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Abstract

:

In amyloid light-chain (AL) amyloidosis, small B-cell clones (mostly plasma cell clones) present in the bone marrow proliferate and secrete unstable monoclonal free light chains (FLCs), which form amyloid fibrils that deposit in the interstitial tissue, resulting in organ injury and dysfunction. AL amyloidosis progresses much faster than other types of amyloidosis, with a slight delay in diagnosis leading to a marked exacerbation of cardiomyopathy. In some cases, the resulting heart failure is so severe that chemotherapy cannot be administered, and death sometimes occurs within a few months. To date, many clinical studies have focused on therapeutics, especially chemotherapy, to treat this disease. Because it is necessary to promptly lower FLC, the causative protein of amyloid, to achieve a hematological response, various anticancer agents targeting neoplastic plasma cells are used for the treatment of this disease. In addition, many basic studies using human specimens to elucidate the pathophysiology of AL have been conducted. Gene mutations associated with AL, the characteristics of amyloidogenic LC, and the structural specificity of amyloid fibrils have been clarified. Regarding the mechanism of cellular and tissue damage, the mass effect due to amyloid deposition, as well as the toxicity of pre-fibrillar LC, is gradually being elucidated. This review outlines the pathogenesis and treatment strategies for AL amyloidosis with respect to its molecular mechanisms.
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1. Introduction


Amyloidosis is a group of diseases characterized by the formation of β-sheet structure-rich large polymers by misfolded proteins, known as amyloids, which are deposited in target organs. More than 30 types of amyloid precursor proteins have been identified, and systemic amyloidosis has been classified based on the precursor proteins and the corresponding clinical pathology. Differentiating the major two types of cardiac amyloidosis, amyloid light-chain (AL) amyloidosis and transthyretin amyloidosis (ATTR), is important from the perspective of different treatment methods. In ATTR, transthyretin, a carrier protein produced in the liver [1,2], is destabilized into monomers and aggregates to form amyloid fibrils that are deposited in the body’s tissues, especially the heart [3]. On the other hand, in AL amyloidosis, amyloid fibrils derived from the light chain of monoclonal immunoglobulin produced by abnormal plasma cells accumulate in multiple organs such as the heart, kidney, liver, gastrointestinal tract, and peripheral nerves, causing various clinical symptoms [4,5,6,7,8]. At the time of diagnosis, more than 69% of patients already have lesions in multiple organs [9]. Cardiac involvement greatly influences survival, and elevated levels of NT-proBNP and troponin T as serum markers correlate with prognosis [10].



The treatment of AL amyloidosis aims to achieve a hematological complete response (CR) and stop the progression of organ damage. Autologous stem cell transplantation (ASCT) is the first-line treatment, but its implications should be carefully considered due to high treatment-related mortality [11,12,13]. Chemotherapy was administered to patients with AL who were ineligible for ASCT. A recent phase III study ‘ANDROMEDA’ revealed that a four-drug combination therapy (Dara-CyBorD) with cyclophosphamide, bortezomib, dexamethasone, and daratumumab (a human CD38 monoclonal antibody) provides a high rate of rapid hematological CR with high safety, resulting in sufficient organ improvement [14]. Based on the results of this trial, the US Food and Drug Administration (FDA) approved Dara-CyBorD therapy for AL amyloidosis in 2021 for the first time.




2. Pathogenesis of AL Amyloidosis


2.1. Common Mechanisms of Amyloid Fibril Formation


The formation of amyloid fibrils, which is the essence of amyloidosis, requires multiple steps, such as the unfolding of precursor proteins, followed by misfolding, nucleation, polymerization, fiber elongation, and tissue deposition (Figure 1).



2.1.1. Protein Unfolding and Misfolding


Proteins present a properly folded three-dimensional conformation that preserves their function and quantity. After the protein polypeptide chain is synthesized in the endoplasmic reticulum, protein folding spontaneously occurs according to the amino acid sequence, based on thermodynamic principles [15]. However, proteins are prone to transitioning into an unstable unfolding state and require chaperones to maintain the correct folding structure. Various extracellular stimuli, such as low pH, oxidation, and high temperature, disrupt the three-dimensional structure and promote the unfolding of polypeptide chains. For the amyloid fibril formation reaction, precursor proteins must present such a partially unfolded structure (so-called “partially unfolded intermediate”) [16]. Unfolded proteins usually return to their native structure naturally but are sometimes folded into a false structure that is different from the original conformation. Misfolded proteins are usually degraded and removed by the proteasome [17], but some of them are released extracellularly and reassembled into a three-dimensional conformation that is rich in β-sheets and polymerizable with each other to form amyloid fibrils [18].



