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Light chain amyloidosis (AL) is a systemic disease in which abnormally

proliferating plasma cells secrete large amounts of mutated antibody light

chains (LCs) that eventually form fibrils. The fibrils are deposited in vari-

ous organs, most often in the heart and kidney, and impair their function.

The prognosis for patients diagnosed with AL is generally poor. The dis-

ease is set apart from other amyloidoses by the huge number of patient-

specific mutations in the disease-causing and fibril-forming protein. The

molecular mechanisms that drive the aggregation of mutated LCs into fib-

rils have been enigmatic, which hindered the development of efficient diag-

nostics and therapies. In this review, we summarize our current knowledge

on AL amyloidosis and discuss open issues.

Introduction

Amyloidoses have been studied from the mid-1800s

onwards [1]. In the 20th century, it became clear that

amyloids can be formed by various proteins which

deposit in fibrillar structures. The first suggestions that

linked amyloids and immunoglobulin (Ig) light chains

(LCs; referred to as Bence-Jones proteins when found

in urine) can be tracked back to the work of Adolf

Magnus-Levy almost a century ago [2,3]. Pioneering

work by Elliot F. Osserman further established the

correlation between plasma cell dyscrasia, Bence-Jones

proteins and amyloidosis [4–6]. In the 1970s, it became

evident that the antibody sequences found in amyloids

from different patients are diverse [7]. The proteins

deposited as amyloids were identified as Ig LCs and

often their truncations, mostly comprising their variable

domains (VLs) only [8,9]. In vitro it was shown that

LCs subjected to proteolysis and low pH can form amy-

loids [10]. However, the discussion of whether LCs are
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the major precursors that lead to amyloid formation

continued for a few years [11]. Ultimately, it was shown

that the Bence-Jones proteins and the amyloid fibril

proteins of a patient are identical [12]. Large-scale stud-

ies further demonstrated that not all LCs isolated from

patients form amyloids in vitro and that certain LC

subtypes show a higher prevalence in antibody LC

amyloidosis (AL) than others [13–17]. Eventually, data-
bases were created in which information on thousands

of different LC variants found in AL patients were

deposited and clinical centers dedicated to the study

and treatment of AL were established [18]. Thanks to

significant advances over the last decades in under-

standing the biology behind the disease, a general pic-

ture of the molecular mechanisms is beginning to

emerge. In this review, we will discuss structural aspects

of fibrils, disease-causing mutations, the LC escape

from the cellular quality control, the role of extracellu-

lar components and the sequence of events leading from

the native antibody structure to fibrils.

AL – disease and treatment

Light chain amyloidosis is an acquired amyloidosis

except for one reported hereditary mutation located in

the constant region of the LC (S131C) [19,20]. The

yearly incidence of AL was 8.9 and 12.5 cases per mil-

lion people in two independent population-based stud-

ies [21,22] with a higher frequency in older individuals

[22–24].
Light chain amyloidosis patients typically have

acquired a monoclonal gammopathy and thus exhibit

high serum concentrations of an amyloidogenic LC

which may be comorbid with an atypical form of mul-

tiple myeloma (MM) [20,25,26]. The amino acid

sequences of the overexpressed LCs are largely patient-

specific and the symptoms vary making the diagnosis

of AL complicated [20,27]. However, the early diagno-

sis of AL and the definition of organ involvement is

crucial for successful therapy [25,28], also as the prog-

nosis for AL patients depends on the organs involved

[29–31]. In this context, cardiac involvement is related

to poor prognosis [30,31] as the increasing fibril depos-

its lead to mechanical impairment of organ function.

Other proposed mechanisms of AL-induced organ

damage are cytotoxicity, generation of reactive oxygen

species and metabolic dysfunction [32–35]. While the

heart and kidney are most frequently affected, AL can

also involve other organs. The reasons why LC amy-

loids target certain organs are still unclear. It was pro-

posed that certain immunoglobulin lambda variable

cluster (IGLV) germline gene segments pose a higher

risk for cardiac (IGLV1–44) [36,37], renal (IGLV6–57)
[38] or hepatic (IGKV1–33) [37] involvement.

Current therapeutic approaches are mainly aimed at

suppressing LC synthesis (plasma-cell directed) while

the development of new therapeutics that can remove

amyloid deposits from affected organs is gaining focus

(fibril-directed) [20,39]. In addition, supportive care to

alleviate symptoms due to specific organ involvement

is required. The current treatment of AL depends on

the risk group of the patient [20]. AL patients at low

risk can undergo chemotherapy with high doses of

melphalan followed by autologous peripheral blood

stem cell transplantation (HDM–SCT) to target the

monoclonal gammopathy [40–42]. HDM–SCT can

slow down or stop the progression of AL but does not

remove existing fibril deposits. Some patients at inter-

mediate or high risk can also undergo HDM-SCT,

provided that they have partially preserved organ

function [20]. A combination of melphalan and dexam-

ethasone is used for the treatment of AL patients at

intermediate risk [43]. Also, proteasome inhibitors like

bortezomib are included in combination therapies for

these patients [44]. The treatment of AL patients at

high risk represents an outstanding challenge [20].

Heart, kidney or liver transplantation are treatment

options for AL patients with severe organ involvement

[45].

Clearly, additional treatment options are needed and

there are several ongoing studies for novel therapies

with proteasome inhibitors (carfilzomib [46] and ixa-

zomib [47]), immunomodulatory drugs (pomalidomide

[48]), anti-CD-38 antibodies (daratumumab [49] and

elotuzumab [50]) or alkylating agents (bendamustine

[51]). Since most of these therapeutics reduce the pro-

duction of new amlyoidogenic LCs but cannot treat

the existing organ damage, fibril-directed monoclonal

antibodies (11-1F4 [52] and NEOD001 [53]) are tested

as therapeutics to remove fibril deposits. Furthermore,

the kinetic stabilization of LCs to prevent them from

unfolding and aggregation – and thus fibril formation

– came into focus [54].

Antibody and light chain structure

To understand the mechanisms of AL, it is important

to consider the structure and diversity of LCs. The

human Igs are hetero-tetrameric glycoproteins consist-

ing of heavy chains (HCs) and LCs [55]. In its simplest

version, Ig consists of two HCs and two LCs which

are connected by disulphide bonds (Fig. 1A). The type

of HC determines the antibody class – IgA, IgD, IgE,

IgG or IgM. The LCs belong either to the k or the

j family, whose encoding genes are located on
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different gene loci [56]. Both LC families can pair with

each of the HC classes. Both the HCs and LCs contain

variable domains, VH and VL respectively, which are

responsible for antigen-binding. In addition, they com-

prise constant domains (Fig. 1A). The LCs consist of

two domains: the variable domain VL and the constant

domain CL.

While the differences between the biological proper-

ties of the HC classes are well established [57], there is

still a discussion about the benefits of LC variability.

Each of the two LC types further comprises a number

of subfamilies. The subfamilies can have multiple

members depending on the number of different germ-

line V gene segments, for example, there are three

members of the k IV subfamily, k IVa/b/c [58–60] with
structural differences in the complementarity-

determining regions (CDRs) and the linker region

[61,62]. The ratio of j and k LCs in the serum of a

healthy person is approximately 2 : 1 [63]. Other spe-

cies have vastly different physiological ratios between

j and k LCs. For example, in cattle, 90–95% of the

LCs are from the k family, while in mice almost all

LCs are from the j family [64,65]. The importance of

different ratios of j and k LCs in the serum is still

enigmatic. In humans, a non-physiological j to k ratio

can be an indication of underlying pathological condi-

tions like myeloma [66]. Interestingly, in AL patients

the k family is overrepresented with a k : j-ratio of

approximately 3 : 1 [67].

One of the hallmarks of AL amyloidosis is the high

level of free LC monomers and homodimers in the

serum and other body fluids of patients with MM or

AL (Fig. 1B) [68,69]. Dimer formation is mediated by

the hydrophobic interfaces that would normally partic-

ipate in LC/HC contacts in antibodies as well as by

intermolecular disulphide bridges via C-terminal cys-

teines. Especially the CL–CL interface provides stabiliz-

ing interactions in the LC dimer [70]. Moreover, it is

known that the CL domain can have a profound stabi-

lizing effect on the VL domain [71]. In the context of

AL, proteolytic cleavage in vivo results in the release

of free VL domains that exist either as monomers or

as homodimers (Fig. 1C).

The basis of LC sequence variability

While amyloid diseases share common characteristics,

AL amyloidosis is set apart by one unique aspect: the

vast sequence variability of the precursor protein [72]

which is connected to the biological function of Igs,

that is, binding to a large number of different antigen

structures with high affinity during immune responses.

The sequence variability of LCs is created during B

cell development by recombination of variable and

joining gene segments (V–J recombination) and

somatic hypermutation (SHM) [73–76]. The most vari-

able parts in LCs are the three loops of the CDRs

(L1, L2 and L3) that form part of the antigen-binding

site in functional antibodies (Fig. 1D).

In addition to the variability resulting from gene

segment recombination, somatic mutations in the VL

domain can further increase the sequence space of

LCs. In the case of AL amyloidosis, genetic aberra-

tions due to the underlying plasma cell dyscrasia (e.g.,

in MM) introduce additional amino acid substitutions

in LC sequences [77,78]. Together, these mutations

play a key role in the onset and progression of the dis-

ease as they can affect LC folding and stability and

therefore govern the transition from soluble precursor

proteins to insoluble amyloid fibrils.

Fibril structure

Different proteins can be amyloidogenic, resulting in

about 40 known amyloidoses [79–82]. The amyloids

share a defining common feature – they are composed

of highly ordered, long protein filaments or fibrils with

Fig. 1. Structural elements in antibodies. (A) An IgG antibody is

composed of two identical LCs and two identical HCs; (B) LC

dimer; (C) monomeric and dimeric LC VL domains that occur from

cleavage of LCs. Disulphide bonds are indicated by red lines. (D)

Crystal structure of a VL domain (PDB: 6SM2). The intramolecular

disulphide bond is shown in red. The conserved tryptophan residue

is highlighted in grey. The CDRs (Kabat definition) are in cyan

(CDR-L1), blue (CDR-L2) and magenta (CDR-L3). The length of the

sequence at the C-terminus can vary depending on the truncation

site between the VL and CL. The structure has been generated

using UCSF Chimera.
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(mostly) cross-b sheet structure. Originally, amyloid

plaques were defined by their ability to induce birefrin-

gence in tissue stained with Congo red [83]. Later

on, it was discovered that the binding of the

benzothiazole-based dye Thioflavin T to fibrils and

aggregates with amyloid-like structure results in a

change in its fluorescence emission and thus enables

monitoring of amyloid fibril formation [84,85]. Fibrils

also exhibit a characteristic X-ray diffraction pattern

[86–88] as a defining feature. Detailed analyses of dif-

ferent amyloid fibrils using high-resolution structural

techniques such as solid-state NMR spectroscopy or

cryo-electron microscopy (cryo-EM) confirmed the

common architecture and shed light on their molecular

organization [89].

Recent cryo-EM studies revealed remarkable details

on the structure of fibrils extracted from AL patients

[90–92]. In one structure (AL55), the fibril core is com-

posed of 77 VL domain residues (Fig. 2A) [90], while

in another patient-derived fibril (k1) the core consists

of 91 VL residues (Fig. 2B) [93]. In the third fibril

structure depicted in Fig. 2 (FOR005), the core is

made up of 115 VL residues (Fig. 2C) indicating that

the majority of the VL domain is included. However,

in both AL55 and FOR005 there are unresolved loops

in the fibril structure, while in k1 and FOR005 the N-

terminal sequences are disordered (Fig. 2A,C) [90,92].

In all three VL-derived fibrils, the intramolecular disul-

phide bond connecting the two b-sheets is preserved,

while the rest of the native VL structure is almost com-

pletely reorganized. Hence, the segments connected by

the disulphide bond have reversed their orientation.

This implies that substantial conformational transi-

tions have to occur prior to forming the fibrillary

structure. Morphing between the structures of the

native VL and the corresponding fibril illustrates the

magnitude of structural changes that take place during

the transition [93].

The VL fibrils show the typical cross-b structure sta-

bilized by interactions along the fibril axis that include

backbone hydrogen bonds and interactions between

side chains [90–92]. However, each of the three fibril

structures has a unique fold. The k1 fibrils exhibit two

channels that probably contain water molecules, while

the other two fibrils lack this feature. Interestingly,

FOR005 fibrils adopt two conformations within the

fibril contributing to structural breaks. This finding

demonstrates that fibrils from AL patients are not

always conformationally uniform along the fibril axis

[92].

Furthermore, an additional cryo-EM structure of a

fibril (FOR001) was recently solved, identifying an N-

glycosylation [94]. It had been suggested by several

studies that glycosylation may be a risk factor for

developing AL amyloidosis [95–97]. This seems to be a

contradictory assumption at first since this post-

translational modification normally leads to a stabi-

lization of natively folded proteins [98]. However, in

the case of patient LCs glycosylation was discussed to

stabilize the fibril fold and protect it against prote-

olytic degradation [94]. How the additional glycosyla-

tion site in LCs affects their folding, unfolding and

rearrangement to the fibril structure has to be investi-

gated further.

