 3 strands in the molecule support the presence
of several pro-amyloidogenic hotspots in the 6aJL2, as was shown in a previous study
(Figures 2A and 4A) [75].
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Figure 4. ssNMR analysis of the amyloid-like fibrils of the A6 rVy, protein 6aJL2-R25G. (A) Arrange-
ment of the secondary structure elements of two polymorphs, A and B, of the amyloid-like fibrils
formed by the rVy, protein 6aJL2-R25G, determined by ssNMR analysis [87]. For comparison pur-
poses, the arrangement of secondary structure elements of the native rVy, protein 6aJL2, determined
by X-ray crystallography (PDB 2WO0K) [127], and that of the ex vivo AL fibril AL55 (A6), determined
by cryo-EM (PDB 6HUD) [85], is shown. The sequence of the three fibrillogenic fragments (Fibr
fragments) identified in the protein 6aJL2 using limited proteolysis with trypsin is shown highlighted
in colors [75]. The intradomain disulfide bond Cys23-Cys88 that links the two peptide segments
composing one of the fibrillogenic fragments is shown as a dotted line. 3-strands and «-helices are
represented as red arrows and blue curved ribbons, respectively. The (3-strands in the native 6aJL2
protein are indicated according to the standard identification (strand-A to -G). (*) identified the edge
strands of the Vi, -sandwich. Residue numbering and the complementarity determining (CDRs)
and framework (FRs) regions are according to Chothia and Lesk. The yellow ovals in strands A and
G represent the structural motifs “sheet-switch” and “-bulge”. Note that most of the regions of
both the rVy, protein 6aJL2-R25G and the AL LC AL55 that adopt 3-strand conformation in their
respective fibrillar state overlap with the fibrillogenic fragments of 6aJL2 identified by limited prote-
olysis. (B) Schematic representation of 6aJL2-G25G fibril organization of polymorph A determined
by ssNMR analysis. Residues showing in-register parallel orientation are represented by several
layers. Protein segments in 3-strand are represented as arrows. The intradomain disulfide bond
Cys23-Cys88 is displayed as a dotted line. Color code: red and blue denote basic and acid residues,
respectively, beige polar non-charged residues, white non-polar residues, yellow cysteine residues,
and gray glycine residues. (C) Location in the X-ray crystallography structure of 6aJL2 protein (PDB
2WOK) of residues predicted to be in a 3-strand in polymorphs A (colored in blue) and B (colored in
red). The only two segments of the protein folded in a-helix, the CDR1 and loop E-F, are indicated.

In another study, Pradhan et al. carried out the ssNMR analysis of synthetic amyloid
fibrils of a rVy, fragment with the sequence of the A3 AL FORO005 [171,172]. They also
characterized fibrils formed by an rVy, protein with the closest germline sequence of the
gene segments encoding FOR005, IGLV3-19 and IGLJ3. This study also included the analysis
of point mutants of FOR005, seeking to understand the effect of somatic mutations on the
structure of AL fibrils. The analyzed fibrils were produced by seeding the fibrillogenesis of
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the isotopically labelled rVy, protein FOR005 with ex vivo amyloid fibrils purified from the
explanted heart of patient FOR005. This procedure aims to propagate the structure of the
ex vivo AL fibrils in the isotopically labelled synthetic aggregates, as a way to overcome
the inability to analyze natural amyloid with ssNMR. It was found that residues 11-42
and 69-102 adopt 3-sheet conformation in the synthetic FOR005 fibrils. The ssNMR data
showed that Arg49, a residue introduced in LC FOR005 by somatic mutation, formed a
salt bridge with Asp25 in the fibrillar protein. Reverting the mutant Arg49 to the germline
encoded Gly in the FOR005 protein caused changes in the fibril’s conformation. The
point mutation Arg49Gly induced a conformational heterogeneity at the C terminus of
FORO005 protein in the fibril ‘s context, whereas the overall fibril topology was retained.
Thus, the authors concluded that the saline bridge Arg49-Asp25, generated by a somatic
mutation, stabilizes the structure of FOR005 amyloid-like fibrils [172]. It is well-known that
somatic mutations can promote the amyloid aggregation of the LCs by destabilizing the
LC native folding [88,89]. This study suggests that amyloidogenesis can be promoted by
mutations that stabilize the amyloid state, an effect that has been observed in other amyloid
precursors [181-183].

It is important to emphasize that the four AL fibrils so far subjected to ssNMR analysis
differ from each other in terms of the structure of the fibril ‘s core [87,170-174]. This is
primarily a consequence of the high sequence heterogeneity that characterizes light chains.