During temporary protein unfolding, hidden hydrophobic residues are naturally exposed and proteases approach them and cleave slightly, increasing protein instability and accelerating misfolding and aggregation. As in the case of variant transthyretin amyloidosis (ATTRv), partial unfolding or misfolding may easily occur because of a change in the amino acid sequence (genomic single-point mutation) of transthyretin (TTR). It has also been pointed out that misfolding is more likely to occur due to oxidation and deamidation of amino acid side chains, chemical modification of polypeptide chains, binding of metal ions, and defects in the mechanism for controlling protein biosynthesis [19].




2.1.2. Nucleation-Dependent Polymerization


Amyloid fibril formation proceeds in two stages: nucleation and subsequent elongation. The nucleation phase refers to the process by which the misfolded protein monomers initially assemble to form a soluble oligomer, which forms the primary nucleus of amyloid fibrils. Nucleation is unlikely to occur spontaneously because it is blocked by large energy barriers and is the rate-determining step of the entire process of fibril formation. However, once nuclei are formed, amyloid fibrils can replicate and propagate their own structure along the fiber axis by sequentially binding and growing monomers, using their terminal structure as a template. This reaction mode is called “nucleation-dependent polymerization” [20].



Regardless of the precursor protein, amyloid fibrils share common structural properties, such as non-branched fibrils with an average diameter of 7.5–10 nm and the secondary structure of cross-β-sheets [21]. Intermolecular hydrogen bonds between the amide and carbonyl groups of the main chain between the protein monomers stabilize the β-sheet structure. The β-sheet polypeptide chains adjacent to each other form a protofibril, which forms an amyloid fibril by stacking β-strands perpendicular to the fiber axis to form a cross-β structure [22]. The amyloid fibril structure exhibits an alternating combination of hydrophobic and hydrophilic parts along the fiber axis, which is why Congo red dye intercalates to show apple-green birefringence when observed under a polarizing microscope.




2.1.3. Deposition of Amyloid Fibrils


The tropism of organ involvement in amyloidosis depends on the type of amyloid precursor protein; however, the mechanism is not yet understood. Even in the same type of amyloidosis, the target organs of amyloid accumulation change according to slight differences in the amino acid sequences of precursor proteins. In ATTRv, the mutation site of TTR strikingly affects the organs, timing of amyloid deposition, and clinical features. In addition, fragmentation of ATTR by proteolysis alters the characteristics of the target organs [23]. On the other hand, in AL, as will be described later, the gene polymorphism/amino acid sequence of the variable region of LC affects the tissue deposition pattern of amyloid fibrils. In systemic amyloidosis, nucleation and fibril formation generally depend on the concentration of the precursor proteins. Therefore, it is considered important for organ tropism that, in addition to the presence of fibril seeds, multiple conditions of the tissue environment, such as sufficient local concentration and low pH, are met at the same time. As other factors on the tissue side, the extracellular matrix (glycosaminoglycan, collagen), protease, shearing force, and metals are considered to be important in promoting aggregation and oligomer formation [24].






3. Characteristics of AL Amyloidosis


3.1. FLC as a Precursor Protein of AL


AL amyloidosis is a disease where monoclonal FLCs produced by abnormal plasma cells in the bone marrow form amyloid fibrils that are deposited in tissues. Since immunoglobulins (Ig) recognize a wide variety of antigens, each Ig is produced with a unique amino acid sequence and three-dimensional structure. Therefore, in the case of AL, the amino acid sequence and three-dimensional structure of the precursor LC in each patient are different, which results in a very diverse clinical presentation. Human Ig is a heterotetrameric glycoprotein composed of two heavy chains (HCs) and two LCs, and a single LC is composed of two domains: a variable domain (VL) involved in antigen binding and a constant domain (CL). LC belongs to either the λ or κ family and exhibits overwhelming diversity due to the random recombination of multiple gene segments.