The pathway of AL fibril formation

The observation that amyloidogenic proteins exist in

two different stable states, the native state and the fib-

ril, challenged the concepts of protein folding. It is

believed that there is a considerable energy barrier

between the two states. Thus, the native state needs to

unfold to enter the fibrillary pathway and adopt the

energetically more favorable amyloid state [99]. The

molecular mechanism of how this barrier is overcome

and which steps are involved are still not fully under-

stood. A plausible explanation of fibril formation is

Fig. 2. Structures of amyloid fibrils from AL patients. Cryo-EM

structures of (A) AL55 fibrils (PDB: 6HUD) and (B) k1 fibrils (PDB:

6IC3). (C) FOR005 fibrils in conformation A (PDB: 6Z1O). In A, B

and C, the different colors represent different polypeptide chains

arising from VL domains. The structures have been generated using

UCSF Chimera.
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that an additional trigger combined with protein

unfolding is needed which directs the protein towards

fibril formation. This leads to the breakdown of the

supersaturation barrier describing the phase transition

from the soluble monomer to a crystal-like amyloid

fibril structure [100,101]. These events take place in the

comparably long and rate-limiting lag phase preceding

fibril growth [101,102]. While fibril formation can be

readily monitored by the binding of Thioflavin T,

the events taking place in the lag phase cannot be cap-

tured by this approach. As mentioned above, the dif-

ferences in the three-dimensional structures of the VL

domain and the fibril suggest that (partial) unfolding

of LCs or their individual domains has to occur in the

lag phase to initiate the fibrillary pathway (Fig. 2D).

A conserved tryptophan residue in the VL domain

(Fig. 1D) can be used as a folding sensor, as its intrin-

sic fluorescence changes upon structural rearrange-

ments and thus reports on conformational transitions

in the lag phase. Recent results suggest that structural

rearrangements occur already at the beginning of the

lag phase and are accompanied by an increase in sur-

face hydrophobicity [103]. These conversions lead to

the formation of non-native dimers that seem to act as

nuclei for oligomerization to hexamers and higher oli-

gomers and finally fibril formation. These dimers differ

from the physiological dimers that protect LCs from

aggregation [104,105]. In the oligomeric state, a further

structural transition occurs in which the typical paral-

lel b-sheet structure found in fibrils is formed. These

species represent the nuclei for fibril formation as fib-

rils rapidly emerge once the transition has occurred in

the oligomers (Fig. 3) [103]. Of note, these conforma-

tional transitions seem to involve high energy barriers

as they require destabilizing conditions such as muta-

tions and long reaction times. An important open

question that needs to be addressed in future research

is how the structural transition propagates once the

A

C

B D

Fig. 3. AL amyloid formation pathway. (A) Mutant LCs are overexpressed and secreted by malignant B cells. The blow-up depicts the ER;

blue ellipsoids represent ER chaperones, the squares are LCs. (B) LCs enter the bloodstream where proteolysis and interactions with

plasma factors could occur; red ellipsoids are blood cells, grey ellipsoids represent other cell types, green circles show extracellular proteins

and black lines are glycosaminoglycans. (C) To enter the fibril pathway, the LC or its VL domain unfolds, dimerize and oligomerize followed

by a secondary structure switch towards parallel b-sheets which leads to fibril formation and elongation. (D) The fibrils deposit in various

organs and impair their function. Whether the proteolytic cleavage occurs in the bloodstream, in the organs or after fibril formation is still

unclear.
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fibril nucleus has formed. We still do not know

whether the oligomerization of the monomers is still

mandatory for elongation once a nucleus has formed

or whether the interaction of partially unfolded LCs/

VLs with the nucleus suffices for their structural rear-

rangement and fibril growth.

In the past, cytotoxicity in amyloid diseases was

mainly attributed to the insoluble fibrils that affect

organ function by depositing extracellularly in the tis-

sue [20]. However, recent evidence suggests that the

toxic effects could be exerted through intermediate,

oligomeric species. These could disrupt membrane

integrity by interfering with the phospholipids via

their hydrophobic surfaces [106–108]. Furthermore,

several other pathways for the pathological effects of

the amyloid fibrils and their soluble precursors have

been described. Extracellularly, cell viability is dis-

cussed to be compromised by the loss of cell–cell con-
tacts due to fibril attachment [33]. Also, amyloid

fibrils were shown to impair cell growth and division,

while the soluble precursor proteins lead to dysfunc-

tional cells that undergo apoptosis [33]. Moreover,

both species seem to influence the functionality of

mitochondria [34,109]. However, it is still an open

issue which species and which process is pathologi-

cally most relevant.

The role of amyloidogenic point
mutations

Often, the VJ rearrangement and SHM result in VL

domains with altered structural properties compared

to the germline protein [110]. Together with the secre-

tion of large amounts of free LCs into the blood-

stream, this is the basis for subsequent steps leading to

fibril formation [111]. A large number of different

mutations that lead to AL amyloidosis have been iden-

tified and, accordingly, the changes they impose on the

structural and biophysical properties of the LC and

specifically the VL domain can be very different.

Hence, different mechanisms and pathways by which

mutations promote amyloid aggregation of LCs seem

to exist. According to present knowledge, amyloid-

forming VL domains contain approximately between

four and fifteen mutations compared to their non-

amyloidogenic germline counterpart sequence. How-

ever, often only a small fraction of these mutations is

crucial for the destabilization and aggregation propen-

sity of the domain [112–114]. To differentiate between

so-called silent and active mutations, a detailed mutant

analysis is necessary because the decisive substitutions

are not always obvious [113,115]. Identification of

amyloid-driving LC mutations is important since these

data could allow clinicians to estimate the risk of

developing AL amyloidosis for patients and the time

frame of disease progression once the sequences of cir-

culating free LCs (FLCs) are known.

In general, one can discriminate between the effects

of mutations on the native fold of the LC/VL domain

or on the fibril structure. Therefore, LC mutations can

be classified by whether their function lies in destabiliz-

ing and misfolding the soluble precursor protein or in

stabilizing the final amyloid core structure – although

it is of course also possible for a single mutation to

serve both purposes. Mutations with an impact on the

end product of the pathway, the insoluble amyloid fib-

rils, provide stabilizing interactions between stacked

monomers along the axis of the protofilament or

within the steric zipper and cross-b motifs inside the

fibril core [93,116].

The best investigated and potentially most wide-

spread effect of AL mutations is the thermodynamic

destabilization of LCs and VL domains. The connec-

tion between lowered thermodynamic stability and

amyloid formation is well established and there are

several examples in which amino acid substitutions

drive misfolding and fibril formation by decreasing the

unfolding free energy (DGun) of the precursor protein

(Table 1) [114,117–121]. Mutation of the highly-

conserved residue R61 in patient-derived j-sequences
is a well-described case in which loss of the conserved

salt bridge between E81/D82 and R61 leads to a

strong destabilization of the VL domain [119,122].

Accordingly, this mutation also affects the kinetic sta-

bility, that is, the rate constants of protein unfolding

and refolding or, in other words, the rate-determining

difference in free energy between the native and the

transition state. The unfolding process of destabilized

amyloidogenic VL domains is accelerated and refolding

is decelerated compared to non-amyloidogenic

domains [112,123–125].
Mutations can also alter the thermodynamic proper-

ties of VL domains or LCs by inhibiting refolding to

the native state, thus rendering their unfolding irre-

versible [123,125,126]. However, this has also been

reported for non-amyloidogenic Ig domains and it

remains to be seen what additional features are

responsible for reaching different final states [127].

A further mechanism by which mutations promote

amyloidogenicity of VLs and LCs is the enhancement of

protein backbone dynamics which is often accompanied

by destabilization [128]. Various studies reported a link

between amyloid formation and conformational flexi-

bility [69,115,129,130]. Further, a connection between

structural flexibility and cytotoxicity has also been pro-

posed [131]. Dynamic fluctuations of the protein
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Table 1. Selected examples of patient-derived AL sequences characterized by biophysical and/or structural methods. The mutations are

annotated as the change from reference protein – so-called germline (GL) or MM sequence – to the patient sequence (PT). Mutations in

bold have been shown to be strong drivers of amyloidogenicity compared to their germline counterparts. PDB accession codes for X-ray,

NMR or cryo-EM structures are given. Different PDB codes for the same protein correspond to different structural methods used or to

different crystallization conditions. This list is not comprehensive; a selection of sequences that represent the mechanisms of amyloidogenic

mutations described above is shown. The asterisk next to MAK33 indicates that human mutations derived from the literature were

introduced into a murine j5 LC to study their effects on LC folding and stability.

Name [Ref.] GL Mutations (GL/MM ? PT)

Biophysical/biochemical effects of point

mutations Structural data

3rJL2

[120,159]

k3r P7D, P8S, I48M, P40S,

W91A

• The k3r (= 3rJL2) germline is implicated in AL

amyloidosis

• Mutations P7D, I48M and W91A (CDR3)

promote amyloidogenicity in k3r

• Mutations P8S and P40S inhibit fibril formation

of k3r

• N-terminal region and loop 40–60 play a key

role in stability and fibrillation

4AIX/4AJ0: k3r

6aJL2

[17,121,129,130,

132,133,139,143,160]

k6a F2X, P7S, I29A, R25G • The k6a (= 6aJL2) germline is associated with

the disease

• Partially folded intermediate states play a key

role in fibril formation

• R25G appears in 25% of patients; it

destabilizes 6aJL2 and boosts fibril formation

(DDGUn = �1.7 kcal�mol�1)

• Key role of mutations in N-terminal b-strand

(Phe2, Pro7)

• Dynamics and contact networks are important

determinants of fibrillation

2W0K/2MMX: 6aJL2

5JPJ/2MKW: R25G

mutant

3B5G/3BDX: P7S

mutant

Mcg

[68,147,161,162]

k2 P14L, P42A, L48V, M49I,

S54N, A94E, N97D

• As a reference, the k2 germline sequence

was derived from abYsis, IgBLAST and IMGT

[163–165]

• Fibril formation is initiated by VL monomers

? Dimer dissociation is the critical step in the

amyloid formation of Mcg

• LC adopts a different conformation when

paired with another LC (= BJP) compared to

regular pairing with the HC

1DCL/2MCG/3MCG: LC

dimer

4UNU/4UNV: VL dimer

4UNT: VL monomer

WIL

[117,134,146,166,167]

k6 M3L, N5T, D30A, S31N,

Q35H, Y50F, N53D, Q54H,

A64S, I67V, R69T, A96H,

R97N, V99Q, R106K

• Reference protein JTO is an LC similar to WIL

from an MM patient

• JTO carries mutations A30D and S69R with

respect to the k6 germline sequence; AL

protein WIL contains Ala and Thr at these

positions

• D30 and R69 stabilize JTO compared to WIL

via a salt bridge

• Dimer dissociation is necessary for fibrillation,

but the protective role of dimerization does

not depend on the stability

• CDR1 conformation of WIL differs from the

canonical structure

2CD0: WIL

1CD0: JTO (MM)

AL-09

[126,148–152,168]

j1 S30N, N34I, K42Q, N53T,

D70E, I83L, Y87H

• Reference germline sequence: Vj1 O18/O8

• Mutations induce rotated (90°) dimer interface

(especially Y87H)

• Tyr residues within the altered dimer interface

modulate amyloidogenicity

• Altered dimer conformation is linked to the

formation of stable oligomeric intermediates

2Q1E: AL-09

2Q20: k1 germline VL

2KQM: k1 Y87H

2KQN: AL-09 H87Y
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Table 1. (Continued).

Name [Ref.] GL Mutations (GL/MM ? PT)

Biophysical/biochemical effects of point

mutations Structural data

AL-12

[135,142]

j1 S30T, Y32H, S65R, D70H,

E81A, Q90E, N93Y, Y96Q,

Q100G, L104V

• Reference germline sequence: Vj1 O18/O8

• Subtle conformational changes occur in the

Pro40 loop and CDR3 loop but the canonical

dimer interface is intact

• H32 and Q96 are key residues in amyloid

formation

• Fibrillation is not connected to stability

difference but rather to the sampling of

partially folded states

3DVF: AL-12

2Q20: j1 germline VL

AL-103

[112,135]

j1 N34I, D92H, P95a-inserted,

Q101P

• Reference germline sequence: Vj1 O18/O8

• Small structural changes in the CDR3 loop,

but canonical dimer interface

• Stability and fibril formation are affected by

Pro insertion in CDR3 (P95a)

• Deletion of P95a enhanced stability of AL-103

and delayed fibril formation

• Suggested influence of cis/trans prolyl

isomerization on amyloidogenicity

3DVI: AL-103

4K07: P95a deletion

2Q20: j1 germline VL

SMA

[105,114,138,141,169]

j4 S29N, K30R, P40L, Q89H,

T94H, Y96Q, S97T, I106L

• Reference protein LEN is an LC similar to

SMA from an MM patient

• Mutations (esp. P40L and Y96Q) destabilize

SMA compared to LEN and induce fibrillation

(DDGUn = �2.6 kcal�mol�1)

• Partially folded intermediates play a key role in

the amyloid pathway

• Different intermediate states can enter

different pathways, i.e., amyloid or amorphous

aggregation

1LVE: LEN (MM)

Rec

[114,169]

j4 L15P, S27aN, V27bL,

Y27dD, S27eA, N28F,

S29D, K30T, Y32T, T53S,

Y96P, S97T, Q100G,

L104V

• AL-protein Rec is destabilized

(DDGUn = �4.4 kcal�mol�1) in comparison to

MM-protein LEN

• L15P, N28F, K30T and Y96P destabilize and

induce fibril formation when introduced into

LEN

• Mutations N28F and K30T are located in

CDR1, Y96P is located in CDR3

? Stability and amyloid formation can be modula-

ted by mutations in hypervariable CDR loops

1LVE: LEN (MM)

BRE

[170,171]

j1 I30S, K31D, N34I, T39K,

P40L, K45N, E50D, N53T,

Q55E, A56T, D70E, Q92D,

S93D, L104V, Q105E,

T107K

• Reference protein REI is an LC sequence from

an MM patient

• BRE is strongly destabilized compared to REI

(DTm = �20.4°C)
• Mutations N34I and P40L induce an altered

dimer interface

• Mutations K45N and D50E alter surface

properties and modify the electrostatic surface

potential of BRE

1BRE/1B0W/1QP1: BRE

1REI: REI (MM)

Pat-1

[113]

k2 P15L, T26S, S28N, V30F,

G32D, E53D, S55D, L81V,

Q82L, Y90F, T105S

• The k2 germline sequence was determined

with abYsis, IgBLAST and IMGT [163–165]

• Mutations (esp. L81V) disrupt a hydrophobic

interaction network in the VL domain

? Decrease in stability of patient VL compared

to germline VL and induction of fibril formation

(DTm = 8.1°C)

? Enhanced dynamics in C-terminal segment of

the domain

6SM1: Germline VL

6SM2: Pat-1
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backbone are a complex feature that requires sophisti-

cated analytical methods including NMR spectroscopy,

hydrogen/deuterium exchange, limited proteolysis and

molecular dynamics simulations. Importantly, a larger

number of sequence variants needs to be studied to

gain more detailed insights into the connection between

protein dynamics and amyloid aggregation.

