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Abstract

Non-native immunoglobulin light chain conformations, including aggregates, appear to cause light
chain amyloidosis pathology. Despite significant progress in pharmacological eradication of the
neoplastic plasma cells that secrete these light chains, in many patients impaired organ function
remains. The impairment is apparently due to a subset of resistant plasma cells that continue to
secrete misfolding-prone light chains. These light chains are susceptible to the proteolytic cleavage
that may enable light chain aggregation. We propose that small molecules that preferentially

bind to the natively folded state of full-length light chains could act as pharmacological kinetic
stabilizers, protecting light chains against unfolding, proteolysis and aggregation. Although the
sequence of the pathological light chain is unique to each patient, fortunately light chains have
highly conserved residues that form binding sites for small molecule kinetic stabilizers. We
envision that such stabilizers could complement existing and emerging therapies to benefit light
chain amyloidosis patients.
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Introduction

It has long been known that immunoglobulin light chain (LC) amyloidosis (AL) is
associated with either a highly proliferative plasma cell neoplasia, or much more limited
clonal expansions in which the major manifestation of the disease is organ compromise
caused by some combination of LC misfolding, misassembly and deposition of amyloid
fibrils [1]. George Glenner’s studies of the amino acid sequence of fibrils extracted from
the tissues of either multiple myeloma patients with amyloidosis or from patients with
“primary” or AL amyloidosis revealed sequence homology or identity with the patients’
circulating or urinary LCs [2—-4]. This was the first identification of any human systemic
amyloid precursor protein. From the initial description of LCs as the component of amyloid
fibrils in AL, aberrant proteolysis was suspected to play a role in fibrillogenesis [5]. A
comprehensive review of LC related proteins found in AL tissue deposits revealed that LC
fragments were universally present, frequently found in combination with intact full-length
LCs [6]. Full-length (FL) LCs were rarely the sole component of the deposit. The identified
fragments contained either variable (V) regions, partial V-regions, V-regions associated with
a portion of the constant (C) region or combinations thereof [7-9]. Some, but not all,
urine-derived LCs (known as Bence-Jones proteins, or BJPS) could be induced to form
amyloid-like fibrils by proteolysis [5,10]. The relationship between amyloid pathology and
amyloid fibril formation in vitro was, and remains, unclear since not all LCs from AL
patients formed amyloid following proteolysis in vitro, while some LCs from individuals
without amyloid deposits readily aggregated after proteolysis.

The hypothesis that plasma cell proliferation, resulting in increased secretion of misfolding-
prone FL LCs, was responsible for AL, directed therapy toward eradicating the expanded
clone. A regimen including melphalan and prednisone, at that time the preferred therapy

for multiple myeloma, was the initial cytotoxic choice [11]. It was assumed that elimination
of the plasma cell clone would enable amyloid clearance by reducing or abolishing the
source of FL LC that could misfold with aberrant proteolysis and add to amyloid deposits
by templating or seeding. However, in the early days of clone eradication therapy for
cardiac AL, it was noted that a positive functional cardiac response was much more rapid
than would have been expected if the primary mechanism involved clearance of amyloid
deposits from tissue [12]. Further, in patients showing a clinical cardiac response, the
amyloid fibril load seemed unchanged. A similar observation was recently made with kinetic
stabilizer treatment of transthyretin (TTR) cardiomyopathy [13]. Collectively, these clinical
results suggested that reducing the concentration of secreted FL LCs lowers the soluble non-
native LC load, including the concentration of circulating aggregates, abrogating their direct
toxic effects now known to be mediated through the p38a. MAPK pathway [14-19]. Both
actively growing amyloid deposits and circulating soluble, non-native LCs appear to play a
pathogenic role in AL. Amyloid deposits that have been in the tissue for extended periods
are associated with serum amyloid 2 component, extracellular matrix components such as
glycosaminoglycans, and lipids and lipoproteins which appear to kinetically stabilize the
fibrils [20-23]. Freshly deposited amyloid with fewer stabilizing accessory macromolecules
may be more prone to dissociate and contribute to the putatively toxic soluble circulating
non-native LC pool.
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It appears that not all LCs have the capacity to form amyloid in vivo, but presumably

can still misfold, misassemble and deposit in a non-fibrillar form, as seen in monoclonal
immunoglobulin deposition disease (MIDD) [24]. Individuals with multiple myeloma often
have much higher levels of circulating FL LC than those with AL (median involved free LC
494 mg/L in myeloma vs. 178 mg/L in AL) [25,26], presumably due to the higher numbers
of clonal LC producing plasma cells in myeloma and more rapid clearance of circulating
LC due to tissue deposition in AL. While LC amyloid is seen in approximately 10-30% of
patients with myeloma [27], the most common form of LC tissue dysfunction in myeloma is
the kidney disease related to the non-amyloid aggregates that form renal tubular casts [28].
LCs derived from individuals with multiple myeloma have been shown to be less toxic in
cells and animal models than LCs from AL patients [14,29,30].

We hypothesize that AL-associated LCs exhibit an increased propensity to form soluble
non-native LC structures that are toxic to organs. From this perspective, the ubiquitous
proteolysis of LCs observed in AL amyloid fibrils is a consequence of their tendency to form
non-native structures, which are likely to be more protease-labile than natively folded LCs
[31]. Circulating non-native LC structures can also misassemble into amyloid fibrils, with or
without proteolysis, hence more than one peptide sequence derived from the same AL LC
may be present in amyloid fibrils. In other amyloid diseases, soluble non-native oligomers
formed from the precursor proteins are hypothesized to be toxic [32-34]. Oligomers of LCs
or their proteolytic fragments are likely intermediates on the way to fibril formation, but
there is little evidence for their presence in patients because current methods used to detect
them are not conformation specific.

Even now, with the availability of multiple, highly potent anti-plasma cell proliferative
regimens (therapeutic strategies capable of achieving rapid, deep and durable hematologic
responses, HR), the proportion of patients not achieving a full organ response is significant
(Table 1) [25,35-38]. In contrast to myeloma, even the presence of low levels of therapy-
evasive AL-associated plasma cells secreting FL LCs may lead to worsening of symptoms,
because these FL LCs are unstable and more readily convert to toxic non-native LCs.
Heretofore the therapeutic response to progression or recurrence of AL after treatment has
been the institution of a new cytotoxic regimen, even though the available treatments are
significantly toxic and the development of resistance is common [39].

Complete eradication of the plasma cell clone appears to be possible in some patients,
especially for those who can tolerate intensive therapies [45,46]. Multiple studies have
shown that deeper hematological responses predict improved organ responses and survival
[25]. However, for most patients, it appears that reduction in the pathogenic FL LCs below
current limits of detection may not be sufficient for long-term remission. Free light chain
assays measure changes in the ratio of x to A LCs, since absolute levels can vary by
several orders of magnitude [47]. Once the monoclonal LC levels are reduced to within
the healthy range, this ratio becomes more difficult to measure accurately and to interpret.
Absolute levels of x or A LCs measured by standard free light chain immunoassays or
mass spectrometry appear to provide better prognostic information than free LC ratios [48—
50]. Quantifying the specific clonal LC by mass spectrometry is particularly promising for
AL, where only a fraction of the total LC may be pathogenic. The recently introduced

Hemato. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan et al.