3.2. Quantitative and Qualitative Abnormality of FLC


Amyloid fibril formation generally results due to quantitative abnormalities in addition to qualitative abnormalities of the precursor proteins. In AL, in addition to the qualitative abnormality regarding destabilization of the native structure based on the amino acid sequence of VL, a quantitative abnormality of overproduction of LC by abnormal plasma cells exists in the background. Although plasma cell clone proliferation is required for the production of amyloidogenic LC, amyloidogenic plasma cell clones are not abundant in the bone marrow, and plasma cell proliferation is low or difficult to detect in AL. In addition, only a few FLCs that are overproduced by neoplastic plasma cells cause amyloid formation. The fact that in patients with AL, the λ family is overrepresented 2–3 times more than the κ family [8,25] suggests that there is a gene sequence closely related to amyloid formation in the VL domain of the λ chain. Some germline genes are used in a limited manner in AL, and the IGVL6-57 (Vλ6a), IGVL3-01 (Vλ3r), and IGVL2-14 segments of the λ-chain variable region are substantially overrepresented [26]. AL is a disease in which amyloid fibrils can be deposited throughout the body, but it often shows specific deposition in important organs such as the heart and kidney. It has been pointed out that the gene sequence of some λ-chain V regions is related to this tendency. LC with the VL region derived from the rearrangement of the Vλ6a (IGVL6-57) segment is predominant in AL patients with renal disease [9], and IGVL1-44 is associated with a fivefold increase in the odds of dominant cardiac involvement [27].




3.3. Genomic Mutation Associated with the Pathogenesis of AL Amyloidosis


Several gene mutations associated with AL amyloidosis have been identified. It has been pointed out that pathological mutations affect the structure and function of LC, especially the VL domain, and promote amyloid aggregation. The amyloidogenic VL domain contains approximately 4–15 mutations that differ from the normal gene sequence. Although the changes that occur vary depending on the mutation site, only a few mutations contribute to the destabilization and aggregation of the VL domain toward amyloid formation or stabilization of the amyloid core structure [28,29]. Amino acid substitutions by point mutations reduce the unfolding free energy of the VL domain, leading to thermodynamic instability that promotes LC misfolding and fibril formation [30]. In addition, since the formation of the LC dimer contributes to the stabilization of LC, when a point mutation interferes with the interaction within the interface of the dimer, LC becomes monomeric and easily forms amyloids [31,32].




3.4. Proteolytic Modification for Amyloid Fibril Formation


Similar to other amyloid fibrils, proteolysis in AL is considered to be involved in amyloid formation because the VL domain can be observed in the fibril cores. Changes in the amino acid sequence of LC are thought to result in changes in its susceptibility to proteolysis. Several reports have shown that proteases in the blood or tissues are responsible for proteolysis. The cysteine proteases cathepsin K, L, and B co-localize with AL deposition and possess the ability to degrade AL fibrils [33,34]. Matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) are also highly expressed in tissues in AL [35], and the ratio of MMP-2, TIMP-1, and MMP-2/TIMP-2 is high in the serum of patients with AL [36]. It has also been reported that plasmin is required for amyloid formation in ATTR [37]; however, it conversely acts to degrade and eliminate amyloid β [38]. Hence, the role of plasmin in AL needs to be carefully evaluated.




3.5. Structural Characteristics of AL Amyloid Fibril


Cryo-EM revealed the three-dimensional structures of amyloid fibrils extracted from patients with AL. The fibril structures are substantially different from the native structure of the folded VL domain, and the fibril conformation is more extended and flattened, enabling the polypeptide chain to form a single molecular fibril layer. The core structure of amyloid fibrils varies from patient to patient. Recent studies reported 77 VL domain residues (AL55) [39], 91 VL residues (λ1) [40], and 115 VL residues (FOR005) [41], showing that the number of domain residues that make up the fibril core was different. The native structure was almost completely reorganized, with parallel N to C orientations in the native state and antiparallel orientations in the fibril region around the intramolecular disulfide bond connecting the two β-sheets.