The effects imposed on the VL domain by a muta-

tion depend on its specific position [120,132,133].

Destabilizing effects of non-conservative mutations in

the conserved framework regions are mostly straight-

forward to rationalize [119]. However, it has also been

shown that patient-specific substitutions in exposed,

hypervariable CDR loops can induce structural

changes or enhance backbone dynamics which render

the domain amyloidogenic [112,115,134–136].
Additional factors that play a key role in AL amyloi-

dosis are the population of partially folded intermediate

states and transient, non-native interactions which

allow assembly into amyloid fibrils [105,137–139]. In

comparison to their non-amyloidogenic counterparts,

these variants more readily transition into a conforma-

tion that differs from the native state [71,140,141]. Cer-

tain point mutations in the VL domain can promote the

transition into these aggregation-prone folding interme-

diates [142,143]. Yet, these mutations do not necessarily

destabilize the native state of the VL domain or LC. It

has been reported that amino acid substitutions which

hardly alter the thermodynamic stability of a native LC

or VL domain can cause the formation of amyloid fib-

rils by inducing specific non-native interactions which

favor the amyloid state [122]. In other words, the tran-

sition barrier to the amyloid state is lowered without

affecting that between the native and unfolded state.

The quaternary structure of the precursor is another

important aspect of LC amyloid aggregation. It is well

established that dimerization can protect LCs and VLs

from misfolding and aggregation [144–146]. The disso-

ciation of LC–LC or VL–VL homo-dimers into a

monomeric state is often the first step of the fibrillar

pathway [147]. Accordingly, mutations that change the

dimer interface or disrupt interactions within the inter-

face are associated with decreased stability and amy-

loidogenesis [148–152]. Preventing fibril formation by

stabilizing LC–LC or VL–VL dimers has been pro-

posed as a novel therapeutic approach [153]. However,

while this approach is promising, it should be noted

that not all LCs and VLs form dimers in solution and

that also secretion of monomeric LCs into the blood

stream has been reported [153–156].
Furthermore, it is important to distinguish between

the effects of mutations on VL domains and full-length

LCs as they can be quite different [124]. Intuitively,

one may assume that linking a destabilized VL domain

to a stable CL domain protects full-length LCs from

amyloid aggregation whereas the corresponding single

VL domain forms fibrils in vitro. This has indeed been

demonstrated for several examples [113,115]. However,

it has also been shown that isolated VL domains can

be thermodynamically more stable than the respective

full-length LC. Thus, the interactions and orientation

between the VL and CL domains in the LC are

Table 1. (Continued).

Name [Ref.] GL Mutations (GL/MM ? PT)

Biophysical/biochemical effects of point

mutations Structural data

FOR005

[115,116,172]

k3 Y31S, Y48F, N51S, G49R,

G94A

• The k3 germline sequence was determined

with abYsis, IgBLAST, IMGT [163–165]

• CDR mutations (esp. G94A) increase dynamics

in conserved framework regions and decrease

stability

• G49R destabilizes VL and also stabilizes the

fibril core

• Fibril formation correlates with a deviation

from canonical CDR classes

5L6Q: FOR005

6Z1O/6Z1I: Cryo-EM of

ex vivo fibril

MAK33*

[71,122,157]

j5 S20N [173], D70N [174],

R61A [119]

• S20N/D70N: stability is not impaired, but fibrils

form due to non-native interactions involving

Asn residues

• R61A: loss of salt bridge between R61 and

E81/D82 destabilizes VL

• VL–CL interactions and linker region determine

amyloidogenicity of the LC

1FH5

Bold formatting indicates mutations that strongly favor amyloid formation.
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important determinants of the biophysical properties

and the aggregation propensity of LCs [70,71,157].

Further, the role of proteolytic cleavage of LCs which

yields aggregation-prone single VL domains is also

connected to the structural features of the full-length

LC [125,158].

Proteolytic cleavage of LCs and
fibrillar structures

Mutations also seem to play a role in the susceptibility

of LCs to proteolysis [175]. There is still a debate about

how important proteolysis is for AL amyloidosis. Gen-

erally, the decreased stability and partial unfolding of

the antibody LCs seem to make them more accessible

to endoproteolysis, as was shown by in vitro experi-

ments with recombinant LCs [69,175]. The fragmenta-

tion pattern of secreted LCs in fibrils was determined

after extracting them from patient tissues. The results

suggest that some parts of the LC seem to be more

prone to proteolysis than others (Fig. 4)

[90,93,113,176,177]. Particularly, the linker connecting

the VL and CL domains seems to be affected. Several

studies showed that both the complete LCs and frag-

ments thereof, as well as the variable and constant

domains, can be deposited [113,176–179]. However, it

also became clear that C-terminally truncated LCs and

especially the VL domain are mainly found in the cen-

tral core of the fibril [113,176,177,180]. Together with

in vitro experiments this suggests that predominantly

the VL domain is amyloidogenic and underpins the

necessity of proteolytic cleavage. However, amyloid

deposits in some patients can contain full-length LCs or

even CL domains [176,181,182], challenging the ‘VL-

model’ for AL amyloidosis. Although it is well estab-

lished that proteolysis of mutant LCs occurs in vivo,

there is still an ongoing debate about the timing of pro-

teolysis. Whether it precedes amyloid formation and

takes place in the bloodstream or amyloids form first

and are subsequently proteolytically cleaved in the tis-

sue is still not clear. There are studies that support

either of these theories and a clear conclusion cannot be

drawn yet [113,158,177,180]. The different and contra-

dictory data imply that the occurrence and timing of

proteolysis could be a case-dependent phenomenon. In

cases where the CL domain exerts a protective function,

mutations could promote proteolysis of the full-length

LC thereby enabling aggregation of a destabilized VL.

Besides the timing of proteolysis, the protease(s)

responsible for the cleavage(s) of the isolated LC or the

fibrils have not been identified yet. However, some can-

didates have already been associated with AL proteins

as summarized in Table 2. The cysteine proteases

Cathepsin (Cath) K, L and B, normally active in lyso-

somes, are produced by macrophages and multi-

nucleated histiocytic giant cells. They are major factors

for tissue and extra cellular matrix (ECM) remodelling

and are often co-localized with AL deposits [183]. Also,

CathK, L and B were shown to degrade AL fibrils from

tissue sections and monomeric recombinant AL pro-

teins [183,184]. Since the degradation was highly pH- as

well as concentration-dependent and since Caths are

only stable to a limited extent in the extracellular

milieu, the actual role of CathK, CathL and CathB in

amyloid degradation in vivo is still not solved. In addi-

tion to Caths, matrix metalloproteases (MMPs) and

their inhibitors (TIMP) seem to influence AL in vivo.

While in cardiomyopathy an increase of the serum

Fig. 4. Proteolysis sites in antibody LCs found in AL deposits. Alignment of the five patient-derived LC sequences AL-55 (PDB: 6HUD), AL-

H7 (PDB: 5MUH) [177], AL-05-141 (no PBD entry available) [176], p3142 (PDB: 6IC3) [93] and Pat-1 (PDB: 6SM2) [113] using clustalo 1.2.4.

The respective proteolytic cleavage sites are shown as red dots. CDRs are highlighted in cyan (according to the Kabat numbering), the CL

domain is in grey.
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levels of MMPs and TIMPs were correlated with poor

prognosis [185,186], in cases with renal involvement a

different picture emerged. There, MMP but not TIMP

levels appeared to be generally elevated in AL amyloi-

dosis and a co-deposition of TIMP with AL fibrils was

shown [187]. So far, no specific conclusion on the

involvement of metalloproteases in AL can be drawn

but an organ-dependent behaviour needs to be consid-

ered. Direct cleavage of AL proteins by MMPs has not

been shown yet. However, proteolytic activity against

other amyloidogenic proteins has been demonstrated

[188]. For serine proteases, only little is known in the

context of AL amyloidosis, although in other amyloid

diseases amyloid deposits can be cleared by the plasmin

system [189]. Despite efforts to understand the mecha-

nism of fibril formation in association with proteolytic

cleavage, it is still not clear which species is primarily

responsible for fibril formation and at which time point

the proteolytic cleavage occurs. Also, the role of co-

deposited proteases in the extracellular matrix needs

further investigation to determine whether they serve as

amyloid degrading components or if, in contrast, they

create pathogenic species. Furthermore, in addition to

co-deposited proteases, an interaction with circulating

proteases in the bloodstream is also possible. But since

these interactions are more transient and may not be

detectable once fibrils have already formed, efforts have

to be made, to identify which proteases are involved.

This is further complicated by the possibility that sev-

eral exo- and endo-proteases could be participating in

the processing of an AL protein (Fig. 4) [177].

ER quality control and LC escape

The endoplasmic reticulum (ER) is a highly optimized

compartment for protein folding and maturation of

proteins that are destined for membrane integration,

transfer to organelles or secretion. Plasma cells are

specialized for the production and secretion of massive

amounts of antibodies: one plasma cell secretes about

1000 antibodies per second [192]. Accordingly, they

possess an expanded ER to cope with the folding load

[193]. During the folding process, nascent polypeptides

undergo a number of processing steps like disulphide

bond formation or N-linked glycosylation. The ER

quality control (ERQC) system monitors the proteins

regarding their correct folding and assembly and

directs aberrant chains to the ER-associated degrada-

tion (ERAD) system which leads to proteasomal

degradation [194]. These processes require assistance

from a range of molecular chaperones and other fold-

ing factors. As each antibody molecule needs chaper-

one assistance to guarantee correct processing and

assembly before secretion is allowed, an imbalance in

the ratios of folding factors and folding proteins leads

to ER stress and triggers the so-called unfolded pro-

tein response (UPR). The UPR reduces general protein

synthesis while at the same time enhancing the expres-

sion of ER-specific folding factors [195].

Light chains are naturally produced in excess com-

pared to HCs [192]. Under physiological conditions,

the ERQC ensures that only assembled antibodies are

secreted due to specific chaperone-based control mech-

anisms involving the retention of free HCs in the cell

[196]. The secretion control is not as strict for LCs.

Thus, small amounts of secreted LCs are a common

byproduct of antibody synthesis in healthy individuals

[197–199]. However, the LC level is highly elevated in

diseases like monoclonal gammopathies, MM, LC

deposition disease (LCDD) and AL amyloidosis [200–
202]. Due to unknown reasons, these diseases differ in

many features like predominant pathogenic LC sub-

type (k or j), phenotype and deposition of LCs, sug-

gesting different mechanisms of pathogenicity. In AL

amyloidosis, the high serum level of mutated LCs in

patients is a major determinant [203]. Since in many

Table 2. Proteases potentially associated with AL amyloidosis. Plasma concentrations were adopted from the human proteome atlas

(https://www.proteinatlas.org/) unless otherwise stated.

Protease Function Plasma concentration Publication

Cath B Intracellular protein degradation and extracellular cleavage 130 µg�L�1 [184]

Cath K Extracellular matrix degradation and limited proteolysis Not applicable [183]

Cath L Probably degradation of proteins in the lysosome, limited proteolysis of 17 µg�L�1 [184]

MMP-1 Cleaves various collagen types 0.43 µg�L�1 [187, 190]

MMP-2 Ubiquitous, involved in tissue remodelling 160 µg�L�1 [187,190]

MMP-7 Degradation of casein, gelatins and fibronectin. Activates procollagenases 3.25 µg�L�1 [190,191]

MMP-9 Essential for extracellular matrix proteolysis and leukocyte migration, cleaves type IV

and V collagen

57 µg�L�1 [186,187,190]

TIMP-1 Inhibitor of various MMPs; growth factor 750 µg�L�1 [186,187]
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cases, the patient LCs are destabilized by mutations,

one would assume that they are detected as misfolded

or non-native by the ERQC. Obviously, this is not the

case. At present, one can only speculate why they are

not recognized.

Secretion of proteins is overall dictated by their abil-

ity to fold correctly and by their thermodynamic and

kinetic stability [204]. Consequently, the LCs need to

be initially folded to be secretion-competent. The pres-

ence of un- or misfolded proteins in the ER would lead

to their recognition by molecular chaperones and co-

chaperones like binding Ig protein and ER DnaJ

homologues [205]. Proteins unable to fold in the ER

are targeted for ERAD [206–209]. In this regard, crys-

tal structures of patient-derived amyloidogenic LCs

and LC truncations confirm the ability of these variants

to fold correctly into the typical Ig fold [69,113,172].