Page 4

MASS-FIX method has a higher sensitivity and specificity than previous assays but requires
specialist instrumentation that is not yet widely available [50,51]. New, easily measured and
interpreted biomarkers are needed to provide more accurate prognoses.

A complementary method for gauging response to therapy involves measuring levels of
clonal plasma cells from a bone marrow biopsy to evaluate “minimal residual disease”
(MRD) using flow cytometry or deep sequencing of antibody genes [52]. MRD positivity
is typically defined as the presence of more than one clonal cell per 10° or 10° cells

in bone marrow. Although MRD measurements have potential as useful biomarkers, the
relationships between MRD, free LC levels and organ responses are not yet clear [53-56].

While there is significant debate as to which biomarkers best predict a patient’s prognosis,
patients whose “involved free LC” levels are most effectively suppressed by therapy have
the best prognosis in terms of both organ response and overall survival [48,49]. Studies
showing complete hematologic responses with ongoing organ pathology, i.e., HR without
organ response, perhaps should be viewed with some skepticism until better methods are
developed to specifically detect low levels of circulating non-native LCs.

The pathological LC can misfold or misfold and misassemble into a spectrum of non-native
structures, with or without aberrant proteolysis (Figure 1) [57-59]. Therefore, we and others
have posited that a conservative therapeutic strategy would be to inhibit the entire process

of misfolding, aberrant endoproteolysis and misassembly of LCs by stabilizing the native
fold of FL LCs using a small molecule that binds to the LC native state [60-62]. Notably,
the FL LC small molecule stabilizer strategy should suppress proteotoxicity originating from
circulating soluble non-native LCs in cases of incomplete elimination of clonal plasma cells.
A very safe small molecule FL LC binder and stabilizer is being sought, because such a
molecule could be used as an adjuvant to a plasma cell cytotoxic regimen or used alone as
long-term maintenance therapy.

The pathological FL LCs being secreted by proliferating plasma cell clones are highly
diverse, having undergone affinity maturation and selection for antigen binding [63,64].
Mature FL LC sequences are derived from one of many precursor gene fragments in either
the x or A locus, and further modified by clone-specific mutation. Therefore, each patient
has a unique FL LC protein sequence conferring a range of properties, including their
propensity to form dimers. Dimerization of native LCs appears to reduce their propensity
to misfold and aggregate, and further homodimer stabilization by formation of an inter-
chain disulfide bond may further suppress aggregation [58,65]. Multiple post-translational
modifications have been observed on FL LCs isolated from patients, but the roles of these
modifications in pathology are not understood. Notably, a subset of AL-associated LCs is
more likely than other LCs to be N-glycosylated [66—68]. It is not clear how glycosylation,
which can often stabilize proteins and lower their aggregation propensity, is related to
amyloidosis.

If every AL patient has a unique light chain sequence, how could a single small molecule FL
LC stabilizer be useful in most patients? The sequence diversity of FL LCs is concentrated
in the antigen-binding loops known as complementarity-determining regions. The residues
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that form the interface between heavy chains and LCs are highly conserved to allow
efficient antibody heterodimerization. These residues are conserved between the germline
precursor gene sequences and between both amyloidogenic and non-amyloidogenic LCs. We
discovered that our small molecule stabilizers bind to these highly conserved amino acid
residues [60]. Since a key determinant of pathology appears to be the ability of a given FL
LC, or its V-region released by proteolysis, to form non-native conformations, stabilizing
the native FL LC pharmacologically blocks the conformational excursions required for
misfolding, or misfolding, aberrant proteolysis and misassembly, processes leading to organ
toxicity. Although we do not know the exact non-native structures leading to organ toxicity
in AL, we hypothesize that suppressing formation of all these non-native structures by
stabilizing the natively folded state of the FL LC should substantially reduce FL LC
misfolding, aberrant proteolysis, and aggregation—processes leading to organ toxicity.

2. AL Amyloid Is Assembled from Non-Natively Folded LC Peptides

Fifty years after Glenner’s discovery that LCs are amyloidogenic proteins, cryo-electron
microscopy-derived atomic resolution structures of AL amyloid fibrils purified from patients
have become available. The structured cores of fibrils taken from three individual patients
are formed by the V-region of the LC, with an apparent proteolytic cleavage removing some
or all the C-region (Figure 2) [69-71]. Similar fragmentation of the LC precursor has been
observed in fibril deposits by mass spectrometry [21]. These studies support the earlier work
highlighting a key role for proteolysis in AL.

Seeking to understand the role of FL LCs in pathology, we compared aggregation of FL
LCs with their constituent V-regions [58]. FL A LC dimers, which are stabilized by an
inter-molecular disulfide bond, are highly resistant to aggregation under conditions where
the isolated V-regions readily form aggregates, including amyloid fibrils. Destabilization of
the dimeric structure leads to an increased propensity to aggregate [65]. Similarly, FL x LCs
aggregate much more slowly than their associated V-regions [72]. These data are consistent
with the structural constant domain acting as a “self-chaperone” that protects the LC from
aggregation, supporting the hypothesis that proteolysis by unidentified proteases is involved
in initiating LC aggregation.

High resolution mapping of peptide termini by mass spectrometry recently revealed a more
complex picture, consistent with multiple proteolytic events after amyloid fibril formation
[73,74]. Proteolytic events after fibril formation are also suggested by the recent cryo-
electron microscopy-delineated structures of TTR amyloid fibrils in the hearts of late-onset
familial amyloidosis patients [75]. These observations are not necessarily contradictory
since multiple species derived from the same LC are clearly present in deposits. One
possible model is that proteolysis of misfolded precursor proteins yields amyloidogenic
fragments that are responsible for initiation of amyloid deposition, after which FL LCs could
be deposited by a seeding process with further proteolysis after deposition. In support of this
model, fibrils formed from V-regions were shown to accelerate aggregation of full-length
LCs [76], a process that should be slowed by small molecule FL LC stabilizer binding to the
native state.
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The high-resolution structures clearly show that LC amyloid fibrils are non-native protein
assemblies that cannot be built directly from natively folded LCs (Figure 2). Substantial
unfolding and reorganization of the peptide chain is required for amyloid formation.
Notably, the intramolecular disulfide bond between cysteine residues 22 and 89 (humbered
according to the Kabat system [77]) of the V-region is intact in all amyloid fibril structures
reported thus far. Reduction of this bond is not required for amyloidogenesis in vitro, but the
orientation of the peptide chain around the disulfide bond is reversed in the fibril compared
to the native state (Figure 2b), consistent with a highly unfolded misassembly transition state
[69].