3.6. Deposited Components Together with Amyloid Fibril


Several components of amyloid deposits that coexist with fibril core proteins are known to modify the properties of the fibril formation process or the amyloid fibrils themselves. Serum amyloid P (SAP) is a common glycoprotein that binds to amyloid fibrils in a calcium-dependent manner. SAP itself is less susceptible to proteolysis and can confer resistance to amyloid fibrils against thermal and chemical degeneration [42]. Proteoglycans (or glycosaminoglycans), such as heparan sulfate, are another common constituent of amyloid fibrils and are thought to contribute to their development and structural stabilization in addition to affecting their localization due to co-localization with the extracellular matrix and amyloid deposits [43,44]. Clusterin, an extracellular molecular chaperone, and ApoE, which is associated with Alzheimer’s disease, are also deposited together with AL amyloid fibrils [45,46].




3.7. The Molecular Mechanism Underlying Cardiac Damage in AL Amyloidosis


Organ damage in amyloidosis is generally thought to be caused by the mass effects of amyloid fibril deposition. Amyloid fibrils that accumulate in large quantities in the interstitium of the tissue press on parenchymal cells, impair the coordination between cells, and harden the physical characteristics of the tissue itself. In addition, amyloid fibers interact with biological membranes to promote inflammatory reactions [47,48]. However, especially in AL, the cytotoxicity exerted by LC oligomers and aggregates before amyloid fibril formation is also an important mechanism that causes tissue damage. Although the amount of amyloid deposited in an AL heart is lower than that in ATTR, patients with AL show higher NT-proBNP levels and lower survival rates than patients with ATTR, indicating that deposited amyloid fibrils are not the only contributors to cardiac damage [49,50]. Furthermore, because the amyloid mass takes years to regress, the fact that chemotherapy decreases serum LC and subsequently improves BNP levels in patients with AL cardiomyopathy (CM) indicates that prefibrillar LC is directly toxic to the heart.



Since the severity of cardiac lesions in AL determines the prognosis, it is important to elucidate the mechanism of cardiac damage. To date, most studies elucidating the pathophysiology of AL have been conducted using human specimens, including their genomic analysis, elucidation of the features of neoplastic plasma cells in bone marrow, identification of amino acid sequences of amyloidogenic LCs, and structural analysis of amyloid fibrils. However, there is little evidence for in vivo analysis at the organ or tissue level, as there is no useful animal model that accurately mimics the disease. To date, experimental systems for assessing AL cardiotoxicity have primarily used cardiomyocytes isolated from fetal or adult rats, C. elegans, and zebrafish (Table 1), but there are no experiments using mammals such as adult mice, pigs, and monkeys.



C. elegans has no heart but is used as a model animal for heart disease because its pharynx is evolutionarily associated with the heart of vertebrates. Administration of LC extracted from patients with AL-CM induced pharyngeal dysfunction and a significant reduction in the lifespan of C. elegans. Cardiotropic LC induced mitochondrial dysfunction and structural abnormalities [51]. A study of LC binding partner proteins by co-immunoprecipitation and proteomics on cultured human-derived heart cells treated with LC purified from patients with AL revealed that LC binds to several intracellular proteins related to the survival and metabolism of mitochondrial proteins (mitochondrial optic atrophy-1 like protein and peroxisomal acyl-coenzyme A oxidase 1), resulting in mitochondrial damage. In another report, AL-LC-induced mitochondrial injury was caused due to high levels of ROS production, which was blocked by the administration of metal chelator or metal-binding 8-hydroxyquinoline, indicating that metal ions, especially copper ions, are strongly involved in ROS production induced by AL-LC [52].



Human AL-LC induced apoptosis in isolated adult rat cardiomyocytes by TAB-1-mediated autophosphorylation of p38-MAPK [53]. In addition, AL-LC-induced cardiac dysfunction, pericardial edema, and increased mortality improved with the administration of p38 inhibitors, showing that AL-LC-induced cardiac damage was mediated by p38 activation in zebrafish. Cardiac autophagy dysfunction triggered by lysosomal disorders based on decreased TFEB expression leads to cardiotoxicity of AL-LC and is restored by the administration of rapamycin in neonatal rat ventricular myocytes (NRVMs) and zebrafish [54].