A fundamental contribution to the elucidation of the structure of AL fibrils has
come from the implementation of cryo-EM techniques to the analysis of ex vivo AL
fibrils [85,128,168,169]. At the time of completing this review, the structure of four
ex vivo AL fibrils, all obtained from patients with cardiac AL amyloidosis, had been
deposited in the Protein Data Bank (PDB) (https://www.rcsb.org/; data accessed on
2 January 2022). Two structures are of fibrils of A1 LCs (PDB 7NSL and 6IC3) [85,128],
and the other two are of LCs belonging to subgroups A3 (PDB 3Z10 and 3Z1I) [169] and
A6 (PDB 3HUD) [85], respectively (Figure 5A-D). Cryo-EM analysis showed that the
core of the AL fibrils is formed only by the Vi, domain, without involvement of the C;..
In the fibrils, the V| refold into a quasi-bidimensional, flat structure, totally different
from the B-sandwich topology characterizing its native state. In all AL fibrils studied
so far, the intradomain disulfide bond Cys23-Cys88 is conserved, which indicates that
LC misfolding occurs in an oxidative environment [169] (Figure 5A-F). In all fibrils,
most of the Vi, segments adopt a defined and stable conformation to form the fibril s
[3-core, while others, mostly the N- and C-terminals, but also some internal segments,
are disordered and exposed to the solvent (Figure 5A-D). A structural motif common to
all AL fibrils is the 180° relative rotation, centered on the Cys23-Cys88 disulfide bond, of
the segments corresponding to the native 3 strands B and F. This rearrangement changes
the relative orientation N-term to C-term from parallel, characteristic of the native state,
to antiparallel [168].
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Figure 5. Structural models of ex vivo AL fibrils determined by cryo-EM. (A) AL fibril formed by
a Al LC derived from the Vi, gene segment IGLV1-44. Structural coordinates contained in the PDB
6IC3 [168]. (B) FOR001 AL fibril formed by a A1 LC derived from the V1, gene segment IGLV1-51*02.
Structural coordinates contained in the PDB 7NSL [128]. (C) FOR005 AL fibril formed by a A3
LC derived from the Vi, gene segment IGLV3-19*01. Structural coordinates contained in the PDB
6710 [169]. (D) AL fibril formed by the A6 LC AL55, derived from the Vi gene segment IGLV6-57*02.
Structural coordinates contained in the PDB 6HUD [85]. The four AL fibrils were extracted from
cardiac deposits of patients with cardiac AL amyloidosis. Column 1 shows cartoon representations
of the Vi, domain polypeptide backbone conformation in the amyloid fibrils. Regions in (3-strands
are shown with arrows and colored red. Disordered regions are represented as dashed lines in an
arbitrary arrangement. Column 2 shows the same structures of column 1, but with the projection of
the amino acid side chains, in a combination of semi-transparent spheres/sticks representation, to
highlight the side chain-to-side chain interactions that contribute to fibril stability. The amino acid
residues spanning the CDR1 and the loop E-F are colored red and blue, respectively. Column 3 shows
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the assembly of the AL fibrils by the stacking of the monomers one on the top of another, in register
parallel arrangement. In all structures, the conserved intradomain disulfide bond Cys23-Cys88 is
represented in a sticks or spheres format and colored yellow. N and C stand for N- and C-terminal.
(E,F) show a cartoon representation of the same ALA6 fibril shown in D, with a detailed representation
of the different type of interactions that stabilize the aggregate. In (E), the amino acid side chains are
shown in a combined semi-transparent spheres/sticks format, using the following color code: blue
for negatively charged (acid) amino acids, red for positively charged (basic) amino acids, salmon for
polar non-charged amino acids, light blue for non-polar amino acids, black for proline, and yellow
for cysteines. Some residues are indicated for structural reference. Note that non-polar side chains
tend to cluster buried in the fibril core, while charged and polar non-charged amino acids tend to
locate in the solvent exposed surface. The image in (F) shows the stacking of the monomers of AL55
LC, one on top of the other, in register parallel arrangement. The H bonds between the peptide
backbones of adjacent monomers are shown as black dotted lines. Aromatic amino acids interacting
by intermolecular stacking are shown. In both images, the conserved intradomain disulfide bind
Cys23-Cys88 (colored yellow) and the fibril-specific salt bridge formed by Lys17 and Asp92 is shown.
Note that this salt bridge is intermolecular, that is, it is established between residues located in
monomers that are contiguous in the fibrillar structure. Regions in 3-strands are shown with arrows.
Amino acids are identified using a one-letter code. All images were prepared with PyMOL.