3. (Kinetic) Stability as a Measurable, Unifying Parameter to Define LC

Toxicity

Substantial biophysical evidence demonstrates that non-amyloidogenic FL LCs are
kinetically stable, meaning that they denature relatively slowly. Low levels of kinetically
stable FL LCs are secreted as a byproduct of antibody production and secretion. In contrast,
FL LCs secreted from AL patient clonal plasma cells are kinetically less stable, i.e., they
denature relatively quickly (Figure 3) [58]. These protein chemistry attributes are important
because the small molecule stabilizers we are developing impose kinetic stabilization on the
amyloidogenic FL LCs by binding of a stabilizer molecule to the native state selectively
over the unfolding transition state (our stabilizers will also bind the kinetically stable FL
LCs secreted as a byproduct of antibody production). The selective binding of the native
state increases the free energy barrier for unfolding (AG*1s1; Figure 3) and thereby reduces
the rate of partial denaturation, aberrant proteolysis requiring partial denaturation, and

LC aggregation. Pharmacologic kinetic stabilization could be particularly relevant in AL
amyloidosis, where the LC half-life in the circulation is typically short, 2—4 h, because the
LCs are removed by the kidneys. Therefore, the system likely never reaches equilibrium.
Instead, the steady state concentration of non-native LCs is largely determined by the rate of
unfolding governed by AG*rs;. Pharmacological kinetic stabilization slows LC unfolding,
increasing the likelihood that the amyloidogenic LCs will be excreted by the kidneys before
unfolding or unfolding and misassembling—processes linked to organ toxicity.

4. Progress to Date: Structure-Based Small Molecule FL LC Stabilizer

Discovery

To develop FL LC kinetic stabilizers as drug candidates for AL, we needed to start

with molecules that could bind to the native state of FL LCs. In principle, high-affinity
binding of antibodies or other proteins could stabilize FL LCs. However, orally bioavailable
small molecule kinetic stabilizers have multiple advantages, including enhanced patient
compliance and very low drug cost once the pharmacological kinetic stabilizer goes off
patent. Therapeutic antibodies that have been investigated to clear amyloid do not bind to
the native FL LCs [78]. Using a FL LC native state binding antibody is challenging because
the high molecular weight of the antibody:LC complex could also prevent clearance of

LCs via the kidneys. Moreover, the majority of LC molecules would need to be engaged

in vivo, requiring a high therapeutic antibody concentration. Additionally, a stabilizing
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antibody would need to selectively bind only to free LCs, to prevent formation of poly-
antibody immune complexes. Although these challenges are not insurmountable, we decided
to focus on small molecule drugs instead of biologics. Our investigations of other small
molecules that had previously been identified by the Deutsch and Eisenberg Labs as
potential inhibitors of LC aggregation suggest that these molecules do not act as FL LC
native state stabilizers [60,61,79]. Importantly, we did not observe FL LC stabilization by
doxycycline, an antibiotic that has been proposed to inhibit amyloid formation and disrupt
pre-formed amyloid fibrils. Doxycycline has shown encouraging results in model systems
and clinical trials [80-82] but it is a pleiotropic molecule with several potential mechanisms
of action and our data do not support the hypothesis that doxycycline stabilizes the native
state of FL LCs.

We therefore turned to high throughput screening to identify small molecules that could
stabilize the native fold of FL LCs. Protein denaturation is required for proteases to bind
and cut proteins [31]. To measure the kinetic stabilization of amyloidogenic FL LCs
imposed by small molecule binding in vitro, we designed an assay that could be used in a
microplate format to detect protection of FL LCs from added proteases [60]. A recombinant
amyloidogenic FL LC was labeled with a fluorescent dye. Release of fluorophore-labeled
peptides by aberrant proteolysis was quantified by fluorescence polarization. From a
library of over 650,000 small molecules, this so-called “protease-coupled fluorescence
polarization” assay identified multiple small molecule stabilizer hits that reduced the
decrease in fluorescence polarization. These stabilizers were validated using a series of
counter screens. We excluded molecules that interfered with the fluorescence polarization
readout or inhibited proteinase K, the challenge protease used in this assay. Surviving were
small molecule FL LC stabilizer hits from five distinct structural families.

NMR spectroscopy, competition binding experiments, computational modeling and X-ray
crystallography consistently identified a small molecule binding site located between the
two V-regions, i.e., at the variable domain-variable domain interface in the FL LC dimer
(Figure 4) [60]. The binding site is comprised of residues that form the interface between
the LC and its heavy chain (HC) partner in antibodies. Thus, the FL LC residues that bind
the small molecule Kinetic stabilizers are highly conserved amongst FL LCs. Significantly,
the structure adopted by these residues in the FL LC homodimers is distinct from the
HC:LC interface in an intact antibody. No binding was observed between hit molecule

1 and a human antibody Fab (a dimer of the FL LC and HC VH-CH1 region). It would
have been difficult to identify the FL LC kinetic stabilizer binding site by computational
methods because its conformation differs in the small molecule kinetic stabilizer-FL LC
dimer complex versus the isolated FL LC dimer—the two variable domains move relative to
each other, opening a cavity in which the kinetic stabilizer can bind.

Although the hits from the screen exhibited modest dissociation constants, ~5 UM, they
demonstrated that pharmacologic stabilization of FL LCs could be achieved by binding to
this conserved variable domain-variable domain kinetic stabilizer binding site (Figure 4).
With multiple structures from screening hits to guide our efforts, we were able to design
new FL LC Kinetic stabilizers that were more potent [83,84]. To date, we have designed
and synthesized over 500 small molecules, the most potent of which exhibited single digit
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nanomolar ECgq values for FL LCs (Figure 4), data comparable to that exhibited by the
FDA-approved TTR Kinetic stabilizer tafamidis [85]. The increase in stabilizer binding
affinity translates into increased protection of unstable FL LCs against added proteases,
including isolated variable domains.

5. Potential Clinical Utility in AL

An efficacious, well-tolerated FL LC dimer small molecule kinetic stabilizer should
substantially reduce soluble non-native LC levels that appear to drive pathology in AL.

A FL LC small molecule kinetic stabilizer should also prevent newly secreted FL LCs from
adding to existing amyloid present in tissue. These combined attributes are expected to
benefit most if not all AL patients, particularly those who are very ill. Thus, we envision that
pre-treatment of patients with cardiac involvement with a pharmacologic Kinetic stabilizer
will improve their overall health sufficiently to allow them to better tolerate cytotoxic
anti-plasma cell eradication therapies.

Organ responses to therapy in AL correlate with deep hematological responses. However,
not all patients reach or sustain such a response (Table 1), even in the era of targeted agents
such as daratumumab [35]. Therefore, we envision FL LC kinetic stabilizers playing a
major role in improving the organ response of patients whose clonal cells do not completely
respond to therapy. In these patients, the low levels of destabilized FL LCs that continue

to be secreted will be rendered unable to misfold and misassemble by kinetic stabilizer
binding.

Although many patients now respond to current AL therapies, most remain at risk of relapse.
The clonal plasma cells in AL are less proliferative than those that cause myeloma, so
rapid relapse appears to be rare, although transition to overt myeloma is possible [86].
Instead, progression of symptoms appears to be driven by creation of new amyloid fibrils
or growth of residual deposits. No well-defined criteria have been determined for relapse
after hematologic response. This is partly because it is not possible to predict how existing
amyloid deposits will respond to new soluble LCs. There is significant debate over the
optimal way to treat patients whose amyloidogenic FL LC levels begin to increase after a
period of remission, since the cytotoxic therapies are expensive, difficult to tolerate, and
are prone to generate resistance [39,87,88]. We hypothesize that the concentration of non-
native monoclonal LCs determines the risk of relapse or progressive loss of organ function.
Pharmacologic FL LC Kinetic stabilization could extend remission and allow patients to
maintain their quality of life by substantially reducing these non-native LC levels, even if
clonal plasma cell levels slowly increase over time.