Thus, studies using living organisms such as C. elegans or zebrafish have also shown that human cardiotropic amyloidogenic LC causes damage to their heart or heart-like organ. The experiments at cellular level in rats also show that LC contributes to cardiac dysfunction by increasing ROS production and mitochondrial damage in cardiomyocytes and partially causing apoptosis cell death. Although the p38-MAPK signaling pathway is one of the most common stress responses that may be associated with apoptosis, it has been pointed out that other stress response mechanisms such as autophagy and UPR may also be involved. There are still many unclear points regarding the molecular mechanism of myocardial injury in AL, and progress in fundamental research is an urgent issue in this field.
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Table 1. Molecular mechanism for AL amyloidosis.
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	Author [Year] [Reference]
	Species
	Mechanisms of Myocardial Damage Directly Exerted by AL-LC





	Diomede et al. [2014] [51]
	C. elegans
	Administration of LC extracted from patients with AL-CM induced a significant reduction in the lifespan and mitochondrial dysfunction



	Diomede et al. [2017] [52]
	C. elegans
	LC purified from patients with severe cardiac involvement intrinsically generated high levels of ROS and when administered to C. elegans induced ROS production



	Shi et al. [2010] [53]
	Rat
	Human AL-LC induced apoptosis in isolated adult rat cardiomyocytes by TAB-1-mediated autophosphorylation of p38-MAPK



	Brenner et al. [2004] [55]
	Rat
	Human amyloid LC proteins alter cellular redox state in isolated cardiomyocytes, marked by an increase in intracellular reactive oxygen species and upregulation of the redox-sensitive protein, heme oxygenase-1



	Guan et al. [2014] [54]
	Rat Zebrafish
	Cardiac autophagy dysfunction triggered by lysosomal disorders based on decreased TFEB expression leads to cardiotoxicity of AL-LC



	Mishra et al. [2019] [56]
	Zebrafish
	AL-LC-induced cardiac dysfunction, pericardial edema, and increased mortality improved with the administration of p38 inhibitors










4. Treatment Strategies for AL Amyloidosis


Since the main cause of AL amyloidosis is amyloidogenic LC production from neoplastic plasma cells, the therapeutic goal is to rapidly suppress FLCs, achieve hematological response, and reduce organ damage. The higher the hematological response, the more likely it is that an organ response will be sustained, and 66–79% of AL patients achieving hematological CR after treatment show improvement in at least one organ and their prognosis [57]. Since autologous peripheral blood stem cell transplantation has high treatment-related mortality due to organ damage, high-dose melphalan administration with subsequent autologous stem cell transplantation (HDM/ASCT) is performed in low-risk patients after careful consideration of the implications [11,12,13,58]. In a retrospective analysis of ASCT for AL amyloidosis, the mean overall survival (OS) was 4.6 years, and the OS in patients who had survived for 1 year or more and achieved CR was over 10 years [13]. In AL patients who received ASCT, hematological CR was observed in 40% and improvement in one or more organs was observed in 66% of the patients. The usefulness of ASCT was reported in a case-control study as superior to standard chemotherapy [59]. However, patients with AL with advanced organ damage (New York Heart Association (NYHA) Classification ≥class III, cardiac Troponin T ≥0.06 ng/mL, systolic blood pressure <90, creatinine clearance <30 mL/min) at the time of diagnosis are generally ineligible for ASCT [60], and chemotherapy is administered as treatment.



Chemotherapeutic agents for multiple myeloma are also used for the treatment of AL because both have the same therapeutic targets for neoplastic plasma cells in the bone marrow. Oral administration of melphalan with dexamethasone (MDex) has long been the standard chemotherapy for patients ineligible for ASCT. Later, with the development of other treatments for multiple myeloma, bortezomib (a proteasome inhibitor) became the backbone of the treatment regimen and is now used in combination with MDex (BMDex) or cyclophosphamide and dexamethasone (CyBorD) [10,61,62,63]. In January 2021, the FDA approved Dara-CyBorD as a treatment for AL based on the results of a randomized, open-label, controlled phase III trial ANDROMEDA that included 388 newly diagnosed patients with AL amyloidosis (excluding patients with Mayo stage IIIB) [14]. Dara-CyBorD is the first and only FDA-approved treatment for AL amyloidosis. These advances in the effectiveness and safety of chemotherapy have led to the new concept that chemotherapy alone can be expected to provide a long-term effect. The therapeutic agents used in chemotherapy for AL amyloidosis and their mechanisms of action are described below (Figure 2).