Although in all AL fibrils the monomers adopt a flat conformation, the content of
 structure and the overall topology of the polypeptide chain differ widely from one
fibril to another (Figure 5A-D). Notably, in the A6 fibrils, the CDR1 and the N-terminal
segment are located in the fibril s inner core [85]. In contrast, in the other ex-vivo AL
fibrils, these segments are solvent-exposed at the periphery of the fibril core (Figure 5A-D).
It is worth mentioning that the location of the N-terminal segment in the fibril ’s core in
the A6 AL fibrils was anticipated in a previous study using single-point mutants to Trp in
the N-terminal segment of the germline-encoded rVy, protein 6aJL2 [94]. Therefore, the
possibility cannot be excluded that a buried N-terminal is a shared characteristic of the
A6 amyloid fibrils, irrespective of whether they are synthetic or natural. Another notable
difference between the four ex-vivo AL fibrils is the relative position of the loop E-F. This
short segment contains several acid amino acids, and, in the native LCs, it folds in a short
a-helix (Figure 4C). In the structure of the A6 AL fibrils, the loop E-F integrates into a long
[-strand that form the periphery of the fibril ‘s core, being most of the charged side chain
exposed to the solvent. In contrast, this segment is buried in the inner core of the other AL
fibrils (Figure 5A-D). The placement of this acidic moiety buried in the fibril ‘s core appears
to be partially compensated by a group of charge—charge interactions, and likely by the
hydration of the charged side chains by the water molecules filling the internal cavities
present in some fibrils (Figure 5A-D) [169].

As predicted by ssNMR studies [87], cryo-EM analysis showed that the AL fibrils form
by stacking the Vi, monomers, refolded into a flat conformation, one on top of the other, in
a parallel arrangement along the fibril axis [85,168] (Figure 5A-D). By this arrangement,
most of the intramolecular contacts that stabilize the tridimensional native folding of
the V, are substituted by intermolecular contacts between the stacked monomers. The
primary force stabilizing the aggregate seems to be the network of H-bonds between the
main chain peptide groups of adjacent monomers (Figure 5F). Similar to how fibrillogenic
peptides interact with each other in a crystal lattice [76], the amino acid side chains in the
AL fibril s core interdigitate each other in a tight complementary fashion, forming steric
zipper-like unions (Figure 5A-E). However, in contrast to the self-complementary steric
zippers formed by short peptides, in ex vivo AL fibrils, the interactions take place between
residues located distantly in the Vi sequence [86]. Nonpolar amino acids tend to cluster
and be buried, while those with polar or charged side chain tend to be solvent-exposed.
Aromatic amino acids interact through intermolecular stacking (Figure 5E,F). Remarkably,
salt bridges involving residues that do not interact in the native state have been found in
all AL fibrils [85,128,168,169] (Figure 5E,F). As mentioned above, fibril-specific salt bridges,
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which in some cases result from somatic mutations, can contribute significantly to the
stability of the amyloid folding [128,172]. Taken together, cryo-EM data indicate that the
AL fibrils are stabilized by a network of polar and non-polar interactions, with important
contributions of fibril-specific salt bridges and the highly conserved intradomain disulfide
bond Cys23-Cys88.

An interesting characteristic of the ex vivo AL fibrils revealed by cryo-EM is that two
conformational forms of the constituent Vi, protein can coexist in the same AL fibril, as was
shown in the AL fibril FOR005. This finding implies the occurrence of breaks in the fibrils
at the interface of the two conformational forms [169]. Another remarkable contribution
of these studies regards the impact of glycosylation, one of the PTM found in the LCs,
on the structure of AL fibrils and the aggregation behavior of the soluble precursor [128].
Radamaker et al. determined the cryo-EM structure of the AL fibril FOR001 and found it to
be N-glycosylated at Asn18, a residue introduced by somatic mutation [128]. The carbohy-
drate moiety was located on the surface of the FOR001 fibril, and it was suggested that it
could have helped to determine the unique folding of this fibrillar protein [128] (Figure 5B).
The effect of the N-glycosylation on the in vitro fibrillogenesis of the LC FOR001 was also
evaluated, and it was found to slow down the kinetics of aggregation, which agrees with
a previous report [184]. Glycosylation is a PTM frequently found in AL LCs [185,186].
However, the influence of the PTM in the molecular pathogenesis of AL amyloidosis
remain poor understood. Radamaker et al. suggested that glycosylation may mask the
amyloid deposits within the tissue, preventing their clearance by bodily mechanisms [128].
Using scanning electron microscopy, Radamaker et al. demonstrated that the deposits
of AL fibrils infiltrated and disrupted the ordered structure of the cardiomyocytes. They
found that the fibrils interacted with the cardiomyocytes surface, mostly through the fibril
tips, causing in some cases deformations in the cytoplasmic membrane [128]. Since the
fibril deposits compromised the contractile function of the cardiomyocytes, the authors
deduced that promoting the remotion of the AL deposits may help to restore the normal
cardiac function [128]. Previous studies performed in cell culture demonstrated that soluble
LCs obtained from AL patients, but not their non-pathological counterpart, impair the
cardiomyocyte contractile function by several mechanisms, including oxidative stress, in-
duction of apoptosis, and inflammatory changes [187-190]. The cytotoxic effect of synthetic
AL fibrils on cultured cardiomyocytes has also been studied [160]. However, as far as we
know, the study conducted by Radamaker et al. is the first to provide structural evidence
of one mechanism by which AL fibrils interfere the contractile function of cardiomyocytes
at organ level [128].