Because LCs appear to play no role in plasma cell proliferation after secretion, we predict
that mutations in LC genes that disrupt small molecule binding will not confer a selective
advantage to the plasma cells producing them. Therefore, resistance to FL LC small
molecule Kinetic stabilizer therapy is unlikely to develop.
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6. Considerations for Using FL LC Kinetic Stabilizers

Although FL LC dimers have no known function in vivo, the potential adverse effects

of stabilizing these well-defined structures are not known. The circulation of stable LCs

in asymptomatic monoclonal gammopathy or even in multiple myeloma indicates that the
therapeutic window for stabilization should not be a problem. Clinical experience with TTR
stabilizers is also encouraging in this regard. However, caution is warranted because animal
models of AL do not recapitulate all features of the disease and only human clinical trials
can reveal unexpected toxic mechanisms. The pM concentrations of a pharmacological FL
LC kinetic stabilizer that would be required to stabilize all FL LC dimers in circulation
means that a candidate would need to display an exemplary safety profile to be highly
useful.

Light chains are cleared by the kidneys [89,90], and renal involvement occurs in two-thirds
of AL patients [25]. Therefore, investigating the effect of LC stabilization on renal function
will be important. Individuals with healthy kidney function are expected to metabolize
stabilized LCs normally within tubular epithelial cells, assuming that renal blood flow

and glomerular filtration are maintained at sufficient levels. For AL patients who have
reduced renal function, LCs may be excreted intact as BJPs and not contribute further to
pathology. However, it is possible that kinetic stabilizer-bound FL LCs will be proteolyzed
and/or excreted more slowly by the kidney, leading to accumulation and kidney damage by
non-amyloid mechanisms.

While preliminary results argue against this possibility [60], kinetic stabilizers of FL LCs
could possibly reduce the folding and secretion of antibodies in healthy plasma cells by
enabling more FL LC secretion by way of a pharmacologic chaperoning mechanism. In
other words, if the FL LC kinetic stabilizer substantially enhanced the amount of FL LC
dimer that is normally secreted along with antibodies, at the expense of antibody assembly
and secretion, this could be problematic in normal plasma cells [91]. However, biosynthetic
studies in myeloma cells producing intact IgG’s revealed relatively balanced synthesis of
HC and LC (as would be the case in normal antibody producing plasma cells) and indicate
that the binding of LC to HC is relatively efficient [92]. Similarly, the thermal stability of
antibody Fabs is typically higher than that of homodimeric BJPs.

Kinetic stabilizers could render proteasome inhibitors less effective at killing the plasma
cell clone, because pharmacologic stabilization of FL LCs within the endoplasmic reticulum
of a plasma cell clone may reduce proteostatic stress, which could potentially reduce the
sensitivity of plasma cells to bortezomib or analogous drugs [93].

These potential challenges are important to consider in any eventual clinical trial of FL LC
kinetic stabilizers.

7. Conclusions and Perspective

Unfolding of FL LC dimers, and in some cases their subsequent aberrant proteolysis
products, appears to be required for LC misassembly into a spectrum of soluble non-native
structures that are responsible for organ toxicity in AL amyloidosis. Pharmacological
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stabilization of the FL LC dimer native state should suppress formation of toxic non-native
LC species, thereby benefiting patients. The lower than desired rate of organ response after
apparently successful clonal plasma cell eradication is envisioned to result from a small
population of plasma cells that continue to secrete the amyloidogenic FL LC. We have
pharmacologically stabilized sequence diverse FL LCs against unfolding or unfolding and
proteolysis because binding utilizes highly conserved FL LC amino acid residues. The
transthyretin Kinetic stabilizer tafamidis was the first regulatory agency approved drug to
show clinical benefit [13,94] in transthyretin amyloidosis, followed by demonstration of the
efficacy of the TTR “silencing” drugs of Alnylam and lonis [95,96]. In AL, the efficacy

of FL LC lowering drugs was demonstrated first (i.e., clonal plasma cell eradicators) and

it stands to reason that the FL LC kinetic stabilizers will also be effective. Now, TTR
amyloidosis trials are underway to evaluate the added benefit to the patient of using a kinetic
stabilizer and a TTR lowering agent, and we expect that, in a similar fashion, FL LC kinetic
stabilizers will complement the existing clonal plasma cell eradication therapies for AL.

Acknowledgments:

This work has benefited from extremely useful pre-experiment discussions with Giampaolo Merlini, and post-data
discussions with Giovanni Palladini, Vaishali Sanchorawalla, Eli Muchtar, Raymond Comenzo and Giampaolo
Merlini; as well as consultations with Xin Jiang and Richard Labaudiniere at Protego Biopharma.

Funding:
This research was funded by the National Institutes of Health, grant numbers R01 HL57566 and R01 DK46335;
and the Charles J. Brown Amyloid Center Research Fund of the Amyloidosis Center, Boston University School of
Medicine.

References

1. Merlini G; Dispenzieri A; Sanchorawala V; Schénland SO; Palladini G; Hawkins PN; Gertz MA
Systemic Immunoglobulin Light Chain Amyloidosis. Nat. Rev. Dis. Prim 2018, 4, 1-19. [PubMed:
29930242]

2. Glenner G; Harbaugh J; Ohms J; Harada M; Cuatrecasas P An amyloid protein: The amino-terminal
variable fragment of an immunoglobulin light chain. Biochem. Biophys. Res. Commun 1970, 41,
1287-1289. [PubMed: 4099001]

3. 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.
Investig 1973, 52, 1276-1281. [PubMed: 4700495]

4. Glenner GG; Terry W, Harada M; Isersky C; Page D Amyloid Fibril Proteins: Proof of Homology
with Immunoglobulin Light Chains by Sequence Analyses. Science 1971, 172, 1150-1151.
[PubMed: 4102463]

5. 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, 712-714. [PubMed: 5123421]

6. Buxbaum J Mechanisms of disease: Monoclonal immunoglobulin deposition. Amyloidosis, light
chain deposition disease, and light and heavy chain deposition disease. Hematol. Clin. N. Am 1992,
6, 323-346.

7. Olsen KE; Sletten K; Westermark P Fragments of the constant region of immunoglobulin light
chains are constituents of AL-amyloid proteins. Biochem. Biophys. Res. Commun 1998, 251, 642—
647. [PubMed: 9792827]

8. Glenner GG Amyloid deposits and amyloidosis. The beta-fibrilloses (first of two parts). N. Engl. J.
Med 1980, 302, 1283-1292. [PubMed: 6154243]

Hemato. Author manuscript; available in PMC 2022 June 23.



Morgan et al. Page 11

9. Gallo G; Gofii F; Boctor F; Vidal R; Kumar A; Stevens FJ; Frangione B; Ghiso J Light chain
cardiomyopathy. Structural analysis of the light chain tissue deposits. Am. J. Pathol 1996, 148,
1397-1406. [PubMed: 8623912]

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Linke RP; Tischendorf FW; Zucker-Franklin D; Franklin EC The formation of amyloid-like fibrils
in vitro from Bence Jones Proteins of the VVIambdal subclass. J. Immunol 1973, 111, 24-26.
[PubMed: 4123371]

Jones N; Hilton P; Tighe J; Hobbs J Treatment Of “Primary” Renal Amyloidosis with Melphalan.
Lancet 1972, 300, 616-619.