4.1. Alkylating Agent


Alkylating agents such as melphalan and cyclophosphamide have multiple alkyl group sites that can be covalently attached to the nucleophilic DNA nucleotide guanine by a nucleophilic substitution reaction to form interstrand and intrastrand DNA crosslinks, which interfere with DNA replication and transcription, resulting in antineoplastic action [64]. Since alkylating agents are cell cycle non-specific antineoplastic drugs, cell reduction in normal tissues is frequently observed along with cell proliferation-active cancer cell damage. To reduce this non-specific cell injury, alkylating agents are used in combination with other agents to maximize their effectiveness at safe doses. In addition, drugs with improved cell selectivity have been developed. Notably, many drugs in clinical use, such as cyclophosphamide, are prodrugs designed to be selectively activated in tumor cells. Furthermore, alkylating agents-based hybrids with steroids that increase lipophilicity or with macrolide antibiotics possessing antitumor effects (e.g., brefeldin A and Evodiamine), and conjugates with specific peptides that are a target of the peptidase selectively overexpressed in cancer cells are developed [65,66].



4.1.1. Melphalan


Melphalan, also called L-phenylalanine mustard (L-PAM), is a drug in which a phenylalanine derivative is bound to the nitrogen portion of mustard. The side effects include mucosal damage, leukopenia, and long-term administration may cause myelodysplastic syndrome and acute leukemia. It has been used as a key drug for multiple myeloma since the 1960s, and MP therapy (a combination of melphalan and prednisone) was used for the treatment of AL in the late 1970s [67]. However, the therapeutic effect of MP is poor, and MD therapy (MEL plus low-dose DEX) has long been the de facto standard treatment for AL. In a study of MD therapy administered to 96 patients, 67% had a partial hematological response (PR) or higher, and the onset of the effect was as fast as 4.5 months, while the effect on organs was observed in 48% of the patients [63]. This therapy was well tolerated, with a mean survival of 5.1 years and progression-free survival (PFS) of 3.8 years in subsequent long-term observations [68]. MEL is also used in moderate or high doses as a pre-treatment for ASCT. A randomized controlled trial of MD therapy vs. high-dose MEL-ASCT also confirmed the usefulness of MD therapy, with a median survival of 56.9 months [11]. MD therapy is effective in patients with t (11;14) [69]. However, it should be noted that regimens containing DEX may lead to volume overload in AL patients with CM, exacerbating heart failure [70].




4.1.2. Cyclophosphamide


Unlike MEL, cyclophosphamide is a prodrug that acts after getting metabolized. Cyclophosphamide is first catalyzed to 4-hydroxycyclophosphamide by liver cytochrome P450 (CYP2B6, 2C9, and 3A4). 4-Hydroxycyclophosphamide interconverts with its tautomer aldophosphamide, both of which circulate and passively invade other cells. Finally, aldophosphamide is non-enzymatically metabolized to yield phosphoramide mustard, a DNA crosslinking agent with clinical significance, and acrolein, a highly reactive and toxic aldehyde species. When excreted in the urine, acrolein causes bladder mucosal cell damage, which is involved in the development of hemorrhagic cystitis and, in the long term, bladder cancer [71]. Hemorrhagic cystitis due to cyclophosphamide is common, with a frequency of 15–30% [72]. Bladder cancer occurs in 5% of patients treated with cyclophosphamide, and the incidence of bladder cancer has been reported to increase 31-fold (51-fold for <65 years old) compared to the general population [73].





4.2. Proteasome Inhibitors (PIs)


A misfolded protein is first repaired by a molecular chaperone such as hsp90, but if this is difficult, it is ubiquitinated by E3 ligase and degraded in the proteasome. The β1, β2, and β5 subunits of the proteasome show caspase-like/peptidylglutamyl-peptide hydrolyzing (PGPH), trypsin-like, and chymotrypsin-like activities, respectively. Bortezomib is a proteasome inhibitor with a boronic acid (BA)-containing structure. The boron element of bortezomib binds to the threonine residue of the β5 subunit, which is the active center that exhibits chymotrypsin-like activity and specifically and reversibly inhibits the proteasome. Although bortezomib is generally well tolerated when administered systemically [74], cardiac complications have been reported as side effects in addition to sensory peripheral neuropathy [75], and it is necessary to consider reducing its dose in AL patients with cardiac amyloidosis. Heart failure has mainly been reported as a cardiac adverse event (CAE) of administration of bortezomib [76,77,78], and other disorders such as conduction disorder, atrial fibrillation, and coronary artery disease have also been reported [79]. The molecular mechanism by which PIs cause myocardial injury remains unclear; however, the involvement of accumulation of misfolding proteins and mitochondrial injury in cardiomyocytes have been highlighted [80,81]. Since 2009, CyBorD has been commonly used as a front-line treatment for AL amyloidosis, including in patients with end-stage renal disease, because of its efficacy and safety [82]. It was reported that the efficacy and survival in patients treated with CyBorD were similar, even when cyclophosphamide was removed from this regimen, and dexamethasone was effective regardless of the dose. This suggests that bortezomib and low-dose dexamethasone are the main drivers of efficacy within this triplet [83].