There are several conceivable mechanisms of how LCs

can successfully escape ERQC. The first is that the

huge overload of synthesized LCs leads to an imbal-

ance that cannot be compensated by UPR pathways of

increasing folding and degradation levels [210]. Besides,

monomeric LCs possess a free thiol group that is usu-

ally recognized as part of immature proteins by the

ERQC [211]. Furthermore, LC dimerization could play

a role. In AL amyloidosis, LCs of k subtype are pre-

dominantly the cause for disease development. These

LCs are more prone to dimerization than j LCs and

this could mask their pathogenic features [212–214]. In
general, we still know little about the biosynthesis of

amyloidogenic LCs. This is illustrated nicely by the fact

that the mutation of the conserved residue R61 and the

resulting missing salt bridge, which has already been

found in patients and studied in vitro [119,122], was

retained by the cell machinery in another study [156].

Interaction of amyloidogenic FLCs
with extracellular components

A defining trait of AL amyloidosis is that the con-

stituent LCs are secreted in high levels to the extracel-

lular space [215–217]. In the bloodstream, they are

exposed to factors, which could affect their stability

and integrity [218]. These include chaperones, ECM

proteins, glycosaminoglycans and lipids.

Extracellular chaperones bind partially unfolded and

aggregation-prone proteins to prevent further aggrega-

tion. Eventually, these complexes may be taken out of

circulation via endocytosis. These extracellular pro-

teostasis mechanisms have been recently reviewed

[219]. In the extracellular fluids, the ubiquitous chaper-

one Clusterin [Apolipoprotein (Apo) J] seems to be

one of the major factors to maintain protein

homeostasis [220,221]. In AL amyloidosis, Clusterin is

one of the proteins that co-deposit with the fibrils

[222]. It was shown that Clusterin can bind amyloid

proteins and facilitate their lysosomal degradation

after endocytosis [223]. Thus, a beneficial effect on dis-

ease development and progression can be envisioned.

Among the plasma proteins co-deposited in AL

amyloidosis, as identified by mass spectrometry-based

approaches, there are also serum amyloid component

P (SAP), Vitronectin and Apo E (ApoE) [224,225].

SAP binds to amyloid structures in a calcium-

dependent manner and serves as a biomarker in AL

diagnostics [226–228]. Its role is not fully understood,

however, it was shown that SAP prevents AL amyloid

deposits from proteolytic degradation [229]. Apo E is

an important factor for lipid transport. It is considered

to be a risk factor for Alzheimer’s disease but, besides

its co-deposition with fibrils, its influence on AL amy-

loidosis is unknown [230,231]. In addition to protein

components, polysaccharides were shown to co-deposit

with fibrils and to enhance fibril formation in vitro

[232,233]. The possible mutual stabilizing function

through salt bridges of negatively charged polysaccha-

rides and accessible basic residues in the fibrils has

been discussed recently [234]. Whether the proteins,

glycosaminoglycans and lipids present in fibrillar

deposits are a consequence of fibril formation, a rea-

son for it or both remains to be clarified. Even if the

functions of the factors described above have not yet

been fully resolved, a signature of factors in the depos-

its that is specific to amyloidosis emerges.

Conclusions and perspectives

As described above, AL amyloidosis is a very special

disease, which is also set apart from another amyloido-

sis by the large number of patient-specific mutations

associated with it. Currently, it is not yet clear which

of these numerous mutations identified in patient pro-

teins are really linked with the disease. Progress made

in recent years suggests that only a few of these muta-

tions play an active role in promoting fibril formation.

However, only some patient variants have been investi-

gated in greater detail in this context. The emerging

picture from these studies is that most ‘active’ muta-

tions destabilize the VL domain and this allows access-

ing the fibrillary pathway. Interestingly, this can be

achieved by mutations at different positions of the

framework or in the CDRs. Clearly, a larger number

of well-characterized patient mutations is needed to

achieve a comprehensive picture. We envision that in

this process, additional mechanisms for shifting LCs to

the amyloid state will be discovered. An example are
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mutations that specifically stabilize the fibrillary fold as

in the fibrils the native state is completely rearranged.

Together, the analysis of mutants on the one hand will

result in a detailed understanding of the disease on the

molecular level. On the other hand, it will also provide

novel insights into the principles of protein folding and

stabilization, as the amyloid LC variants represent a ‘li-

brary’ of sequences that fold into the Ig structure but

have lost specific yet unknown features that normally

keep amyloid formation at bay. Furthermore, determin-

ing the effects of plasma factors on fibril formation of

VL variants will provide a deeper understanding of the

amyloid pathway in vivo with a view to identifying

novel sites for therapeutic intervention. In this context,

another point of attack is the amyloid precursors. As

the LCs have to unfold, chemical compounds binding

to the native state could block the fibrillary pathway at

an early stage [118]. That this is possible in principle

has been shown already [54]. Whether proteolysis could

also be a step at which one could intervene with amy-

loid formation therapeutically remains to be seen – as it

is still unclear when along the pathway cleavage occurs

and which proteases are involved.

In our view, the progress made in recent years has

paved the way for defining a molecular framework of

AL amyloidosis which allows us to tackle the key open

questions in the near future. The continued collabora-

tion of clinicians and basic scientists will be required to

connect these findings to diagnosis and treatment with

a view to making AL amyloidosis a curable disease.

Acknowledgements

This work was supported by a grant from the DFG to

JB (BU836/14-1) in the context of the research unit

FOR 2969. Open access funding enabled and orga-

nized by ProjektDEAL. WOA Institution: Technische

Universitat Munchen. Blended DEAL: Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

RMA, GJR, HLS, PK and JB wrote the manuscript.

RMA and HLS created the figures, GJR has compiled

the overview of investigated LC mutants.

Data availability statement

All data are contained within the article.

References

1 Buxbaum JN, Linke RP. A molecular history of the

amyloidoses. J Mol Biol. 2012;421:142–59.
2 Magnus-Levy A. Bence-Jones-Eiweiss und amyloid. Z

Klin Med. 1931;116:510.

3 Magnus-Levy A. Amyloidosis in multiple myeloma:

progress noted in 50 years of personal observation.

J Mt Sinai Hosp. 1952;19:8.

4 Osserman EF. Plasma-cell myeloma: clinical aspects. N

Engl J Med. 1959;261:1006–14.
5 Osserman EF. Amyloidosis: tissue proteinosis:

gammaloidosis. Ann Intern Med. 1961;55:1033.

6 Osserman EF, Takatsuki K, Talal N. Multiple

myeloma I. the pathogenesis of “amyloidosis”. Semin

Hemat. 1964;1:3–85.
7 Glenner G, Harada M, Isersky C, Cuatrecasas P, Page

D, Keiser H. Human amyloid protein: diversity and

uniformity. Biochem Biophys Res Commun.

1970;41:1013–9.
8 Glenner GG, Terry W, Harada M, Isersky C, Page D.

Amyloid fibril proteins: proof of homology with

immunoglobulin light chains by sequence analyses.

Science (80-). 1971;172:1150–1.
9 Glenner GG, Harbaugh J, Ohms JI, Harada M,

Cuatrecasas P. An amyloid protein: the amino-terminal

variable fragment of an immunoglobulin light chain.

Biochem Biophys Res Commun. 1970;41:1287–9.
10 Glenner GG, Ein D, Eanes ED, Bladen HA, Terry W,

Page DL. Creation of “amyloid” fibrils from Bence

Jones proteins in vitro. Science. 1971;174:712–4.
11 Glenner GG, Ein D, Terry WD. The immunoglobulin

origin of amyloid. Am J Med. 1972;52:141–7.
12 Terry WD, Page DL, Kimura S, Isobe T, Osserman

EF, Glenner GG. Structural identity of Bence Jones

and amyloid fibril proteins in a patient with plasma

cell dyscrasia and amyloidosis. J Clin Invest.

1973;52:1276–81.
13 Linke RP, Zucker-Franklin D, Franklin EC.

Morphologic, chemical, and immunologic studies of

amyloid-like fibrils formed from bence jones proteins

by proteolysis. J Immunol. 1973;111:10–23.
14 Glenner G, Terry W, Isersky C. Amyloidosis: its

nature and pathogenesis. Semin Hematol. 1973;10:65–
86.

15 Sletten K, Husby G, Natvig JB. N-terminal amino

acid sequence of amyloid fibril protein AR, prototype

of a new k-variable subgroup, VkV. Scand J Immunol.

1974;3:833–6.
16 Skinner M, Benson MD, Cohen AS. amyloid fibril

protein related to immunoglobulin k-chains.
J Immunol. 1975;114:1433–5.

17 Solomon A, Frangione B, Franklin EC. Bence Jones

proteins and light chains of immunoglobulins.

Preferential association of the V lambda VI subgroup

1410 The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Antibodies gone bad – AL amyloidosis R. M. Absmeier et al.



of human light chains with amyloidosis AL (lambda).

J Clin Invest. 1982;70:453–60.
18 Bodi K, Prokaeva T, Spencer B, Eberhard M,

Connors LH, Seldin DC. AL-Base: a visual platform

analysis tool for the study of amyloidogenic

immunoglobulin light chain sequences. Amyloid.

2009;16:1–8.
19 Benson MD, Liepnieks JJ, Kluve-Beckerman B.

Hereditary systemic immunoglobulin light-chain

amyloidosis. Blood. 2015;125:3281–6.
20 Merlini G, Dispenzieri A, Sanchorawala V, Sch€onland

SO, Palladini G, Hawkins PN, et al. Systemic

immunoglobulin light chain amyloidosis. Nat Rev Dis

Prim. 2018;4:38.

21 Duhamel S, Mohty D, Magne J, Lavergne D,

Bordessoule D, Aboyans V, et al. Incidence and

prevalence of light chain amyloidosis: a population-

based study. Blood. 2017;130:5577.

22 Kyle RA, Linos A, Beard CM, Linke RP, Gertz MA,

O’Fallon WM, et al. Incidence and natural history of

primary systemic amyloidosis in Olmsted County,

Minnesota, 1950 through 1989. Blood. 1992;79:1817–22.
23 Quock TP, Yan T, Chang E, Guthrie S, Broder MS.

Epidemiology of AL amyloidosis: a real-world study

using US claims data. Blood Adv. 2018;2:1046–53.
24 Kyle RA, Larson DR, Kurtin PJ, Kumar S, Cerhan

JR, Therneau TM, et al. Incidence of AL amyloidosis

in Olmsted county, Minnesota, 1990 through 2015.

Mayo Clin Proc. 2019;94:465–71.
25 Gertz M. Immunoglobulin light chain amyloidosis:

2020 update on diagnosis, prognosis, and treatment.

Am J Hematol. 2020;95:848–60.
26 Weiss BM, Hebreo J, Cordaro D, Roschewski MJ,

Abbott KC, Olson SW. Monoclonal gammopathy of

undetermined significance (MGUS) precedes the

diagnosis of AL amyloidosis by up to 14 years. Blood.

2011;118:1827.

27 Gertz MA. Immunoglobulin light chain amyloidosis

diagnosis and treatment algorithm 2018. Blood Cancer

J. 2018;8:1–8.
28 Gertz MA, Comenzo R, Falk RH, Fermand JP,

Hazenberg BP, Hawkins PN, et al. Definition of organ

involvement and treatment response in

immunoglobulin light chain amyloidosis (AL): a

consensus opinion from the 10th international

symposium on amyloid and amyloidosis. Am

J Hematol. 2005;79:319–28
29 Kyle R, Greipp P, O’Fallon W. Primary systemic

amyloidosis: multivariate analysis for prognostic

factors in 168 cases. Blood. 1986;68:220–4.
30 Palladini G, Milani P, Merlini G. Predicting survival

in light chain amyloidosis. Haematologica.

2019;104:1294–6.
31 Kumar S, Dispenzieri A, Lacy MQ, Hayman SR,

Buadi FK, Colby C, et al. Revised prognostic

staging system for light chain amyloidosis

incorporating cardiac biomarkers and serum free

light chain measurements. J Clin Oncol. 2012;30:989–
95.

32 Brenner DA, Jain M, Pimentel DR, Wang B, Connors

LH, Skinner M, et al. Human amyloidogenic light

chains directly impair cardiomyocyte function through

an increase in cellular oxidant stress. Circ Res.

2004;94:1008–10.
33 Marin-Argany M, Lin Y, Misra P, Williams A, Wall

JS, Howell KG, et al. Cell damage in light chain

amyloidosis fibril internalization, toxicity and cell-

mediated seeding. J Biol Chem. 2016;291:19813–25.
34 McWilliams-Koeppen HP, Foster JS, Hackenbrack N,

Ramirez-Alvarado M, Donohoe D, Williams A, et al.

Light chain amyloid fibrils cause metabolic dysfunction

in human cardiomyocytes. PLoS One. 2015;10:

e0137716.

35 Sikkink LA, Ramirez-Alvarado M. Cytotoxicity of

amyloidogenic immunoglobulin light chains in cell

culture. Cell Death Dis. 2010;1:1.

36 Perfetti V, Palladini G, Casarini S, Navazza V,

Rognoni P, Obici L, et al. The repertoire of k light

chains causing predominant amyloid heart involvement

and identification of a preferentially involved germline

gene, IGLV1-44. Blood. 2012;119:144–50.
37 Kourelis TV, Dasari S, Theis JD, Ramirez-Alvarado

M, Kurtin PJ, Gertz MA, et al. Clarifying

immunoglobulin gene usage in systemic and localized

immunoglobulin light-chain amyloidosis by mass

spectrometry. Blood. 2017;129:299–306.
38 Comenzo RL, Zhang Y, Martinez C, Osman K,

Herrera GA. The tropism of organ involvement in

primary systemic amyloidosis: contributions of Ig V L

germ line gene use and clonal plasma cell burden.