Some conclusions that arise from the cryo-EM studies are as follows: (1) LC amyloid
aggregation implies the extensive structural conversion of the Vi, into a quasi-bidimensional
structure, (2) the AL fibril core is formed by several segments of the V} , some of them folded
in loops and turns and other in 3-strand that associate in long intermolecular 3-sheets, and
(3) the topology adopted by the Vi, in AL fibrils differs from one AL aggregate to another
and appears to be mainly determined by protein-dependent factors, such as the primary
structure and PTMs. However, environmental factors, such as the composition of the
extracellular matrix [191] and the interaction with the amyloid accessory molecules [192],
could also exert an important influence.

The comparison of the data generated by ssNMR [172] analysis of the synthetic
amyloid-like fibrils FOR005 with those obtained by cryo-EM [169] in ex vivo AL fibrils
FORO005 demonstrated that there are structural differences between these two types of
aggregates. This is a remarkable finding, considering that the preparation of synthetic
amyloid-like fibrils was produced by seeding the recombinant rVy, protein FOR005 with
ex vivo FORO005 fibrils. Such differences likely are the consequence of the different environ-
mental conditions in which these aggregates were generated, as well as the influence of
factors that have been shown to modulate the aggregation propensity of the amyloidogenic
LCs. Some of these factors are the components of the extracellular matrix and the molecules
that are closely associated with the fibrillar component in all amyloid deposits, known
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as accessory components of the amyloid [192]. The possibility cannot be excluded that
variables, such as the age of the aggregates, and the conformational restriction that the Ci,
could have imposed the in vivo assembly of FOR005 LC into fibrils, but that was absent in
the seeding of the rVy, protein FOR005, could explain part of the observed differences. The
rVy, proteins were for a long time the preferred model to study the mechanism of formation
and the structure of LC amyloid fibrils, and they are still a frequently used models in this
field. Determining the origin and extending the observed structural differences between
synthetic and ex vivo AL fibrils will help in establishing the uses and limitations of the rVy,
proteins as research model.

Despite the aforementioned discrepancies, the studies based on both ssNMR and
Cryo-EM analysis have confirmed that structural heterogeneity is the hallmark of the AL
fibrils. The monoclonal LC that causes AL deposition is unique for each patient, as is the
internal structure and pathological properties of the fibrillar and non-fibrillar aggregates
that it produces. All this, in interplay with the unique genetic background and biological
momentum of the affected individual, results in a disease that, although named for practical
purpose “AL amyloidosis”, is actually a patient-specific disorder [54]. This concept must
be considered by both physicians and researchers dealing with this disease.

5. Mechanism of Misfolding and Assembly of the LC into Amyloid Fibrils

Misfolding is key in LC amyloid aggregation. ssNMR and cryo-EM data support
a model of AL fibrils assembly in which the amyloid conformation of the LC is reached
through the total unfolding of the protein [85,87,168,169,171,172]. However, how this
unfolding-refolding mechanism occurs has not been clarified yet. A central issue in this
regard is the structural characteristics of the molecular species that drive aggregation. This
question is relevant not only to understanding the mechanism of AL fibril formation but
also to identify the most suitable target(s) for therapies aimed at inhibiting LC amyloido-
genesis. It is worth mentioning that, as with most amyloid precursors, LCs form amyloid
in vitro with nucleation-dependent kinetics, characterized by a lag phase followed by a
logarithmic growth phase [102]. Several studies carried out with rVy, proteins found a
positive correlation between the duration of the latency phase and the folding stability
of the protein [83,88,90,91,94-96,100-102,193,194]. Therefore, it was deduced that some
degree of alteration of the native folding of the fibril precursor is required for it to nucleate
fibrillogenesis. The evidence suggests that non-native partially unfolded intermediates,
but not the fully unfolded conformers, are the species that most efficiently promote fibril-
logenesis [97,101,104,144]. Fink "s laboratory studied the effect of both low pH [144] and
concentration of guanidine hydrochloride, a chaotropic denaturant, on the fibrillogenesis of
the amyloidogenic k4 rVy, protein SMA. In both conditions, two different partially folded
intermediates were detected, one native-like, which predominantly formed amorphous
deposits, and a more unfolded intermediate that formed fibrils more rapidly [104,144].
They also obtained evidence indicating that fibril elongation involved the addition of a
partially unfolded intermediate, rather than the native state [104]. Therefore, it was con-
cluded that a more highly unfolded intermediate is more suited to undergo the topological
rearrangements necessary to form amyloid fibrils than a more structured one [104].