Dubrey S; Mendes L; Skinner M; Falk RH Resolution of Heart Failure in Patients with AL
Amyloidosis. Ann. Intern. Med 1996, 125, 481. [PubMed: 8779461]

Maurer MS; Schwartz JH; Gundapaneni B; Elliott PM; Merlini G; Waddington-Cruz M; Kristen
AV; Grogan M; Witteles R; Damy T; et al. Tafamidis Treatment for Patients with Transthyretin
Amyloid Cardiomyopathy. N. Engl. J. Med 2018, 379, 1007-1016. [PubMed: 30145929]

Liao R; Jain M; Teller P; Connors L; Ngoy S; Skinner M; Falk RH; Apstein CS Infusion of Light
Chains From Patients With Cardiac Amyloidosis Causes Diastolic Dysfunction in Isolated Mouse
Hearts. Circulation 2001, 104, 1594-1597. [PubMed: 11581134]

Guan J; Mishra S; Shi J; Plovie E; Qiu Y; Cao X; Gianni D; Jiang B; Del Monte F; Connors LH;
et al. Stanniocalcinl is a key mediator of amyloidogenic light chain induced cardiotoxicity. Basic
Res. Cardiol 2013, 108, 378. [PubMed: 23982491]

Lavatelli F; Imperiini E; Orru S; Rognoni P; Sarnataro D; Palladini G; Malpasso G; Soriano ME;
Di Fonzo A; Valentini V; et al. Novel mitochondrial protein interactors of immunoglobulin light
chains causing heart amyloidosis. FASEB J. 2015, 29, 4614-4628. [PubMed: 26220173]
Imperlini E; Gnecchi M; Rognoni P; Sabid6 E; Ciuffreda MC; Palladini G; Espadas G; Mancuso F;
Bozzola M; Malpasso G; et al. Proteotoxicity in cardiac amyloidosis: Amyloidogenic light chains
affect the levels of intracellular proteins in human heart cells. Sci. Rep 2017, 7, 1-19. [PubMed:
28127051]

Mishra S; Joshi S; Ward JE; Buys EP; Mishra D; Morgado I; Fisch S; Lavatelli F; Merlini G;
Dorbala S; et al. Zebrafish model of amyloid light chain cardiotoxicity: Regeneration versus
degeneration. Am. J. Physiol. Circ. Physiol 2019, 316, H1158-H1166.

Shi J; Guan J; Jiang B; Brenner DA; del Monte F; Ward J; Connors L; Sawyer DB; Semigran MJ;
Macgillivray TE; et al. Amyloidogenic light chains induce cardiomyocyte contractile dysfunction
and apoptosis via a non-canonical p38 MAPK pathway. Proc. Natl. Acad Sci. USA 2010, 107,
4188-4193. [PubMed: 20150510]

Pepys MB; Booth DR; Hutchinson WL; Gallimore JR; Collins IM; Hohenester E Amyloid P
component. A critical review. Amyloid 1997, 4, 274-295.

Lavatelli F; Perlman DH; Spencer B; Prokaeva T; McComb ME; Théberge R; Connors L; Bellotti
V; Seldin DC; Merlini G; et al. Amyloidogenic and Associated Proteins in Systemic Amyloidosis
Proteome of Adipose Tissue. Mol. Cell. Proteom 2008, 7, 1570-1583.

Ami D; Lavatelli F; Rognoni P; Palladini G; Raimondi S; Giorgetti S; Monti L; Doglia SM;
Natalello A; Merlini G In situ characterization of protein aggregates in human tissues affected by
light chain amyloidosis: A FTIR microspectroscopy study. Sci. Rep 2016, 6, 29096. [PubMed:
27373200]

Ren R; Hong Z; Gong H; Laporte K; Skinner M; Seldin DC; Costello C; Connors L; Trinkaus-
Randall V Role of Glycosaminoglycan Sulfation in the Formation of Immunoglobulin Light Chain
Amyloid Oligomers and Fibrils. J. Biol. Chem 2010, 285, 37672-37682. [PubMed: 20870723]
Gallo GR; Lazowski P; Kumar A; Vidal R; Baldwin DS; Buxbaum JN Renal and cardiac
manifestations of B-cell dyscrasias with nonamyloidotic monoclonal light chain and light and
heavy chain deposition diseases. Adv. Nephrol. Necker Hosp 1998, 28, 355-382. [PubMed:
9889999]

Palladini G; Dispenzieri A; Gertz MA; Kumar S; Wechalekar A; Hawkins PN; Schonland

S; Hegenbart U; Comenzo R; Kastritis E; et al. New Criteria for Response to Treatment in
Immunoglobulin Light Chain Amyloidosis Based on Free Light Chain Measurement and Cardiac
Biomarkers: Impact on Survival Outcomes. J. Clin. Oncol 2012, 30, 4541-4549. [PubMed:
23091105]

Hemato. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 12

Snozek CLH; A Katzmann J; A Kyle R; Dispenzieri A; Larson DR; Therneau TM; Melton LJ;
Kumar S; Greipp PR; Clark RJ; et al. Prognostic value of the serum free light chain ratio in newly
diagnosed myeloma: Proposed incorporation into the international staging system. Leukemia 2008,
22,1933-1937. [PubMed: 18596742]

Mendelson L; Shelton A; Brauneis D; Sanchorawala V AL Amyloidosis in Myeloma: Red Flag
Symptoms. Clin. Lymphoma Myeloma Leuk 2020, 20, 777-778. [PubMed: 32631780]

Sathick 1J; Drosou ME; Leung N Myeloma light chain cast nephropathy, a review. J. Nephrol 2019,
32, 189-198. [PubMed: 29730782]

Solomon A; Weiss DT; Kattine AA Nephrotoxic Potential of Bence Jones Proteins. N. Engl. J.
Med 1991, 324, 1845-1851. [PubMed: 1904132]

Diomede L; Rognoni P; Lavatelli F; Romeo M; DEL Favero E; Cantu L; Ghibaudi E; Di Fonzo A;
Corbelli A; Fiordaliso F; et al. A Caenorhabditis elegans—based assay recognizes immunoglobulin
light chains causing heart amyloidosis. Blood 2014, 123, 3543-3552. [PubMed: 24665135]

Park C; Marqusee S Probing the High Energy States in Proteins by Proteolysis. J. Mol. Biol 2004,
343, 1467-1476. [PubMed: 15491624]

Reixach N; Deechongkit S; Jiang X; Kelly JW; Buxbaum JN Tissue damage in the amyloidoses:
Transthyretin monomers and nonnative oligomers are the major cytotoxic species in tissue culture.
Proc. Natl. Acad. Sci. USA 2004, 101, 2817-2822. [PubMed: 14981241]

Kayed R; Head E; Thompson JL; Mclntire TM; Milton SC; Cotman CW; Glabe CG Common
Structure of Soluble Amyloid Oligomers Implies Common Mechanism of Pathogenesis. Science
2003, 300, 486-489. [PubMed: 12702875]

Selkoe DJ; Hardy J The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med
2016, 8, 595-608. [PubMed: 27025652]

Kastritis E; Palladini G; Minnema MC; Wechalekar AD; Jaccard A; Lee HC; Sanchorawala