Blood. 2001;98:714–20.
39 Chakraborty R, Lentzsch S. Emerging drugs for the

treatment of light chain amyloidosis. Expert Opin

Emerg Drugs. 2020;25:299–317.
40 Comenzo RL, Vosburgh E, Simms RW, Bergethon P,

Sarnacki D, Finn K, et al. Dose-intensive melphalan

with blood stem cell support for the treatment of AL

amyloidosis: one-year follow-up in five patients. Blood.

1996;88:2801–6.
41 D’Souza A, Dispenzieri A, Wirk B, Zhang MJ, Huang

J, Gertz MA, et al. Improved outcomes after

autologous hematopoietic cell transplantation for light

chain amyloidosis: a center for international blood and

marrow transplant research study. J Clin Oncol.

2015;33:3741–9.
42 Cibeira MT, Sanchorawala V, Seldin DC, Quillen K,

Berk JL, Dember LM, et al. Outcome of AL

amyloidosis after high-dose melphalan and autologous

stem cell transplantation: long-term results in a series

of 421 patients. Blood. 2011;118:4346–52.

1411The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

R. M. Absmeier et al. Antibodies gone bad – AL amyloidosis



43 Palladini G, Perfetti V, Obici L, Caccialanza R,

Semino A, Adami F, et al. Association of melphalan

and high-dose dexamethasone is effective and well

tolerated in patients with AL (primary) amyloidosis

who are ineligible for stem cell transplantation. Blood.

2004;103:2936–8.
44 Palladini G, Sachchithanantham S, Milani P, Gillmore

J, Foli A, Lachmann H, et al. A European

collaborative study of cyclophosphamide, bortezomib,

and dexamethasone in upfront treatment of systemic

AL amyloidosis. Blood. 2015;126:612–5.
45 Sattianayagam PT, Gibbs SDJ, Pinney JH,

Wechalekar AD, Lachmann HJ, Whelan CJ, et al.

Solid organ transplantation in AL amyloidosis. Am J

Transplant. 2010;10:2124–31.
46 Cohen AD, Landau H, Scott EC, Liedtke M,

Kaufman JL, Rosenzweig M, et al. Safety and efficacy

of carfilzomib (CFZ) in previously-treated systemic

light-chain (AL) amyloidosis. Blood. 2016;128:645.

47 Sanchorawala V, Palladini G, Kukreti V, Zonder JA,

Cohen AD, Seldin DC, et al. A phase 1/2 study of the

oral proteasome inhibitor ixazomib in relapsed or

refractory AL amyloidosis. Blood. 2017;130:597–605.
48 Sanchorawala V, Shelton AC, Lo S, Varga C, Sloan

JM, Seldin DC. Pomalidomide and dexamethasone in

the treatment of AL amyloidosis: results of a phase 1

and 2 trial. Blood. 2016;128:1059–62.
49 Kaufman GP, Schrier SL, Lafayette RA, Arai S,

Witteles RM, Liedtke M. Daratumumab yields rapid

and deep hematologic responses in patients with

heavily pretreated AL amyloidosis. Blood.

2017;130:900–2.
50 Iqbal SM, Stecklein K, Sarow J, Krabak M,

Hillengass J, McCarthy P. Elotuzumab in combination

with lenalidomide and dexamethasone for treatment-

resistant immunoglobulin light chain amyloidosis with

multiple myeloma. Clin Lymphoma Myeloma Leuk.

2019;19:e33–6.
51 Milani P, Sch€onland S, Merlini G, Kimmich C, Foli

A, Dittrich T, et al. Treatment of AL amyloidosis with

bendamustine: a study of 122 patients. Blood.

2018;132:1988–91.
52 Edwards CV, Gould J, Langer AL, Mapara MY,

Radhakrishnan J, Maurer MS, et al. Final analysis of

the phase 1a/b study of chimeric fibril-reactive

monoclonal antibody 11–1F4 in patients with relapsed

or refractory AL amyloidosis. Blood. 2017;130:509.

53 Gertz MA, Landau H, Comenzo RL, Seldin D, Weiss

B, Zonder J, et al. First-in-human phase I/II study of

NEOD001 in patients with light chain amyloidosis and

persistent organ dysfunction. J Clin Oncol.

2016;34:1097–103.
54 Yan NL, Santos-Martins D, Nair R, Chu A, Wilson

IA, Johnson KA, et al. Discovery of potent coumarin-

based kinetic stabilizers of amyloidogenic

immunoglobulin light chains using structure-based

design. J Med Chem. 2021;64:6273–99.
55 Edelman GM. Dissociation of y-globulin. J Am Chem

Soc. 1959;81:3155–6.
56 McBride O, Heiter P, Hollis G, Swan D, Otey M,

Leder P. Chromosomal location of human kappa and

lambda immunoglobulin light chain constant region

genes. J Exp Med. 1982;155:1480–90.
57 Spiegelberg HL. Biological role of different antibody

classes. Int Arch Allergy Immunol. 1989;90:22–7.
58 Murphy K, Weaver C. Janeway’s immunobiology

Garland science, 2016.

59 Solomon A, Weiss DT. Structural and functional

properties of human lambda-light-chain variable-region

subgroups. Clin Diagn Lab Immunol. 1995;2:387.

60 Eulitz M, Ch’ang L-Y, Zirkel C, Schell M, Weiss DT,

Solomon A. Distinctive serologic, chemical, and

molecular properties of human lambda IV light chains.

J Immunol. 1995;154:3256–65.
61 van der Kant R, Bauer J, Karow-Zwick AR, Kube S,

Garidel P, Blech M, et al. Adaption of human

antibody k and j light chain architectures to CDR

repertoires. Protein Eng Des Sel. 2019;32:109–27.
62 Townsend CL, Laffy JMJ, Wu YCB, O’Hare JS,

Martin V, Kipling D, et al. Significant differences in

physicochemical properties of human immunoglobulin

kappa and lambda CDR3 regions. Front Immunol.

2016;7:388.

63 Skvaril F, Barandun S, Morell A, Kuffer F, Probst M.

Imbalances of к/A immunoglobulin light chain ratios

in normal individuals and in immunodeficient patients.

In: Peeters H editor.Protides of the biological fluids:

proceedings of the twenty-second colloquium, brugge.

Amsterdam: Elsevier, 1975, p. 753.

64 Arun SS, Breuer W, Hermanns W.

Immunohistochemical examination of light-chain

expression (k/j ratio) in canine, feline, equine, bovine

and porcine plasma cells. J Vet Med Ser A Physiol

Pathol Clin Med. 1996;43:573–6.
65 Hood L, Gray WR, Sanders BG, Dreyer WJ. Light

chain evolution. Cold Spring Harb Symp Quant Biol.

1967;32:133–46.
66 Snozek CLH, Katzmann JA, Kyle RA, Dispenzieri A,

Larson DR, Therneau TM, et al. Prognostic value of

the serum free light chain ratio in newly diagnosed

myeloma: proposed incorporation into the international

staging system. Leukemia. 2008;22:1933–7.
67 Kyle RA, Gertz MA. Primary systemic amyloidosis:

clinical and laboratory features in 474 cases. Semin

Hematol. 1995;32:45–59.
68 Bourne PC, Ramsland PA, Shan L, Fan ZC, DeWitt

CR, Shultz BB, et al. Three-dimensional structure of

an immunoglobulin light-chain dimer with

amyloidogenic properties. Acta Crystallogr Sect D Biol

Crystallogr. 2002;58:815–23.

1412 The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Antibodies gone bad – AL amyloidosis R. M. Absmeier et al.



69 Oberti L, Rognoni P, Barbiroli A, Lavatelli F, Russo

R, Maritan M, et al. Concurrent structural and

biophysical traits link with immunoglobulin light

chains amyloid propensity. Sci Rep. 2017;7:1–11.
70 Rennella E, Morgan GJ, Kelly JW, Kay LE. Role of

domain interactions in the aggregation of full-length

immunoglobulin light chains. Proc Natl Acad Sci USA.

2018;116:854–63.
71 Weber B, Hora M, Kazman P, Pradhan T, R€uhrn€oßl

F, Reif B, et al. Domain interactions determine the

amyloidogenicity of antibody light chain mutants.

J Mol Biol. 2020;432:6187–99.
72 Bellotti V, Mangione P, Merlini G. Review:

immunoglobulin light chain amyloidosis - the

archetype of structural and pathogenic variability.

J Struct Biol. 2000;130:280–9.
73 Tonegawa S. Somatic generation of antibody diversity.

Nature. 1983;302:575–81.
74 Di Noia JM, Neuberger MS. Molecular mechanisms of

antibody somatic hypermutation. Annu Rev Biochem.

2007;76:1–22.
75 Hesslein DGT, Schatz DG. Factors and forces

controlling V (D) J recombination. Adv Immunol.

2001;78:169–232.
76 Papavasiliou FN, Schatz DG. Somatic hypermutation

of immunoglobulin genes: merging mechanisms for

genetic diversity. Cell. 2002;109:35–44.
77 Perfetti V, Ubbiali P, Vignarelli MC, Diegoli M,

Fasani R, Stoppini M, et al. Evidence that

amyloidogenic light chains undergo antigen-driven

selection. Blood. 1998;91:2948–54.
78 Bochtler T, Hegenbart U, Cremer FW, Heiss C,

Benner A, Hose D, et al. Evaluation of the cytogenetic

aberration pattern in amyloid light chain amyloidosis

as compared with monoclonal gammopathy of

undetermined significance reveals common pathways of

karyotypic instability. Blood. 2008;111:4700–5.
79 Blancas-Mej�ıa LM, Ramirez-Alvarado M. Systemic

amyloidoses. Annu Rev Biochem. 2013;82:745–74.
80 Benson MD, Buxbaum JN, Eisenberg DS, Merlini G,

Saraiva MJM, Sekijima Y, et al. Amyloid

nomenclature 2020: update and recommendations by

the International Society of Amyloidosis (ISA)

nomenclature committee. Amyloid. 2020;27:217–22.
81 Chiti F, Dobson CM. Protein misfolding, amyloid

formation, and human disease: a summary of progress

over the last decade. Annu Rev Biochem. 2017;86:27–68.
82 Rambaran RN, Serpell LC. Amyloid fibrils: abnormal

protein assembly. Prion. 2008;2:112–7.
83 Riek R, Eisenberg DS. The activities of amyloids from

a structural perspective. Nature. 2016;539:227–35.
84 Naiki H, Higuchi K, Hosokawa M, Takeda T.

Fluorometric determination of amyloid fibrils in vitro

using the fluorescent dye, thioflavine T. Anal Biochem.

1989;177:244–9.

85 Gade Malmos K, Blancas-Mejia LM, Weber B,

Buchner J, Ramirez-Alvarado M, Naiki H, et al. ThT

101: a primer on the use of thioflavin T to investigate

amyloid formation. Amyloid. 2017;24:1–16.
86 Greenwald J, Riek R. Biology of amyloid: atructure,

function, and regulation. Structure. 2010;18:1244–60.
87 Sunde M, Blake C. The structure of amyloid fibrils by

electron microscopy and x-ray diffraction. Adv Protein

Chem. 1997;50:123–59.
88 Serpell LC, Fraser PE, Sunde M. X-ray fiber

diffraction of amyloid fibrils. Methods Enzymol.

1999;309:526–36.
89 Iadanza MG, Jackson MP, Hewitt EW, Ranson NA,

Radford SE. A new era for understanding amyloid

structures and disease. Nat Rev Mol Cell Biol.

2018;19:755–73.
90 Swuec P, Lavatelli F, Tasaki M, Paissoni C, Rognoni

P, Maritan M, et al. Cryo-EM structure of cardiac

amyloid fibrils from an immunoglobulin light chain

AL amyloidosis patient. Nat Commun. 2019;10:1–9.
91 Schmidt A, Annamalai K, Schmidt M, Grigorieff N,

F€andrich M. Cryo-EM reveals the steric zipper

structure of a light chain-derived amyloid fibril. Proc

Natl Acad Sci USA. 2016;113:6200–5.
92 Radamaker L, Baur J, Huhn S, Haupt C, Hegenbart

U, Sch€onland S, et al. Cryo-EM reveals structural

breaks in a patient-derived amyloid fibril from

systemic AL amyloidosis. Nat Commun. 2021;12:1–10.
93 Radamaker L, Lin YH, Annamalai K, Huhn S,

Hegenbart U, Sch€onland SO, et al. Cryo-EM structure

of a light chain-derived amyloid fibril from a patient

with systemic AL amyloidosis. Nat Commun.

2019;10:1103.

94 Radamaker L, Karimi-Farsijani S, Andreotti G, Baur

J, Neumann M, Schreiner S, et al. Schmidt M &

F€andrich M (2021) Role of mutations and post-

translational modifications in systemic AL amyloidosis

studied by cryo-EM. Nat Commun. 2021;121:1–11.
95 Dispenzieri A, Larson DR, Rajkumar SV, Kyle RA,

Kumar SK, Kourelis T, et al. Dasari S & Murray D

(2020) N-glycosylation of monoclonal light chains on

routine MASS-FIX testing is a risk factor for MGUS

progression. Leuk. 2020;3410:2749–53.
96 Stevens FJ. Four structural risk factors identify most

fibril-forming kappa light chains. Amyloid. 2009;7:200–11.
97 Omtvedt LA, Bailey D, Renouf DV, Davies MJ,

Paramonov NA, Haavik S, et al. Glycosylation of

immunoglobulin light chains associated with

amyloidosis. Amyloid. 2009;7:227–44.
98 Sola RJ, Griebenow K. Effects of glycosylation on the

stability of protein pharmaceuticals. J Pharm Sci.