Blancas-Mejia et al. also found evidence of a partially folded intermediate in the
fibrillogenesis pathway of the A6 rV|, protein 6aJL2 [101]. Using urea as a destabilizing
agent, a partially unfolded off-pathway intermediate around the midpoint of the urea
unfolding curve of the protein was detected [101]. The maximum growth rate for fibril
formation and the minimum lag time were measured at urea concentrations where the
partially unfolded intermediate was populated, suggesting its involvement in the aggre-
gation pathway [101]. Biophysical data indicated that the amyloidogenic intermediate
was a soluble oligomeric state [101]. Overall, the aforementioned studies support the
notion that the conformational species of the rVy, proteins that most efficiently promote
fibrillogenesis are partially unfolded intermediates characterized by a substantial loss of



Hemato 2022, 3

252

native folding. Persistence of some secondary and tertiary structure seems to be necessary
for fibrillogenesis to occur [195].

It is important to mention that, for the sake of experimental efficiency, most of the
above-cited studies used destabilizing, non-physiological conditions of pH or denaturant
concentration, aimed at increasing the probability of detecting non-native intermediates
of the experimental protein. However, some rV|, proteins efficiently form amyloid-like
fibrils under physiological conditions of pH, ionic strength, and temperature, where the
protein unfolded fraction is very small [83,94,95,107,193]. Therefore, it cannot be excluded
that, under physiological conditions, the fibrillogenesis of at least some rVy, proteins occurs
through complex pathways involving different conformational species, including native-
like folding intermediates. In a recent report, Kazman et al. dissected the lag phase of
the in vitro fibrillogenesis of a patient-derived Vi, protein and characterized the structural
transitions that preceded fibril formation [196]. It was found that the aggregation started
with partial unfolding of the Vi, domain and the formation of small amounts of dimers,
which was followed by the formation of an ensemble of oligomers. Remarkably, they
found that oligomerization was accompanied by structural adjustment of the hydrophobic
core of the Vi, protein, which included changes in solvent accessibility and rigidity and
structural transitions from an anti-parallel to a parallel 3-sheet secondary structure. All
these structural changes, which are consistent with a global conformational transition of
the Vi, took place in the oligomers prior to amyloid formation [196]. Moreover, it was
found that the formation of a non-native dimer was a prerequisite for the formation of
the ensemble of oligomers, the context where the most extensive structural rearrangement
of the Vi domain took place [196]. It is worth mentioning that some rVy proteins form
stable dimers that protect them from aggregation. The evidence indicates that a limiting
step for the fibrillogenesis of these proteins is the dissociation of the native dimer into
misfolded-prone monomers [132,135,197-199]. Therefore, it cannot be excluded that some
rVy, proteins form fibrils through a pathway that starts on a native dimer, which dissociate
into misfolded-prone monomers, which subsequently reassociate into non-native dimers.

Previous studies have shown that amyloidogenic LCs, but not their non-pathological
counterpart, tend to form high molecular weight aggregates under physiological condi-
tions [200]. Hence, it is important to establish whether the mechanism of fibrillogenesis
revealed by Kazman et al. is characteristic of Vs derived from amyloidogenic LCs, or
an attribute common to all Vi s. Moreover, it is also important to establish whether this
mechanism applies to full-length LCs, in view of the known influence of the C;, domain on
the aggregation properties of the full-length LC [55,145].

6. Role of the Mesangial Cells in Glomerular Amyloidosis: Are They an
Amyloid Factory?

Conceptually, amyloid aggregation is described as a pathological event driven by
protein misfolding [201,202]. Therefore, much research in this field has focused on the
in vitro characterization of the amyloid precursors, seeking to identify the structural
and biophysical properties that make then prone to aggregation. This approach has
allowed a better understanding of the mechanistic aspects of amyloidogenesis from a
protein perspective, being also valuable for the screening of inhibitors of amyloidoge-
nesis [103,148,149,203-209]. Amyloid fibrils can be produced in cell-free systems, but
this represents a situation far distant from reality in humans where the circulating amy-
loid precursors must interact with tissue elements in the formation of amyloid fibrils.
Amyloid aggregation occurs mostly in the extracellular compartment, in the presence of
molecules with very diverse structural properties and activity. This includes proteases
and other proteins with very diverse functions, such as transporters, receptors, ion chan-
nels, and structural proteins, as well as lipids, glycoconjugates, and ions, among others.
These compounds assemble into complex biological structures, such as the cytoplasmic
membrane and the extracellular matrix, with which the amyloid precursor interacts, with
its aggregation behavior being modulated by this molecular microenvironment [210,211].
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Moreover, the accumulation of the amyloid aggregates and other non-native species of
the precursor leads to the activation of biological processes that end up with cell damage,
phenotype transformation, and extracellular matrix remodeling, common events in the
pathogenesis of amyloidosis [212-215]. Therefore, the accurate understanding of amy-
loidogenesis, as a pathological phenomenon, requires revealing the complex interplay
between the amyloid precursor and the numerous components of the microenvironment
where aggregation takes place.