V; Gibbs S; Mollee P; \enner CP; et al. Daratumumab-Based Treatment for Immunoglobulin
Light-Chain Amyloidosis. N. Engl. J. Med 2021, 385, 46-58. [PubMed: 34192431]

Szalat R; Sarosiek S; Havasi A; Brauneis D; Sloan JM; Sanchorawala V Organ responses after
highdose melphalan and stemcell transplantation in AL amyloidosis. Leukemia 2021, 35, 916—
919. [PubMed: 32737434]

Weiss BM; Wong SW; Comenzo RL Beyond the plasma cell: Emerging therapies for
immunoglobulin light chain amyloidosis. Blood 2016, 127, 2275-2280. [PubMed: 26907632]
Manwani R; Cohen O; Sharpley F; Mahmood S; Sachchithanantham S; Foard D; Lachmann HJ;
Quarta C; Fontana M; Gillmore JD; et al. A prospective observational study of 915 patients

with systemic AL amyloidosis treated with upfront bortezomib. Blood 2019, 134, 2271-2280.
[PubMed: 31578202]

Palladini G; Milani P; Merlini G Management of AL amyloidosis in 2020. Blood 2020, 136,
2620-2627. [PubMed: 33270858]

Milani P; Sharpley F; Schénland SO; Basset M; Mahmood S; Nuvolone M; Kimmich C;

Foli A; Sachchithanantham S; Merlini G; et al. Pomalidomide and dexamethasone grant rapid
haematologic responses in patients with relapsed and refractory AL amyloidosis: A European
retrospective series of 153 patients. Amyloid 2020, 27, 231-236. [PubMed: 32449385]

Kastritis E; Leleu X; Arnulf B; Zamagni E; Cibeira MT; Kwok F; Mollee P; Hajek R; Moreau

P; Jaccard A; et al. Bortezomib, Melphalan, and Dexamethasone for Light-Chain Amyloidosis. J.
Clin. Oncol 2020, 38, 3252-3260. [PubMed: 32730181]

Sanchorawala V; Sarosiek S; Schulman A; Mistark M; Migre ME; Cruz R; Sloan JM; Brauneis D;
Shelton AC Safety, tolerability, and response rates of daratumumab in relapsed AL amyloidosis:
Results of a phase 2 study. Blood 2020, 135, 1541-1547. [PubMed: 31978210]

Roussel M; Merlini G; Chevret S; Arnulf B; Stoppa AM; Perrot A; Palladini G; Karlin L; Royer
B; Huart A; et al. A prospective phase 2 trial of daratumumab in patients with previously treated
systemic light-chain amyloidosis. Blood 2020, 135, 1531-1540. [PubMed: 32108228]
Dispenzieri A; Kastritis E; Wechalekar AD; Schénland SO; Kim K; Sanchorawala V; Landau HJ;
Kwok F; Suzuki K; Comenzo RL; et al. A randomized phase 3 study of ixazomib—Dexamethasone
versus physician’s choice in relapsed or refractory AL amyloidosis. Leukemia 2021, 1-11,
10.1038/s41375-021-01317-y.

Hemato. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan et al.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 13

Staron A; Zheng L; Doros G; Connors LH; Mendelson LM; Joshi T; Sanchorawala V Marked
progress in AL amyloidosis survival: A 40-year longitudinal natural history study. Blood Cancer J.
2021, 11, 1-10. [PubMed: 33414374]

Muchtar E; Gertz MA; Lacy MQ; Go RS; Buadi FK; Dingli D; Grogan M; AbouEzzeddine OF;
Hayman SR; Kapoor P; et al. Ten-year survivors in AL amyloidosis: Characteristics and treatment
pattern. Br. J. Haematol 2019, 187, 588-594. [PubMed: 31298751]

Bradwell AR; Carr-Smith HD; Mead GP; Harvey TC; Drayson M Serum test for assessment of
patients with Bence Jones myeloma. Lancet 2003, 361, 489-491. [PubMed: 12583950]

Palladini G; Schonland SO; Sanchorawala V; Kumar S; Wechalekar A; Hegenbart U; Milani

P; Ando Y; Westermark P; Dispenzieri A; et al. Clarification on the definition of complete
haematologic response in light-chain (AL) amyloidosis. Amyloid 2021, 28, 1-2. [PubMed:
33410355]

Sidana S; Dispenzieri A; Murray DL; Go RS; Buadi FK; Lacy MQ); Gonsalves WI; Dingli D;
Warsame R; Kourelis T; et al. Revisiting complete response in light chain amyloidosis. Leukemia
2020, 34, 1472-1475. [PubMed: 31772296]

Mills JR; Kohlhagen MC; Dasari S; Vanderboom PM; Kyle RA; Katzmann JA; Willrich MA,;
Barnidge DR; Dispenzieri A; Murray DL Comprehensive Assessment of M-Proteins Using
Nanobody Enrichment Coupled to MALDI-TOF Mass Spectrometry. Clin. Chem 2016, 62, 1334—
1344. [PubMed: 27540026]

Dispenzieri A; Arendt B; Dasari S; Kohlhagen M; Kourelis T; Kumar SK; Leung N; Muchtar E;
Buadi FK; Warsame R; et al. Blood mass spectrometry detects residual disease better than standard
techniques in light-chain amyloidosis. Blood Cancer J. 2020, 10, 1-5. [PubMed: 31915364]

Kumar S; Paiva B; Anderson KC; Durie B; Landgren O; Moreau P; Munshi N; Lonial S; Bladé

J; Mateos M-V, et al. International Myeloma Working Group consensus criteria for response and
minimal residual disease assessment in multiple myeloma. Lancet Oncol. 2016, 17, e328—e346.
[PubMed: 27511158]

Staron A; Burks EJ; Lee JC; Sarosiek S; Sloan JM; Sanchorawala V Assessment of minimal
residual disease using multiparametric flow cytometry in patients with AL amyloidosis. Blood
Adv. 2020, 4, 880-884. [PubMed: 32130406]

Muchtar E; Dispenzieri A; Jevremovic D; Dingli D; Buadi FK; Lacy MQ; Gonsalves W; Warsame
R; Kourelis TV; Hayman SR; et al. Survival impact of achieving minimal residual negativity

by multi-parametric flow cytometry in AL amyloidosis. Amyloid 2020, 27, 13-16. [PubMed:
31544536]

Paiva BDL; Vidriales M-B; Pérez JJ; Lopez-Berges M-C; Garcia-Sanz R; Ocio EM; Heras NDL;
Cuello R; De Coca AG; Pardal E; et al. The clinical utility and prognostic value of multiparameter
flow cytometry immunophenotyping in light-chain amyloidosis. Blood 2011, 117, 3613-3616.
[PubMed: 21266717]

Sarosiek S; Varga C; Jacob A; Fulciniti MT; Munshi N; Sanchorawala V Detection of minimal
residual disease by next generation sequencing in AL amyloidosis. Blood Cancer J. 2021, 11, 1-4.
[PubMed: 33414374]

Maritan M; Romeo M; Oberti L; Sormanni P; Tasaki M; Russo R; Ambrosetti A; Motta P;
Rognoni P; Mazzini G; et al. Inherent Biophysical Properties Modulate the Toxicity of Soluble
Amyloidogenic Light Chains. J. Mol. Biol 2020, 432, 845-860. [PubMed: 31874151]