2009;98:1223–45.
99 Hartl FU, Hayer-Hartl M. Converging concepts of

protein folding in vitro and in vivo. Nat Struct Mol

Biol. 2009;16:574–81.

1413The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

R. M. Absmeier et al. Antibodies gone bad – AL amyloidosis



100 Adachi M, So M, Sakurai K, Kardos J, Goto Y.

Supersaturation-limited and unlimited phase

transitions compete to produce the pathway

complexity in amyloid fibrillation. J Biol Chem.

2015;290:18134–45.
101 Noji M, Samejima T, Yamaguchi K, So M, Yuzu K,

Chatani E, et al. Breakdown of supersaturation barrier

links protein folding to amyloid formation. Commun

Biol. 2021;4:1–10.
102 Arosio P, Knowles TPJ, Linse S. On the lag phase in

amyloid fibril formation. Phys Chem Chem Phys.

2015;17:7607–18.
103 Kazman P, Absmeier RM, Engelhardt H, Buchner J.

Dissection of the amyloid formation pathway in AL

amyloidosis. Nat Commun. 2021;12:1–10.
104 Souillac PO, Uversky VN, Millett IS, Khurana R,

Doniach S, Fink AL. Elucidation of the molecular

mechanism during the early events in immunoglobulin

light chain amyloid fibrillation: evidence for an off-

pathway of oligomer at acidic pH. J Biol Chem.

2002;277:12666–79.
105 Qin Z, Hu D, Zhu M, Fink A. Structural

characterization of the partially folded intermediates

of an immunoglobulin light chain leading to amyloid

fibrillation and amorphous aggregation. Biochemistry.

2007;46:3521–31.
106 Flach K, Hilbrich I, Schiffmann A, G€artner U,

Kr€uger M, Leonhardt M, et al. Tau oligomers impair

artificial membrane integrity and cellular viability. J

Biol Chem. 2012;287:43223–33.
107 Lee JE, Sang JC, Rodrigues M, Carr AR, Horrocks

MH, De S, et al. Mapping surface hydrophobicity of

a-synuclein oligomers at the nanoscale. Nano Lett.

2018;18:7494–501.
108 Ramirez-Alvarado M. Amyloid formation in light

chain amyloidosis. Curr Top Med Chem.

2012;12:2523–33.
109 Lavatelli F, Imperlini E, Orr�u S, Rognoni P,

Sarnataro D, Palladini G, et al. Novel mitochondrial

protein interactors of immunoglobulin light chains

causing heart amyloidosis. FASEB J. 2015;29:4614–
28.

110 Mishra AK, Mariuzza RA. Insights into the structural

basis of antibody affinity maturation from next-

generation sequencing. Front Immunol. 2018;9:117.

111 Weiss BM, Hebreo J, Cordaro DV, Roschewski MJ,

Baker TP, Abbott KC, et al. Increased serum free

light chains precede the presentation of

immunoglobulin light chain amyloidosis. J Clin Oncol.

2014;32:2699–704.
112 Blancas-Mej�ıa LM, Tischer A, Thompson JR, Thai J,

Wang L, Auton M, et al. Kinetic control in protein

folding for light chain amyloidosis and the differential

effects of somatic mutations. J Mol Biol.

2014;426:347–61.

113 Kazman P, Vielberg MT, Cendales MDP, Hunziger L,

Weber B, Hegenbart U, et al. Fatal amyloid formation

in a patient’s antibody light chain is caused by a single

point mutation. Elife. 2020;9:1–23.
114 Raffen R, Dieckman LJ, Szpunar M, Wunschl C,

Pokkuluri PR, Dave P, et al. Physicochemical

consequences of amino acid variations that contribute

to fibril formation by immunoglobulin light chains.

Protein Sci. 1999;8:509–17.
115 Rottenaicher GJ, Weber B, R€uhrn€oßl F, Kazman P,

Absmeier RM, Hitzenberger M, et al. Molecular

mechanism of amyloidogenic mutations in

hypervariable regions of antibody light chains. J Biol

Chem. 2021;296:100334.

116 Pradhan T, Annamalai K, Sarkar R, Huhn S,

Hegenbart U, Sch€onland S, et al. Seeded fibrils of the

germline variant of human k-III immunoglobulin light

chain FOR005 have a similar core as patient fibrils

with reduced stability. J Biol Chem. 2020;295:18474–
84.

117 Wall J, Schell M, Murphy C, Hrncic R, Stevens FJ,

Solomon A. Thermodynamic instability of human k6
light chains: correlation with fibrillogenicity.

Biochemistry. 1999;38:14101–8.
118 Kim Y, Wall JS, Meyer J, Murphy C, Randolph TW,

Manning MC, et al. Thermodynamic modulation of

light chain amyloid fibril formation. J Biol Chem.

2000;275:1570–4.
119 Hurle MR, Helms LR, Li L, Chan W, Wetzel R. A

role for destabilizing amino acid replacements. Proc

Natl Acad Sci USA. 1994;91:5446–50.
120 Villalba MI, Canul-Tec JC, Luna-Mart�ınez OD,

S�anchez-Alcal�a R, Olamendi-Portugal T, Rudi~no-

Pi~nera E, et al. Site-directed mutagenesis reveals

regions implicated in the stability and fiber formation

of human k3r light chains. J Biol Chem.

2015;290:2577–92.
121 Del Pozo Yauner L, Ortiz E, S�anchez R, S�anchez-

L�opez R, G€uereca L, Murphy CL, et al. Influence of

the germline sequence on the thermodynamic stability

and fibrillogenicity of human lambda 6 light chains.

Proteins Struct Funct Genet. 2008;72:684–92.
122 Nokwe CN, Hora M, Zacharias M, Yagi H, Peschek

J, Reif B, et al. A stable mutant predisposes

antibody domains to amyloid formation through

specific non-native interactions. J Mol Biol.

2016;428:1315–32.
123 Blancas-Mej�ıa LM, Martin EB, Williams A, Wall JS,

Ramirez-Alvarado M. Kinetic stability and sequence/

structure studies of urine-derived Bence-Jones proteins

from multiple myeloma and light chain amyloidosis

patients. Biophys Chem. 2017;230:89–98.
124 Klimtchuk ES, Gursky O, Patel RS, Laporte KL,

Connors LH, Skinner M, et al. The critical role of the

constant region in thermal stability and aggregation of

1414 The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Antibodies gone bad – AL amyloidosis R. M. Absmeier et al.



amyloidogenic immunoglobulin light chain.

Biochemistry. 2010;49:9848–57.
125 Morgan GJ, Kelly JW. The kinetic stability of a full-

length antibody light chain dimer determines whether

endoproteolysis can release amyloidogenic variable

domains. J Mol Biol. 2016;428:4280–97.
126 Blancas-Mej�ıa LM, Horn TJ, Marin-Argany M,

Auton M, Tischer A, Ramirez-Alvarado M.

Thermodynamic and fibril formation studies of full

length immunoglobulin light chain AL-09 and its

germline protein using scan rate dependent thermal

unfolding. Biophys Chem. 2015;207:13–20.
127 Andrich K, Hegenbart U, Kimmich C, Kedia N,

Bergen HR, Sch€onland S, et al. Aggregation of full-

length immunoglobulin light chains from systemic

light chain amyloidosis (AL) patients is remodeled by

epigallocatechin-3-gallate. J Biol Chem. 2017;292:2328–
44.

128 Lewkowicz E, Gursky O. Dynamic protein structures

in normal function and pathologic misfolding in

systemic amyloidosis. Biophys Chem. 2021;280:106699.

129 Maya-Martinez R, French-Pacheco L, Vald�es-Garc�ıa

G, Pastor N, Amero C. Different dynamics in 6aJL2

proteins associated with AL amyloidosis, a

conformational disease. Int J Mol Sci. 2019;20:4078.

130 Vald�es-Garc�ıa G, Mill�an-Pacheco C, Pastor N.

Convergent mechanisms favor fast amyloid formation

in two lambda 6a Ig light chain mutants. Biopolymers.

2017;107:e23027.

131 Maritan M, Romeo M, Oberti L, Sormanni P, Tasaki

M, Russo R, et al. Inherent biophysical properties

modulate the toxicity of soluble amyloidogenic light

chains. J Mol Biol. 2020;432:845–60.
132 Hern�andez-Santoyo A, del Pozo YL, Fuentes-Silva D,

Ortiz E, Rudi~no-Pi~nera E, S�anchez-L�opez R, et al. A

single mutation at the sheet switch region results in

conformational changes favoring k6 light-chain

fibrillogenesis. J Mol Biol. 2010;396:280–92.
133 Del Pozo-Yauner L, Wall JS, Gonz�alez Andrade M,

S�anchez-L�opez R, Rodr�ıguez-Ambriz SL, P�erez

Carre�on JI, et al. The N-terminal strand modulates

immunoglobulin light chain fibrillogenesis. Biochem

Biophys Res Commun. 2014;443:495–9.
134 Del Pozo YL, Ortiz E, Becerril B. The CDR1 of the

human kVI light chains adopts a new canonical

structure. Proteins Struct Funct Genet. 2006;62:122–9.
135 Randles EG, Thompson JR, Martin DJ, Ramirez-

Alvarado M. Structural alterations within native

amyloidogenic immunoglobulin light chains. J Mol

Biol. 2009;389:199–210.
136 Peterle D, Klimtchuk ES, Wales TE, Georgescauld F,

Connors LH, Engen JR, et al. A conservative point

mutation in a dynamic antigen-binding loop of human

immunoglobulin k6 light chain promotes pathologic

amyloid formation. J Mol Biol. 2021;433:167310.

137 Feige MJ, Groscurth S, Marcinowski M, Zu TY,

Truffault V, Paci E, et al. The structure of a folding

intermediate provides insight into differences in

immunoglobulin amyloidogenicity. Proc Natl Acad Sci

USA. 2008;105:13373–8.
138 Khurana R, Gillespie JR, Talapatra A, Minert LJ,

Ionescu-Zanetti C, Millett I, et al. Partially folded

intermediates as critical precursors of light chain

amyloid fibrils and amorphous aggregates.

Biochemistry. 2001;40:3525–35.
139 Rudi~no-Pi~nera E, Pel�aez-Aguilar �AE, Amero C, D�ıaz-

Vilchis A. Crystal structure of 6aJL2-R24G light chain

variable domain: does crystal packing explain amyloid

fibril formation? Biochem Biophys Rep.

2019;20:100682.

140 L�opez S�anchez HA, Kathuria SV, Fern�andez Velasco

DA. The folding pathway of 6aJL2. J Phys Chem B.

2021;125:1997–2008.
141 Khurana R, Souillac PO, Coats AC, Minert L,

Ionescu-Zanetti C, Carter SA, et al. A model for

amyloid fibril formation in immunoglobulin light

chains based on comparison of amyloidogenic and

benign proteins and specific antibody binding.

Amyloid. 2003;10:97–109.
142 Marin-Argany M, G€uell-Bosch J, Blancas-Mej�ıa LM,

Villegas S, Ramirez-Alvarado M. Mutations can cause

light chains to be too stable or too unstable to form

amyloid fibrils. Protein Sci. 2015;24:1829–40.
143 Blancas-Mejia LM, Tellez LA, del Pozo-Yauner L,

Becerril B, Sanchez-Ruiz JM, Fernandez-Velasco DA.

Thermodynamic and kinetic characterization of a germ

line human k6 light-chain protein: the relation between

unfolding and fibrillogenesis. J Mol Biol.

2009;386:1153–66.
144 Huang DB, Chang CH, Ainsworth C, Br€unger AT,

Eulitz M, Solomon A, et al. Comparison of crystal

structures of two homologous proteins: structural

origin of altered domain interactions in

immunoglobulin light-chain dimers. Biochemistry.

1994;33:14848–57.
145 Nawata M, Tsutsumi H, Kobayashi Y, Unzai S, Mine

S, Nakamura T, et al. Heat-induced native

dimerization prevents amyloid formation by variable

domain from immunoglobulin light-chain REI. FEBS

J. 2017;284:3114–27.
146 Wolwertz ML, Nguyen PT, Quittot N, Bourgault S.

Probing the role of k6 immunoglobulin light chain

dimerization in amyloid formation. Biochim Biophys

Acta Proteins Proteom. 2016;1864:409–18.
147 Brumshtein B, Esswein SR, Landau M, Ryan CM,

Whitelegge JP, Phillips ML, et al. Formation of

amyloid fibers by monomeric light chain variable

domains. J Biol Chem. 2014;289:27513–25.
148 Baden EM, Owen BAL, Peterson FC, Volkman BF,

Ramirez-Alvarado M, Thompson JR. Altered dimer

1415The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

R. M. Absmeier et al. Antibodies gone bad – AL amyloidosis



interface decreases stability in an amyloidogenic

protein. J Biol Chem. 2008;283:15853–60.
149 Baden EM, Randles EG, Aboagye AK, Thompson

JR, Ramirez-Alvarado M. Structural insights into the

role of mutations in amyloidogenesis. J Biol Chem.

2008;283:30950–6.
150 DiCostanzo AC, Thompson JR, Peterson FC,

Volkman BF, Ramirez-Alvarado M. Tyrosine residues

mediate fibril formation in a dynamic light chain

dimer interface. J Biol Chem. 2012;287:27997–8006.
151 Misra P, Blancas-Mejia LM, Ramirez-Alvarado M.