For more than three decades, the role of cells in participating in the process of amyloido-
genesis has been explored by a number of investigators. There are abundant publications
addressing the contributions of cells to the A3 precursor protein processing and aggrega-
tion [216-218]. The important role that macrophages play in amyloidogenesis, particularly
in serum amyloid A protein-derived (AA) amyloidosis, has also been investigated with
some rigor [219-222]. However, the role of mesangial cells in the AL deposition in the renal
glomerulus, as well as pericytes/smooth muscle cells in the vasculature, has been advanced
considerably in recent years, as they participate in LC-associated amyloidosis [59,156,214].
In this part of the review, we focus on mesangial cells as facilitators of LC amyloidogenesis
in the renal glomerulus and mediators of pathological remodeling of the mesangium, but
also as targets for the harmful activity of amyloidogenic LC and its aggregates.

The monoclonal LC interaction with different cell types has been shown to depend on
the ability of certain cells to internalize this amyloid precursor and manufacture the fibrils in
the mature lysosomal compartment, which is related to the physicochemical characteristics
of the particular precursor proteins [223-225]. Signaling mechanisms involved in the
process are crucial to understand how amyloid fibril formation occurs and to eventually
develop pharmacologic maneuvers to stop or ameliorate this process once the inciting
pathological activity has been controlled or curtailed.

The kidney receives approximately 25% of the cardiac output and any circulating
proteins will be delivered to the kidneys where interaction with renal cells must occur.
Monoclonal LCs circulate in patients with plasma cell dyscrasias and, because of their low
molecular weight, they are normally filtered through the capillary walls and delivered to
the proximal tubules where normal LCs are internalized using the cubilin/megalin receptor
and metabolized by lysosomes returning the amino acids to the circulation [226,227].

Some of these monoclonal LCs are attracted to the glomerulus, more specifically the
mesangium, where pathological changes occur. The interaction of these glomerulopathic
LCs with mesangial cells involve a receptor: SORL1 [156]. It is important to highlight that
the final pathologic changes that occur in the glomeruli depend on the glomerulopathic
LCs involved and the alterations in the mesangium are regulated by the surface activities
that take place between involving mesangial cells [228-230]. The same is true about the
vasculature where these circulating monoclonal LCs interact with pericytes/smooth muscle
cells to produce amyloid [214]. The processes that take place in the renal mesangium and
in the vasculature in AL-amyloidosis are amazingly similar.

The signaling mechanisms that must occur for the cells to become primed for amy-
loidogenesis have also been dissected [223,231,232]. Two factors control the mesangial cell
activities leading to AL fibrils formation. C-fos and NF-kB are instrumental in fostering
cellular activities that control amyloidogenesis. C-fos is necessary for phenotypic trans-
formation of mesangial cells into a macrophage phenotype [223,232], a crucial event that
needs to occur before mesangial cells can engage in active amyloid formation. Signals
are activated when glomerulopathic LCs interact with mesangial cells at the cell surfaces
and become endocytosed, an event that is instrumental in leading the internalized LCs
into the mature lysosomal system for processing (Figure 6A—C). Once in the lysosomes,
helped by the stringent low pH and the likely presence of protease, processing of the LC
is carried out and formation of fibrils occurs [233] (Figure 6D). The last step involves the
exocytosis of the fibrils into the extracellular compartment [230] (Figure 7A-F). Once in the
extracellular compartment, there is activation of metalloproteinases and replacement of the
mesangial matrix with AL fibrils (Figure 6D). Amyloid also inhibits TGF-§ significantly,
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compromising the repair of the altered extracellular matrix. LCs also potentiate apoptosis
of mesangial cells. The combination of these effects leads to the expansion of mesangial
areas with the deposition of AL fibrils and the replacement of the mesangial matrix, as
well as the disappearance of the mesangial cells resulting in the appearance of acellular
mesangial nodules in the end-stage of this disease process [229]. Once extracellular amyloid
is present, additional amyloidogenesis occurs exponentially by progressive extension of
this process after the initial seeding has taken place (Figure 6D). A similar mechanism has
been proposed for extracellular amyloid plaque formation during Alzheimer’s disease
pathogenesis [234]. Cell-dependent seeding may function as the triggering mechanism for
LC amyloid deposition at the tissue scale. Alternatively, it may operate in parallel with
other cell-independent mechanisms of LC amyloidogenesis, contributing to the amyloid
burden of the organ. More research is required to establish the potential contribution of
mesangial cells, as well as other cells with the capacity to internalize amyloidogenic LCs, in
the initiation and dissemination of AL deposits.