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, 4280-4297. [PubMed: 27569045]

Morgan GJ; Usher G; 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, 6597-6614. [PubMed: 29200282]

Morgan GJ; Yan NL; Mortenson DE; Rennella E; Blundon JM; Gwin RM; Lin C-Y; Stanfield RL;
Brown SJ; Rosen H; et al. Stabilization of amyloidogenic immunoglobulin light chains by small
molecules. Proc. Natl. Acad. Sci. USA 2019, 116, 8360-8369. [PubMed: 30971495]

Hemato. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 14

Brumshtein B; Esswein SR; Salwinski L; Phillips ML; Ly AT; Cascio D; Sawaya MR; Eisenberg
DS Inhibition by small-molecule ligands of formation of amyloid fibrils of an immunoglobulin
light chain variable domain. Elife 2015, 4, e10935. [PubMed: 26576950]

Bellotti V; Mangione P; Merlini G Review: Immunoglobulin Light Chain Amyloidosis—The
Archetype of Structural and Pathogenic Variability. J. Struct. Biol 2000, 130, 280-289. [PubMed:
10940232]

Perfetti \/; Ubbiali P; Vignarelli MC; Diegoli M; Fasani R; Stoppini M; Lisa A; Mangione P; Obici
L; Arbustini E; et al. Evidence that amyloidogenic light chains undergo antigen-driven selection.
Blood 1998, 91, 2948-2954. [PubMed: 9531605]

Bodi K; Prokaeva T; Spencer B; Eberhard M; Connors L; Seldin DC AL-Base: A visual platform
analysis tool for the study of amyloidogenic immunoglobulin light chain sequences. Amyloid
2009, 16, 1-8. [PubMed: 19291508]

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 2019, 116, 854-863.
[PubMed: 30598439]

Kumar S; Murray D; Dasari S; Milani P; Barnidge D; Madden B; Kourelis T; Arendt B; Merlini G;
Ramirez-Alvarado M; et al. Assay to rapidly screen for immunoglobulin light chain glycosylation:
A potential path to earlier AL diagnosis for a subset of patients. Leukemia 2018, 33, 254-257.
[PubMed: 29977017]

Stevens FJ Four structural risk factors identify most fibril-forming kappa light chains. Amyloid
2000, 7, 200-211. [PubMed: 11019861]

Connors LH; Jiang Y; Budnik M; Théberge R; Prokaeva T; Bodi KL; Skinner M Heterogeneity in
primary structure, post-translational modifications, and germline gene usage of nine full-length
amyloidogenic kappal immunoglobulin light chains. Biochemistry 2007, 46, 14259-14271.
[PubMed: 18004879]

Radamaker L; Lin Y-H; Annamalai K; Huhn S; Hegenbart U; Schénland SO; Fritz G; Schmidt M;
Féndrich M Cryo-EM structure of a light chain-derived amyloid fibril from a patient with systemic
AL amyloidosis. Nat. Commun 2019, 10, 1-8. [PubMed: 30602773]

Swuec P; Lavatelli F; Tasaki M; Paissoni C; Rognoni P; Maritan M; Brambilla F; Milani P; Mauri
P; Camilloni C; et al. Cryo-EM structure of cardiac amyloid fibrils from an immunoglobulin light
chain AL amyloidosis patient. Nat. Commun 2019, 10, 1-9. [PubMed: 30602773]

Radamaker L; Baur J; Huhn S; Haupt C; Hegenbart U; Schénland S; Bansal A; Schmidt M;
Fandrich M Cryo-EM reveals structural breaks in a patient-derived amyloid fibril from systemic
AL amyloidosis. Nat. Commun 2021, 12, 1-10. [PubMed: 33397941]

Blancas-Mejia 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. [PubMed: 26263488]

Lavatelli F; Mazzini G; Ricagno S; lavarone F; Rognoni P; Milani P; Nuvolone M; Swuec P;
Caminito S; Tasaki M; 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,
16572-16584. [PubMed: 32952127]

Mazzini G; Ricagno S; Caminito S; Rognoni P; Milani P; Nuvolone M; Basset M; Foli A; Russo
R; Merlini G; et al. Protease-sensitive regions in amyloid light chains: What a common pattern of
fragmentation across organs suggests about aggregation. FEBS J. 2021, 10.1111/febs.16182.
Schmidt M; Wiese S; Adak V; Engler J; Agarwal S; Fritz G; Westermark P; Zacharias M; Féndrich
M Cryo-EM structure of a transthyretin-derived amyloid fibril from a patient with hereditary
ATTR amyloidosis. Nat. Commun 2019, 10, 1-9. [PubMed: 30602773]

Blancas-Mejia LM; Ramirez-Alvarado M Recruitment of Light Chains by Homologous and
Heterologous Fibrils Shows Distinctive Kinetic and Conformational Specificity. Biochemistry
2016, 55, 2967-2978. [PubMed: 27158939]

Kabat EA Sequences of Proteins of Immunological Interest, 5th ed.; US Department of Health and
Human Services, Public Health Service, National Institutes of Health: Bethesda, MD, USA, 1991.

Hemato. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan et al.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 15

Hrncic R; Wall J; Wolfenbarger DA; Murphy CL; Schell M; Weiss DT; Solomon A Antibody-
Mediated Resolution of Light Chain-Associated Amyloid Deposits. Am. J. Pathol 2000, 157,
1239-1246. [PubMed: 11021828]

Morgan G Barriers to Small Molecule Drug Discovery for Systemic Amyloidosis. Molecules 2021,
26, 3571. [PubMed: 34208058]

Cardoso I; Merlini G; Saraiva MJ 4’-iodo-4’-deoxydoxorubicin and tetracyclines disrupt
transthyretin amyloid fibrils in vitro producing noncytotoxic species: Screening for TTR fibril
disrupters. FASEB J. 2003, 17, 803-809. [PubMed: 12724338]

Ward JE; Ren R; Toraldo G; SooHoo P; Guan J; O’Hara C; Seldin DC Doxycycline reduces
fibril formation in a transgenic mouse model of AL amyloidosis. Blood 2011, 118, 6610-6617.
[PubMed: 21998211]

D’Souza A; Szabo A; Flynn KE; Dhakal B; Chhabra S; Pasquini MC; Weihrauch D; Hari

PN Adjuvant doxycycline to enhance anti-amyloid effects: Results from the dual phase 2 trial.
EClinicalMedicine 2020, 23, 100361. [PubMed: 32529175]

Yan NL; Santos-Martins D; Nair R; Chu A; Wilson 1A; Johnson KA; Forli S; Morgan GJ; Petrassi
HM; Kelly JW Discovery of Potent Coumarin-Based Kinetic Stabilizers of Amyloidogenic
Immunoglobulin Light Chains Using Structure-Based Design. J. Med. Chem 2021, 64, 6273-
6299. [PubMed: 33939422]

Yan NL; Santos-Martins D; Rennella E; Sanchez BB; Chen JS; Kay LE; Wilson IA; Morgan GJ;
Forli S; Kelly JW Structural basis for the stabilization of amyloidogenic immunoglobulin light
chains by hydantoins. Bioorganic Med. Chem. Lett 2020, 30, 127356.