Mechanistic insights into the early events in the

aggregation of immunoglobulin light chains.

Biochemistry. 2019;58:3155–68.
152 Peterson FC, Baden EM, Owen BAL, Volkman BF,

Ramirez-Alvarado M. A single mutation promotes

amyloidogenicity through a highly promiscuous dimer

interface. Structure. 2010;18:563–70.
153 Morgan GJ, Yan NL, Mortenson DE, Rennella E,

Blundon JM, Gwin RM, et al. Stabilization of

amyloidogenic immunoglobulin light chains by small

molecules. Proc Natl Acad Sci USA. 2019;116:8360–
9.

154 Bhavaraju M, Hansmann UHE. Effect of single point

mutations in a form of systemic amyloidosis. Protein

Sci. 2015;24:1451–62.
155 Zolla S, Buxbaum J, Franklin EC, Scharff MD.

Synthesis and assembly of immunoglobulins by

malignant human plasmacytes: I. Myelomas producing

gamma-chains and light chains. J Exp Med.

1970;132:148–62.
156 Dul JL, Aviel S, Melnick J, Argon Y. Ig light chains

are secreted predominantly as monomers. J Immunol.

1996;157:2969–75.
157 Weber B, Hora M, Kazman P, G€obl C, Camilloni C,

Reif B, et al. The antibody light-chain linker regulates

domain orientation and amyloidogenicity. J Mol Biol.

2018;430:4925–40.
158 Wetzel R. Domain stability in immunoglobulin light

chain deposition disorders. Adv Protein Chem.

1997;50:183–242.
159 Perfetti V, Casarini S, Palladini G, Vignarelli MC,

Klersy C, Diegoli M, et al. Analysis of Vk-Jk
expression in plasma cells from primary (AL)

amyloidosis and normal bone marrow identifies 3r

(kIII) as a new amyloid-associated germline gene

segment. Blood. 2002;100:948–53.
160 Rennella E, Morgan GJ, Yan N, Kelly JW, Kay LE.

The role of protein thermodynamics and primary

structure in fibrillogenesis of variable domains from

immunoglobulin light chains. J Am Chem Soc.

2019;141:13562–71.
161 Ely KR, Herron JN, Harker M, Edmundson AB.

Three-dimensional structure of a light chain dimer

crystallized in water. Conformational flexibility of a

molecule in two crystal forms. J Mol Biol.

1989;210:601–15.
162 Firca JR, Ely KR, Kremser P, Westholm FA,

Dorrington KJ. Interconversion of conformational

isomers of light chains in the Meg immunoglobulins.

Biochemistry. 1978;17:148–58.
163 Ye J, Ma N, Madden TL, Ostell JM. IgBLAST: an

immunoglobulin variable domain sequence analysis

tool. Nucleic Acids Res. 2013;41:W34–40.
164 Swindells MB, Porter CT, Couch M, Hurst J,

Abhinandan KR, Nielsen JH, et al. abYsis: integrated

antibody sequence and structure-management,

analysis, and prediction. J Mol Biol. 2017;429:356–64.
165 Lefranc MP, Giudicelli V, Duroux P, Jabado-

Michaloud J, Folch G, Aouinti S, et al. IMGT�, the

international ImMunoGeneTics information system�

25 years on. Nucleic Acids Res. 2015;43:D413.

166 Pokkuluri PR, Solomon A, Weiss DT, Stevens FJ,

Schiffer M. Tertiary structure of human k6 light

chains. Amyloid. 1999;6:165–71.
167 Wall JS, Gupta V, Wilkerson M, Schell M, Loris R,

Adams P, et al. Structural basis of light chain

amyloidogenicity: comparison of the thermodynamic

properties, fibrillogenic potential and tertiary

structural features of four Vlambda6 proteins. J Mol

Recognit. 2004;17:323–31.
168 Piehl DW, Blancas-Mej�ıa LM, Wall JS, Kennel SJ,

Ramirez-Alvarado M, Rienstra CM. Immunoglobulin

light chains form an extensive and highly ordered fibril

involving the N- and C-termini. ACS Omega.

2017;2:712–20.
169 Stevens PW, Raffen R, Hanson DK, Deng Y, Berrios-

Hammond M, Westholm FA, et al. Recombinant

immunoglobulin variable domains generated from

synthetic genes provide a system for in vitro

characterization of light-chain amyloid proteins.

Protein Sci. 1995;4:421–32.
170 Schormann N, Murrell JR, Liepnieks JJ, Benson MD.

Tertiary structure of an amyloid immunoglobulin light

chain protein: a proposed model for amyloid fibril

formation. Proc Natl Acad Sci USA. 1995;92:9490–4.
171 Kobayashi Y, Tsutsumi H, Abe T, Ikeda K, Tashiro

Y, Unzai S, et al. Decreased amyloidogenicity caused

by mutational modulation of surface properties of the

immunoglobulin light chain BRE variable domain.

Biochemistry. 2014;53:5162–73.
172 Annamalai K, Liberta F, Vielberg MT, Close W, Lilie

H, G€uhrs KH, et al. Common fibril structures imply

systemically conserved protein misfolding pathways

in vivo. Angew Chemie - Int Ed. 2017;56:7510–4.
173 Foss GS, Nilsen R, Cornwell GG, Husby G, Sletten

K. A glycosylated Bence Jones protein and its

autologous amyloid light chain containing potentially

amyloidogenic residues. Scand J Immunol.

1998;47:348–54.

1416 The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Antibodies gone bad – AL amyloidosis R. M. Absmeier et al.



174 Connors LH, Jiang Y, Budnik M, Th�eberge R,

Prokaeva T, Bodi KL, et al. Heterogeneity in primary

structure, post-translational modifications, and

germline gene usage of nine full-length amyloidogenic

j1 immunoglobulin light chains. Biochemistry.

2007;46:14259–71.
175 Morgan GJ, Usher GA, Kelly JW. Incomplete

refolding of antibody light chains to non-native,

protease-sensitive conformations leads to aggregation:

a mechanism of amyloidogenesis in patients?

Biochemistry. 2017;56:6597–614.
176 Lavatelli F, Perlman DH, Spencer B, Prokaeva T,

McComb ME, Th�eberge R, et al. Amyloidogenic and

associated proteins in systemic amyloidosis proteome of

adipose tissue. Mol Cell Proteomics. 2008;7:1570–83.
177 Lavatelli F, Mazzini G, Ricagno S, Iavarone F,

Rognoni P, Milani P, et al. Mass spectrometry

characterization of light chain fragmentation sites in

cardiac AL amyloidosis:insights into the timing of

proteolysis. J Biol Chem. 2020;295:16572–84.
178 Buxbaum JN, Chuba JV, Hellman GC, Solomon A,

Gallo GR. Monoclonal immunoglobulin deposition

disease: light chain and light and heavy chain

deposition diseases and their relation to light chain

amyloidosis. Clinical features, immunopathology, and

molecular analysis. Ann Intern Med. 1990;112:455–64.
179 Enqvist S, Sletten K, Westermark P. Fibril protein

fragmentation pattern in systemic AL-amyloidosis.

J Pathol. 2009;219:473–80.
180 Annamalai K, G€uhrs KH, Koehler R, Schmidt M,

Michel H, Loos C, et al. Polymorphism of amyloid

fibrils in vivo. Angew Chemie - Int Ed. 2016;55:4822–5.
181 Klafki HW, Kratzin HD, Pick AI, Eckart K, Karas

M, Hilschmann N. Complete amino acid sequence

determinations demonstrate identity of the urinary

Bence Jones protein (BJP-DIA) and the amyloid fibril

protein (AL-DIA) in a case of AL-amyloidosis.

Biochemistry. 1992;31:3265–72.
182 Solomon A, Weiss DT, Murphy CL, Hrncic R, Wall

JS, Schell M. Light chain-associated amyloid deposits

comprised of a novel j constant domain. Proc Natl

Acad Sci USA. 1998;95:9547–51.
183 R€ocken C, Stix B, Br€omme D, Ansorge S, Roessner

A, B€uhling F. A putative role for cathepsin K in

degradation of AA and AL amyloidosis. Am J Pathol.

2001;158:1029–38.
184 Bohne S, Sletten K, Menard R, B€uhling F, V€ockler S,

Wrenger E, et al. Cleavage of AL amyloid proteins

and AL amyloid deposits by cathepsins B, K, and L.

J Pathol. 2004;203:528–37.
185 Tanaka K, Essick EE, Doros G, Tanriverdi K,

Connors LH, Seldin DC, et al. Circulating matrix

metalloproteinases and tissue inhibitors of

metalloproteinases in cardiac amyloidosis. J Am Heart

Assoc. 2013;2:e005868.

186 Biolo A, Ramamurthy S, Connors LH, O’Hara CJ,

Meier-Ewert HK, Soo Hoo PT, et al. Matrix

metalloproteinases and their tissue inhibitors in

cardiac amyloidosis: relationship to structural,

functional myocardial changes and to light chain

amyloid deposition. Circ Heart Fail. 2008;1:249–57.
187 M€uller D, Roessner A, R€ocken C. Distribution

pattern of matrix metalloproteinases 1, 2, 3, and 9,

tissue inhibitors of matrix metalloproteinases 1 and 2,

and a2-macroglobulin in cases of generalized AA- and

AL amyloidosis. Virchows Arch. 2000;437:521–7.
188 Stix B, K€ahne T, Sletten K, Raynes J, Roessner A,

R€ocken C. Proteolysis of AA amyloid fibril proteins

by matrix metalloproteinases-1, -2, and -3. Am J

Pathol. 2001;159:561–70.
189 Tucker HM, Kihiko M, Caldwell JN, Wright S,

Kawarabayashi T, Price D, et al. The plasmin system

is induced by and degrades amyloid-b aggregates.

J Neurosci. 2000;20:3937–46.
190 Keeling J, Herrera GA. Matrix metalloproteinases and

mesangial remodeling in light chain-related glomerular

damage. Kidney Int. 2005;68:1590–603.
191 Bezdkowska GE, Gacuta E, Zajkowska M,

Gła _zewska EK, Osada J, Szmitkowski M, et al.

Plasma levels of MMP-7 and TIMP-1 in laboratory

diagnostics and differentiation of selected histological

types of epithelial ovarian cancers. J Ovarian Res.

2017;10:39.

192 Feige MJ, Hendershot LM, Buchner J. How

antibodies fold. Trends Biochem Sci. 2010;35:189.

193 Calame KL, Lin KI, Tunyaplin C. Regulatory

mechanisms that determine the development and

function of plasma cells. Annu Rev Immunol.

2003;21:205–30.
194 Ellgaard L, Helenius A. Quality control in the

endoplasmic reticulum. Nat Rev Mol Cell Biol.

2003;4:181–91.
195 Kozutsumi Y, Segal M, Normington K, Gething MJ,

Sambrook J. The presence of malfolded proteins in the

endoplasmic reticulum signals the induction of

glucose-regulated proteins. Nature. 1988;332:462–4.
196 Lee YK, Brewer JW, Hellman R, Hendershot LM.

BiP and immunoglobulin light chain cooperate to

control the folding of heavy chain and ensure the

fidelity of immunoglobulin assembly. Mol Biol Cell.

1999;10:2209–19.
197 Basnayake K, Stringer SJ, Hutchison CA, Cockwell P.

The biology of immunoglobulin free light chains and

kidney injury. Kidney Int. 2011;79:1289–301.
198 Waldmann TA, Strober W, Mogielnicki RP. The renal

handling of low molecular weight proteins. J Clin

Invest. 1972;51:2162–74.
199 Campbell JP, Eijsvogels TMH, Wang Y, Hopman

MTE, Jacobs JFM. Assessment of serum free light

chain levels in healthy adults immediately after

1417The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

R. M. Absmeier et al. Antibodies gone bad – AL amyloidosis



marathon running. Clin Chem Lab Med. 2016;54:459–
65.

200 Dispenzieri A, Kyle R, Merlini G, Miguel JS, Ludwig

H, Hajek R, et al. International Myeloma Working

Group guidelines for serum-free light chain analysis in

multiple myeloma and related disorders. Leukemia.

2009;23:215–24.
201 Dispenzieri A, Lacy MQ, Katzmann JA, Rajkumar

SV, Abraham RS, Hayman SR, et al. Absolute values

of immunoglobulin free light chains are prognostic in

patients with primary systemic amyloidosis undergoing

peripheral blood stem cell transplantation. Blood.

2006;107:3378–83.
202 Wang Q, Jiang F, Xu G. The pathogenesis of renal

injury and treatment in light chain deposition disease.

J Transl Med. 2019;17:1–7.
203 Akar H, Seldin DC, Magnani B, O’Hara C, Berk JL,

Schoonmaker C, et al. Quantitative serum free light

chain assay in the diagnostic evaluation of AL

amyloidosis. Amyloid. 2005;12:210–5.
204 Chen JJ, Genereux JC, Wiseman RL. Endoplasmic

reticulum quality control and systemic amyloid

disease: impacting protein stability from the inside out.

IUBMB Life. 2015;67:404–13.
205 Pobre KFR, Poet GJ, Hendershot LM. The

endoplasmic reticulum (ER) chaperone BiP is a master

regulator of ER functions: getting by with a little help

from ERdj friends. J Biol Chem. 2019;294:2098–108.
206 Wu X, Rapoport TA. Mechanistic insights into ER-

associated protein degradation. Curr Opin Cell Biol.

2018;53:22–8.
207 Ruggiano A, Foresti O, Carvalho P. ER-associated

degradation: protein quality control and beyond. J

Cell Biol. 2014;204:869–79.
208 Ward JE, Ren R, Toraldo G, SooHoo P, Guan J,

O’Hara C, et al. Doxycycline reduces fibril formation

in a transgenic mouse model of AL amyloidosis.