Figure 6. Experimental demonstration and schematic representation of the multistep process of
AL LC internalization and processing in MCs. (A,B) Immunogold labeling (10 nm gold particles)
transmission electron microscopy, with uranyl acetate and lead citrate staining, in MCs incubated
with AL LCs purified from urine of a patient with renal AL-amyloidosis. In (A), note an early
interaction of light chains (labeled with gold particles) with surface caveola in mesangial cell (A)
after 4-6 h of incubation. In (B), note the same LCs within lysosomes 24 h after incubation. (C) Direct
immunofluorescence detection (fluorescein isothiocyanate) of internalized AL LCs in mesangial cells
incubated with AL LCs, as described in (A). Note the presence of fluorescence in the cytoplasmic
space, indicative of internalization of AL LC in the mesangial cell. Augmentations: A x35,000;
B %32,500; C x500. (D) Diagrammatic representation of AL LC internalization and processing in MCs.
(1) The unstable and misfolding-prone monoclonal LC (yellow circles) is filtered from the glomerular
capillary (GC). (2) The LC internalizes into the MCs by a receptor-mediated mechanism. (3) The
late endosomes (End) containing the misfolded LC fuse with transport vesicles carrying lysosomal
hydrolases and transform into lysosomes (Lys), where the acidic pH and likely the proteolysis by
lysosomal proteases promote the self-assembly of the LC into amyloid fibrils. (4) The AL fibrils
formed inside the lysosomes are extruded from the MC, accumulating in the extracellular space.
(5) The extruded amyloid fibrils seed the fibrillogenesis of soluble LC monomers. Fibrils accumulate
in the extracellular space. (6) MMPs and other proteases secreted by the MCs proteolyze the AL fibrils,
removing the protease-sensitive C;, domain of the aggregated LC, as well as other components of the
extracellular matrix. This results in substitution of the extracellular matrix by AL fibrils. Experimental
data support steps 1-4. In steps 5 and 6, a possible mechanism of AL amyloid deposition in the
glomeruli mediated by mesangial cells (MCs) is proposed. P stands for podocyte.
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Figure 7. Manufacturing of AL fibrils by the mesangial cells. (A—C) Mesangial cells growing on
Matrigel incubated with AL-LCs for 48 h. (A) Hematoxylin and eosin; (B) Congo red; and (C) po-
larization of Congo red stained section. Note in A the eosinophilic amorphous material (amyloid)
produced by mesangial cells. This material is Congo red-positive (B) and apple green birefringent
when polarized (C). Augmentations: A x200; B x400; C x200. (D,E) Mesangial cells incubated
with AL-LCs for 72 h. Transmission electron microscopy; uranyl acetate and lead acetate. Note in D
amyloid fibrils (arrow) manufactured by surrounding mesangial cells with macrophage phenotype.
Note in E numerous lysosomes in the cytoplasm of mesangial cells and loss of myofilaments. Aug-
mentations: D x22,500; E x35,000. (F) Mesangial cells incubated with AL- LCs for 96 h. Note the
cumulation of extracellular amyloid fibrils and lysosomes abutting cell membranes of mesangial cells
and gaps in the cell membranes permitting exiting of amyloid fibrils. Augmentations: x30,500.

The presence of cells capable of endocytosing the amyloid precursor appears to be
a crucial element for amyloidogenesis to occur in at least the most common types of
amyloidosis: AA and AL amyloidosis [221,222]. Patients with disseminated amyloidosis
almost invariably have involved organs and sites rich in macrophages or with resident
cells that have the ability to phenotypically transform into cells with abundant lysosomes
(so-called “macrophage phenotypic transformation”) (Figure 8A-G). The systemic vascular
deposition of fibrils in systemic amyloidosis represents further evidence of the role of
cellular transformation permitting lysosomal processing of internalized amyloid precursors
into fibrils.

Without the cellular component, what happens in glomeruli engaged in amyloidosis
would not occur. The mesangial cells are intimately involved, playing a crucial role
in glomerular amyloidogenesis to a point where they are an essential element in this
process. As animal models of amyloidogenesis are developed, issues of pathogenetic
interest such as LC tropism and genetic modifiers become very important; these require
further studies. It should be emphasized that only models with cellular components are
capable of reproducing what occurs in humans and create testing grounds for realistic
development of new therapeutic interventions. In vitro models lack the cellular element
that is so fundamental in human disease (amyloidosis).