Since special neoplastic plasma cells produce and secrete large amounts of antibodies, the endoplasmic reticulum and ubiquitin-proteasome pathways have developed to enable the synthesis, folding, and degradation of numerous proteins. As a survival strategy, plasma cells possess an advanced system of endoplasmic reticulum-associated degradation (ERAD) that excludes misfolded proteins from the ER and degrades them in the proteasome. Therefore, proteasome inhibition selectively induces excessive ER stress and apoptosis in neoplastic plasma cells [83,84].



Additionally, NF-κB activity is an important mechanism by which PIs exert anti-tumor effects. IκBα, an inhibitory protein of NF-κB, is phosphorylated and degraded by the proteasome, resulting in the activation of NF-κB. In neoplastic plasma cells, NF-κB activation enhances Bcl-2 expression to suppress apoptosis. Therefore, inhibition of the proteasome with bortezomib was initially thought to reduce the degradation of IκBα and thus not activate NF-κB, resulting in the suppression of Bcl-2 expression and promotion of apoptosis [85,86]. Paradoxically, it has also been reported that bortezomib could induce downregulation of IκBα to activate the canonical NF-κB pathway in B-cell-derived tumors [87], indicating that it is still difficult to determine the role of NF-κB in the pharmacological action of PIs.




4.3. Human Anti-CD38 Antibody (Daratumumab)


Daratumumab is a human IgGκ monoclonal antibody that targets the CD38 antigen expressed on the cell surface of hematopoietic tumors, including multiple myeloma and AL, and exhibits anti-tumor effects through complement-dependent cellular cytotoxicity (CDC), antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent cell-mediated phagocytosis (ADCP). In addition, the induction of apoptosis by crosslinking of antibodies, maintenance of tumor microenvironment, and increase in helper T cells by reduction of immunosuppressive cells are also considered mechanisms of action [88].



Daratumumab is generally well tolerated, and the most common side effect is the infection caused by hypoglobulinemia [89]. Intravenous administration of daratumumab requires a large volume of infusion, raising the concern of an increase in the risk of heart failure due to volume overload, making it difficult to use in patients with AL with advanced heart disease. Thereafter, a subcutaneous injection of daratumumab was developed and approved in 2020, making it safe for use in patients with AL-CM. Initially, daratumumab monotherapy was validated in critical patients with AL who received pretreatment, yet it demonstrated high efficacy in causing deep and persistent hematological and organ responses [90,91,92]. These remarkable results have paved the way for the use of daratumumab monotherapy in combination with CyBorD, the current standard therapy for AL. ANDROMEDA is a phase III study (NCT03201965) that compares two groups of CyBorD alone or in combination with the subcutaneous administration of daratumumab (Dara-CyBorD) in newly diagnosed AL patients [14]. At a median follow-up of 25.8 months, the hematologic CR rate was significantly higher in the Dara-CyBorD group than that in the CyBorD group (59.5% vs. 19.2%). Greater cardiac and renal response rates were achieved with Dara-CyBorD than with CyBorD at 18 months (cardiac: 53% vs. 24%, renal: 58% vs. 26%). Earlier and deeper hematologic responses were associated with prolonged major organ deterioration progression-free survival (MOD-PFS), and the MOD-PFS was longer in the Dara-CyBorD group than in the CyBorD group [14]. Based on these favorable results, Dara-CyBorD was approved for the first time by the FDA in January 2021 as the only treatment for AL amyloidosis.