Blood. 2011;118:6610–7.
209 Oikonomou C, Hendershot LM. Disposing of

misfolded ER proteins: a troubled substrate’s way out

of the ER. Mol Cell Endocrinol. 2020;500:110630.

210 Walter P, Ron D. The unfolded protein response:

from stress pathway to homeostatic regulation. Science

(80-). 2011;334:1081–6.
211 Adams BM, Oster ME, Hebert DN. Protein quality

control in the endoplasmic reticulum. Protein J.

2019;38:317–29.
212 S€olling K. Polymeric forms of free light chains in

serum from normal individuals and from patients with

renal diseases. Scand J Clin Lab Invest. 1976;36:447–
52.

213 Sølling K. Light chain polymerism in normal

individuals, in patients with severe proteinuria and in

normals with inhibited tubular protein reabsorption by

lysine. Scand J Clin Lab Invest. 1980;40:129–34.

214 Abraham RS, Charlesworth MC, Owen BAL, Benson

LM, Katzmann JA, Reeder CB, et al. Trimolecular

complexes of k light chain dimers in serum of a

patient with multiple myeloma. Clin Chem.

2002;48:1805–11.
215 Araki K, Nagata K. Protein folding and quality

control in the ER. Cold Spring Harb Perspect Biol.

2012;4:a015438.

216 Sekijima Y, Wiseman RL, Matteson J, Hammarstr€om

P, Miller SR, Sawkar AR, et al. The biological and

chemical basis for tissue-selective amyloid disease.

Cell. 2005;121:73–85.
217 Blancas-Mejia LM, Misra P, Dick CJ, Cooper SA,

Redhage KR, Bergman MR, et al. Immunoglobulin

light chain amyloid aggregation. Chem Commun.

2018;54:10664–74.
218 Hawkins PN. Amyloidosis. Blood Rev. 1988;2:270–80.
219 Wyatt AR, Yerbury JJ, Ecroyd H, Wilson MR.

Extracellular chaperones and proteostasis. Annu Rev

Biochem. 2013;82:295–322.
220 Poon S, Easterbrook-Smith SB, Rybchyn MS, Carver

JA, Wilson MR. Clusterin is an ATP - Independent

chaperone with very broad substrate specificity that

stabilizes stressed proteins in a folding-competent

state. Biochemistry. 2000;39:15953–60.
221 Humphreys DT, Carver JA, Easterbrook-Smith SB,

Wilson MR. Clusterin has chaperone-like activity

similar to that of small heat shock proteins. J Biol

Chem. 1999;274:6875–81.
222 Greene MJ, Sam F, Soo Hoo PT, Patel RS, Seldin

DC, Connors LH. Evidence for a functional role of

the molecular chaperone clusterin in amyloidotic

cardiomyopathy. Am J Pathol. 2011;178:61–8.
223 Itakura E, Chiba M, Murata T, Matsuura A. Heparan

sulfate is a clearance receptor for aberrant

extracellular proteins. J Cell Biol. 2020;219:

e201911126.

224 Winter M, Tholey A, Kristen A, R€ocken C. MALDI

mass spectrometry imaging: a novel tool for the

identification and classification of amyloidosis.

Proteomics. 2017;17:1–9.
225 Nielsen NS. Insight into the protein composition of

immunoglobulin light chain deposits of eyelid, orbital

and conjunctival amyloidosis. J Proteomics Bioinform.

2014;s8:002.

226 Quarta CC, Gonzalez-Lopez E, Gilbertson JA,

Botcher N, Rowczenio D, Petrie A, et al. Diagnostic

sensitivity of abdominal fat aspiration in cardiac

amyloidosis. Eur Heart J. 2017;38:1905–8.
227 Hazenberg BPC, Van Rijswijk MH, Lub-de Hooge

MN, Vellenga E, Haagsma EB, Posthumus MD, et al.

Diagnostic performance and prognostic value of

extravascular retention of 123I-labeled serum amyloid

P component in systemic amyloidosis. J Nucl Med.

2007;48:865–72.

1418 The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Antibodies gone bad – AL amyloidosis R. M. Absmeier et al.



228 Pepys MB, Dyck RF, de Beer FC, Skinner M, Cohen

AS. Binding of serum amyloid P-component (SAP) by

amyloid fibrils. Clin Exp Immunol. 1979;38:284–93.
229 Tennent GA, Lovat LB, Pepys MB. Serum amyloid P

component prevents proteolysis of the amyloid fibrils

of Alzheimer disease and systemic amyloidosis. Proc

Natl Acad Sci USA. 1995;92:4299–303.
230 Hashimoto T, Serrano-Pozo A, Hori Y, Adams KW,

Takeda S, Banerji AO, et al. Apolipoprotein E, especially

apolipoprotein E4, increases the oligomerization of

amyloid b peptide. J Neurosci. 2012;32:15181–92.
231 Wisniewski T, Frangione B. Apolipoprotein E: a

pathological chaperone protein in patients with

cerebral and systemic amyloid. Neurosci Lett.

1992;135:235–8.
232 Stevens FJ, Kisilevsky R. Immunoglobulin light

chains, glycosaminoglycans, and amyloid. Cell Mol

Life Sci. 2000;57:441–9.
233 Ren R, Hong Z, Gong H, Laporte K, Skinner M,

Seldin DC, et al. Role of glycosaminoglycan sulfation

in the formation of immunoglobulin light chain

amyloid oligomers and fibrils. J Biol Chem.

2010;285:37672–82.
234 Lewkowicz E, Jayaraman S, Gursky O. Protein

amyloid cofactors: charged side-chain arrays meet

their match? Trends Biochem Sci. 2021;46:626.

1419The FEBS Journal 290 (2023) 1398–1419 ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

R. M. Absmeier et al. Antibodies gone bad – AL amyloidosis


	Outline placeholder
	febs16390-aff-0001

	 Intro�duc�tion
	 AL - dis�ease and treat�ment
	 Anti�body and light chain struc�ture
	 The basis of LC sequence vari�abil�ity
	 Fib�ril struc�ture
	febs16390-fig-0001

	 The path�way of AL fib�ril for�ma�tion
	febs16390-fig-0002
	febs16390-fig-0003

	 The role of amy�loido�genic point muta�tions
	febs16390-tbl-0001

	 Pro�te�olytic cleav�age of LCs and fib�ril�lar struc�tures
	febs16390-fig-0004

	 ER qual�ity con�trol and LC escape
	febs16390-tbl-0002

	 Inter�ac�tion of amy�loido�genic FLCs with extra�cel�lu�lar com�po�nents
	 Con�clu�sions and per�spec�tives
	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	 Data avail�abil�ity state�ment
	febs16390-bib-0001
	febs16390-bib-0002
	febs16390-bib-0003
	febs16390-bib-0004
	febs16390-bib-0005
	febs16390-bib-0006
	febs16390-bib-0007
	febs16390-bib-0008
	febs16390-bib-0009
	febs16390-bib-0010
	febs16390-bib-0011
	febs16390-bib-0012
	febs16390-bib-0013
	febs16390-bib-0014
	febs16390-bib-0015
	febs16390-bib-0016
	febs16390-bib-0017
	febs16390-bib-0018
	febs16390-bib-0019
	febs16390-bib-0020
	febs16390-bib-0021
	febs16390-bib-0022
	febs16390-bib-0023
	febs16390-bib-0024
	febs16390-bib-0025
	febs16390-bib-0026
	febs16390-bib-0027
	febs16390-bib-0028
	febs16390-bib-0029
	febs16390-bib-0030
	febs16390-bib-0031
	febs16390-bib-0032
	febs16390-bib-0033
	febs16390-bib-0034
	febs16390-bib-0035
	febs16390-bib-0036
	febs16390-bib-0037
	febs16390-bib-0038
	febs16390-bib-0039
	febs16390-bib-0040
	febs16390-bib-0041
	febs16390-bib-0042
	febs16390-bib-0043
	febs16390-bib-0044
	febs16390-bib-0045
	febs16390-bib-0046
	febs16390-bib-0047
	febs16390-bib-0048
	febs16390-bib-0049
	febs16390-bib-0050
	febs16390-bib-0051
	febs16390-bib-0052
	febs16390-bib-0053
	febs16390-bib-0054
	febs16390-bib-0055
	febs16390-bib-0056
	febs16390-bib-0057
	febs16390-bib-0058
	febs16390-bib-0059
	febs16390-bib-0060
	febs16390-bib-0061
	febs16390-bib-0062
	febs16390-bib-0063
	febs16390-bib-0064
	febs16390-bib-0065
	febs16390-bib-0066
	febs16390-bib-0067
	febs16390-bib-0068
	febs16390-bib-0069
	febs16390-bib-0070
	febs16390-bib-0071
	febs16390-bib-0072
	febs16390-bib-0073
	febs16390-bib-0074
	febs16390-bib-0075
	febs16390-bib-0076
	febs16390-bib-0077
	febs16390-bib-0078
	febs16390-bib-0079
	febs16390-bib-0080
	febs16390-bib-0081
	febs16390-bib-0082
	febs16390-bib-0083
	febs16390-bib-0084
	febs16390-bib-0085
	febs16390-bib-0086
	febs16390-bib-0087
	febs16390-bib-0088
	febs16390-bib-0089
	febs16390-bib-0090
	febs16390-bib-0091
	febs16390-bib-0092
	febs16390-bib-0093
	febs16390-bib-0094
	febs16390-bib-0095
	febs16390-bib-0096
	febs16390-bib-0097
	febs16390-bib-0098
	febs16390-bib-0099
	febs16390-bib-0100
	febs16390-bib-0101
	febs16390-bib-0102
	febs16390-bib-0103
	febs16390-bib-0104
	febs16390-bib-0105
	febs16390-bib-0106
	febs16390-bib-0107
	febs16390-bib-0108
	febs16390-bib-0109
	febs16390-bib-0110
	febs16390-bib-0111
	febs16390-bib-0112
	febs16390-bib-0113
	febs16390-bib-0114
	febs16390-bib-0115
	febs16390-bib-0116
	febs16390-bib-0117
	febs16390-bib-0118
	febs16390-bib-0119
	febs16390-bib-0120
	febs16390-bib-0121
	febs16390-bib-0122
	febs16390-bib-0123
	febs16390-bib-0124
	febs16390-bib-0125
	febs16390-bib-0126
	febs16390-bib-0127
	febs16390-bib-0128
	febs16390-bib-0129
	febs16390-bib-0130
	febs16390-bib-0131
	febs16390-bib-0132
	febs16390-bib-0133
	febs16390-bib-0134
	febs16390-bib-0135
	febs16390-bib-0136
	febs16390-bib-0137
	febs16390-bib-0138
	febs16390-bib-0139
	febs16390-bib-0140
	febs16390-bib-0141
	febs16390-bib-0142
	febs16390-bib-0143
	febs16390-bib-0144
	febs16390-bib-0145
	febs16390-bib-0146
	febs16390-bib-0147
	febs16390-bib-0148
	febs16390-bib-0149
	febs16390-bib-0150
	febs16390-bib-0151
	febs16390-bib-0152
	febs16390-bib-0153
	febs16390-bib-0154
	febs16390-bib-0155
	febs16390-bib-0156
	febs16390-bib-0157
	febs16390-bib-0158
	febs16390-bib-0159
	febs16390-bib-0160
	febs16390-bib-0161
	febs16390-bib-0162
	febs16390-bib-0163
	febs16390-bib-0164
	febs16390-bib-0165
	febs16390-bib-0166
	febs16390-bib-0167
	febs16390-bib-0168
	febs16390-bib-0169
	febs16390-bib-0170
	febs16390-bib-0171
	febs16390-bib-0172
	febs16390-bib-0173
	febs16390-bib-0174
	febs16390-bib-0175
	febs16390-bib-0176
	febs16390-bib-0177
	febs16390-bib-0178
	febs16390-bib-0179
	febs16390-bib-0180
	febs16390-bib-0181
	febs16390-bib-0182
	febs16390-bib-0183
	febs16390-bib-0184
	febs16390-bib-0185
	febs16390-bib-0186
	febs16390-bib-0187
	febs16390-bib-0188
	febs16390-bib-0189
	febs16390-bib-0190
	febs16390-bib-0191
	febs16390-bib-0192
	febs16390-bib-0193
	febs16390-bib-0194
	febs16390-bib-0195
	febs16390-bib-0196
	febs16390-bib-0197
	febs16390-bib-0198
	febs16390-bib-0199
	febs16390-bib-0200
	febs16390-bib-0201
	febs16390-bib-0202
	febs16390-bib-0203
	febs16390-bib-0204
	febs16390-bib-0205
	febs16390-bib-0206
	febs16390-bib-0207
	febs16390-bib-0208
	febs16390-bib-0209
	febs16390-bib-0210
	febs16390-bib-0211
	febs16390-bib-0212
	febs16390-bib-0213
	febs16390-bib-0214
	febs16390-bib-0215
	febs16390-bib-0216
	febs16390-bib-0217
	febs16390-bib-0218
	febs16390-bib-0219
	febs16390-bib-0220
	febs16390-bib-0221
	febs16390-bib-0222
	febs16390-bib-0223
	febs16390-bib-0224
	febs16390-bib-0225
	febs16390-bib-0226
	febs16390-bib-0227
	febs16390-bib-0228
	febs16390-bib-0229
	febs16390-bib-0230
	febs16390-bib-0231
	febs16390-bib-0232
	febs16390-bib-0233
	febs16390-bib-0234