In the last 3 decades, notable experimental developments have taken place that create
the perfect environment for the development of novel therapeutic interventions. One
crucial development has been that of stem cell therapy as a mechanism to replace the
damaged mesangium in glomeruli and repair overall renal parenchyma [235-238]. While
this is still in its early phases, much hope remains. Some of the platforms used to study the
ability of mesenchymal stem cells in repair mimic quite closely the glomerular alterations
that are seen in renal biopsies from patients with glomerular AL amyloidosis facilitating
translational studies. Combining these with the information that has been gained from
in vitro research in amyloidosis provides a perfect set-up for extending studies aiming at
repairing the tissue damage caused by amyloid deposition. The concept that amyloid fibrils
are tombstones is no longer tenable, as the fibrillary material and oligo amyloid components
are involved in direct tissue damage, as has been demonstrated in the laboratory and
confirmed clinically in biopsy material [239].
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Figure 8. Interaction of mesangial cells with AL LCs results in phenotype transformation.
(A-C) Transmission electron microscopy with uranyl acetate and lead acetate staining of mesangial
cells culture on a matrix (Matrigel) and incubated with AL-LCs for 24 h. Note in A the typical
ultrastructure of mesangial cells with intracellular myofilament bundles and lack of lysosomes. Note
in B that mesangial cell has lost its cytoplasmic filaments, except focally. (C) (insert) Note that the
mesangial cell cytoplasm is filled with variably sized lysosomes (C). Augmentations: A x950; B x800;
C x6000. (D) Transmission electron microscopy with uranyl acetate and lead citrate staining of
mesangial cells incubated wit AL-LC. Note mesangial cells with macrophage phenotype engaged
in manufacturing of amyloid fibrils. Augmentations: x12,500. (E) F-actin detected by fluorescein
isothiocyanate fluorescence staining in mesangial cells incubated with AL LCs. Double staining with
Texas red labeled CD68. Note hybrid mesangial cells exhibiting typical actin cytoarchitecture and
CD68 expression with colocalization (yellow staining areas). (F,G) Transmission electron microscopy
with uranyl acetate and lead acetate staining of MCs incubated with AL LCs for 48 h. Note the
extracellular amyloid fibrils produced by adjacent MCs with a macrophage phenotype (with multiple
intracytoplasmic lysosomes and loss of microfilaments) Augmentations: F x38,500; G x23,500.

7. Challenges in AL Amyloidosis Research

The AL amyloidosis is unique among all amyloidoses due to the unparalleled se-
quence diversity of the involved precursor, the immunoglobulin LCs [54]. Such a charac-
teristic makes it exponentially more complicated to understand the structural bases and
pathophysiology of the disease. Recent cryo-EM-based studies have shown that, struc-
turally, AL fibrils are comparatively much more heterogeneous than any other type of
amyloid [85,128,168,169]. Basically, the conformation of the LC in the AL fibrils deposited
in each AL patient is unique, a characteristic that, as it interplays with the biological sin-
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gularity of the affected individual, results in a patient-specific disease [240,241]. Thus, the
structural heterogeneity of the LCs establishes several challenges to AL amyloidosis re-
search. One of the most relevant is to understand how the interplay between the structural
and biophysical properties of the monoclonal LC and factors of the tissue microenviron-
ment determines three key aspects of AL amyloidosis: (1) the pathogenic properties of
the circulating misfolding-prone LC, (2) the organ tropism of LC amyloid deposition, and
(3) the structure and pathogenic properties of AL fibrils. To the extent that it is possible
to overcome these challenges, opportunities will be created for the development of new
therapeutic strategies that interrupt the complex chain of pathogenic events that begin with
the LC misfolding, involves its aggregation into AL fibrils and other structurally diverse
non-native species, and ends with irreversible organ damage.

8. Conclusions

The last decade has seen significant progress in our understanding of the mechanism
of amyloid aggregation of the LCs and, above all, of the structure of AL fibrils. The
presence of several pro-amyloidogenic hotspots scattered throughout the Vi, of LCs has
been demonstrated. The data indicate that these regions participate in the AL fibril assembly
mechanism, which requires extensive structural conversion of the domain to a quasi-
bidimensional entity. Although this step is common to the amyloid aggregation of all LCs,
the conformation of the Vp, in the fibrillar state differs widely between AL fibrils derived
from different LCs. Such structural heterogeneity of the AL fibrils, which is primarily a
reflection of the structural diversity of LCs, also appears to depend on other factors, such
post-translational modifications of the precursor, and proteolysis of the aggregate. To all
of the above, we must add the role of cells in the pathogenesis of the disease, both as the
target of the harmful properties of the amyloidogenic LC and its aggregated forms, as well
as a potential factory of AL amyloid, causing the dissemination of deposits.
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