4.4. Immunomodulatory Drugs (IMiDs)


Immunomodulatory drugs (IMiDs), including thalidomide and its derivatives, which bind to cereblon to exert anti-inflammatory, anti-angiogenic, and anti-tumor effects, are also used as therapeutic agents for multiple myeloma. Thalidomide was initially developed as a sedative but was found to be teratogenic and temporarily withdrawn from the market. In the 1990s, attention was once again focused on its anti-inflammatory and immunomodulatory effects, and clinical trials for multiple myeloma were conducted in 1999 to show its effectiveness. Its administration is currently approved under strict control. Cereblon forms an E3 ubiquitin ligase complex with Cullin 4 (Cul4), damage-specific DNA-binding protein 1 (DDB1), and regulator of cullins-1 (Roc1). Thalidomide or its derivatives bind to cereblon to alter its substrate specificity to ubiquitinate and degrade multiple “neo-substrates” such as Ikaros and Ailolos, exerting various pharmacological effects such as suppressing the growth of myeloma cells [93,94,95,96]. IMiDs have gained a solid position as a treatment for multiple myeloma, and several small-scale phase I and phase II trials have been conducted using IMiDs in patients with AL, showing a response rate of 41–68% [97].




4.5. Drugs Targeting Amyloid Fibers


With the advent of highly effective chemotherapy such as Dara-CyBorD, the time has come when AL amyloidosis can be treated. However, once the deposited amyloid does not disappear easily, it takes a very long time to achieve organ response. Therefore, patients with AL accompanied by advanced cardiac/renal disease should continue treatment for severe heart failure or maintain hemodialysis even after CR. The development of drugs that specifically target amyloid fibrils has attracted much attention and is expected to further improve the prognosis of patients with amyloidosis by preventing the deposition of amyloid fibrils and actively removing the deposited fibrils [98]. As described above, the amino acid sequence and three-dimensional structure of amyloid fibrils differ from patient to patient in AL; therefore, it is speculated that it may be difficult to obtain stable efficacy in treatments that directly target various amyloid fibrils. However, the results from the phase 1a/b study on the anti-LC amyloid fibril antibody CAEL-101 showed good organ response without causing serious adverse events. A sustained decrease in NT-proBNP levels and improvement in global longitudinal strain (GLS) were observed, notably for those with cardiac impairment [99]. Phase III trials are currently underway in untreated patients with AL amyloidosis who have advanced heart damage (Mayo Stage IIIb) [100].





5. Conclusions


Clinical trials are being actively conducted and useful treatments for AL amyloidosis are being developed. Currently, Dara-CyBorD is in practice as a standard regimen and is expected to have a rapid, deep hematological and organ response; however, its effectiveness in patients with severe cardiac disorder (Mayo stage IIIb) remains unclear. In addition, since the clearance of amyloid fibers is extremely slow, if a large amount of amyloid is deposited in the heart due to delayed diagnosis, strict heart failure management is required for a long period of time regardless of how successful the plasma cell treatment is. Therefore, it is increasingly important for hematologists, cardiologists, and nephrologists to work together to provide early diagnosis and treatment. Early diagnosis requires effort to share experience and knowledge among the doctors involved; however, it is expected that AI-based diagnostic support for electrocardiogram and echocardiography will become a powerful screening tool for cardiac amyloidosis in the future [101]. Using a clinical pathway as a new initiative demonstrated that any doctor could make an appropriate diagnosis quickly without much effort, reducing the severity of AL patients at the time of diagnosis [102].



To further improve the prognosis of AL cardiac amyloidosis, a therapeutic method for directly removing the deposited amyloid fibrils themselves is necessary. The development of amyloid breakers represented by antibody drugs is considered to be the next unmet clinical need. To accelerate the development of antibody drugs, it is important to continue to analyze the accurate three-dimensional structure of amyloid fibers themselves or in which the antibody binds to amyloid. As a useful model animal for evaluating the efficacy of the drug does not currently exist, the development of humanized disease model mice and its application to large experimental animals such as pigs are urgent issues. In addition, previous studies have revealed that prefibrillar LC itself in AL poses direct toxicity to the myocardium. Clarifying this detailed molecular mechanism will lead to the creation of fast-acting therapeutic agents (i.e., drugs that eliminate/block the toxic LC or cardioprotective medicine targeting specific molecules). Promotion of basic research on AL amyloidosis will become more important in the future.
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Figure 1. Molecular mechanisms of cardiotoxicity in AL amyloidosis. 
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Figure 2. Targets and mechanisms of drugs used in AL amyloidosis. 
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