Bulawa CE; Connelly S; DeVit M; Wang L; Weigel C; Fleming JA; Packman J; Powers E;
Wiseman L; Foss TR; et al. Tafamidis, a potent and selective transthyretin kinetic stabilizer

that inhibits the amyloid cascade. Proc. Natl. Acad. Sci. USA 2012, 109, 9629-9634. [PubMed:
22645360]

Arendt BK; Ramirez-Alvarado M; Sikkink LA; Keats JJ; Ahmann GJ; Dispenzieri A; Fonseca
R; Ketterling RP; Knudson RA; Mulvihill EM; et al. Biologic and genetic characterization of
the novel amyloidogenic lambda light chain—secreting human cell lines, ALMC-1 and ALMC-2.
Blood 2008, 112, 1931-1941. [PubMed: 18567838]

Palladini G; Merlini G When should treatment of AL amyloidosis start at relapse? Early, to prevent
organ progression. Blood Adv. 2019, 3, 212-215. [PubMed: 30670537]

Sanchorawala V Delay treatment of AL amyloidosis at relapse until symptomatic: Devil is in the
details. Blood Adv. 2019, 3, 216-218. [PubMed: 30670538]

Waldmann TA,; Strober W; Mogielnicki RP The renal handling of low molecular weight proteins.
I1. Disorders of serum protein catabolism in patients with tubular proteinuria, the nephrotic
syndrome, or uremia. J. Clin. Investig 1972, 51, 2162-2174. [PubMed: 5054468]

Basnayake K; Stringer SJ; Hutchison CA; Cockwell P The biology of immunoglobulin free light
chains and kidney injury. Kidney Int. 2011, 79, 1289-1301. [PubMed: 21490587]

Feige M; Hendershot LM; Buchner J How antibodies fold. Trends Biochem. Sci 2010, 35, 189-
198. [PubMed: 20022755]

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, 148-162. [PubMed: 5508244]

Oliva L; Orfanelli U; Resnati M; Raimondi A; Orsi A; Milan E; Palladini G; Milani P; Cerruti
F; Cascio P; et al. The amyloidogenic light chain is a stressor that sensitizes plasma cells to
proteasome inhibitor toxicity. Blood 2017, 129, 2132-2142. [PubMed: 28130214]

Coelho T; Maia L; da Silva AM; Cruz MW; Planté-Bordeneuve V; Lozeron P; Suhr O;
Campistol JM; Conceicao I; Schmidt HH-J; et al. Tafamidis for transthyretin familial amyloid
polyneuropathy: A randomized, controlled trial. Neurology 2012, 79, 785-792. [PubMed:
22843282]

Benson MD; Waddington-Cruz M; Berk JL; Polydefkis M; Dyck PJ; Wang AK; Planté-
Bordeneuve V; Barroso FA; Merlini G; Obici L; et al. Inotersen Treatment for Patients with
Hereditary Transthyretin Amyloidosis. N. Engl. J. Med 2018, 379, 22-31. [PubMed: 29972757]

Hemato. Author manuscript; available in PMC 2022 June 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Morgan et al.

96. Adams D; Gonzalez-Duarte A; O’Riordan WD; Yang C-C; Ueda M; Kristen AV; Tournev
I; Schmidt HH; Coelho T; Berk JL; et al. Patisiran, an RNAi Therapeutic, for Hereditary
Transthyretin Amyloidosis. N. Engl. J. Med 2018, 379, 11-21. [PubMed: 29972753]

Hemato. Author manuscript; available in PMC 2022 June 23.

Page 16



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Morgan et al. Page 17

Monoclonal Free antibody
plasma cells light chain
P ®

...”“ B Stable, non-toxic

P ..9#. # LCs are gxcreted
.e’ - by the kidneys

¢C v

\
Existing treatments Unfolding l |— LN,CHOIO
eradicate plasma cells k
New therapeutic strategy:
Small molecule kinetic stabilizer
binding to prevent misfolding,
cytotoxicity and aggregation

Unfolded/misfolded
light chain

¢S

Proteolysis

\
r
,
>

/Fragments

@
— =
Cell death

Aggregation

Cytotoxicity

Amyloid fibrils

Figure 1.
Full-length immunoglobulin LC aggregation cascade thought to cause AL amyloidosis

pathology. Full-length immunoglobulin LC dimers secreted from clonal plasma cells
normally remain folded and are removed by glomerular filtration and tubular reabsorption
and degradation. However, unstable LCs exhibit an increased propensity to adopt non-
native, proteolytically labile conformations. These species or their proteolytic fragments are
predisposed to aggregate into a variety of non-native structures including amyloid fibrils,
which collectively destroy tissues that do not fully functionally recover. We propose that
stabilization of the native LC dimers will prevent their unfolding, thereby suppressing
formation of all pathological non-native species.
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(a) Variable domain
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Figure 2.
Light chain conformational changes associated with AL amyloid formation. (a) The

structures of LC variable domains, full-length LC dimers and an amyloid fibril are shown
from left to right. All LCs are derived from the /GLV6-57 precursor gene, which is over-
represented in AL. LC species are depicted as solvent-accessible surfaces (top) and ribbon
diagrams (bottom). (b) The peptide chain orientation around the conserved disulfide bond
between LC variable domain residues 22 and 89 (Kabat numbering).
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Figure 3.
Small molecule stabilizers enhance the thermodynamic and kinetic stability of FL LCs.

Schematic free energy diagram showing the relative stabilities of LC species. Energy
differences are not shown to scale. Fibril formation occurs due to self-association of non-
native states and therefore requires unfolding from the native state. Note that the stability
of the fibrils (AG;p) and the energy barrier to self-association (AG*tg,) are concentration
dependent. Thus, fibrils are favored at high non-native LC concentrations. Binding of a
small molecule stabilizer will shift the equilibrium defined by AGyjp, and AGs, g towards
the native state (blue arrows), however the rate of this process is likely to be very slow.
Therefore, small molecule kinetic stabilization—which increases the energy barrier for
unfolding, AG¥1g;—is likely to be the most important attribute for a successful FL LC
kinetic stabilizer drug candidate.
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Figure 4.
Development of more potent FL LC Kinetic stabilizers. Starting from the structure of

coumarin hit molecule 1 bound to a FL LC dimer, as well as the structures of other hit
kinetic stabilizers bound to FL LC dimers, we used the principles of structure-based design
to blueprint, dock and synthesize >500 novel molecules aimed at improving the affinity and
selectivity of our kinetic stabilizers for FL LC dimers. Our modular approach optimized

the indicated four regions of a kinetic stabilizer candidate somewhat independently, then

we combined the best performing substructures. Colors represent regions of the kinetic
stabilizers. (a) Structures and activities of example kinetic stabilizer molecules, numbered as
in Yan et al. [83]. ECsq values describe the concentration of Kinetic stabilizer necessary to
protect LCs from proteolysis. (b) Crystal structure of Compound 26 bound to a FL LC dimer
is shown. The C-regions are hidden in the bottom image for clarity.
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Summary of selected studies investigating the efficacy of different therapies in AL. In each study, organ
responses were observed in only a subset of patients in whom a hematological response (HR) was observed,
although deeper HRs are associated with higher rates of organ response. Median overall survival is shown
as a range for autologous stem cell transplant, from no hematologic response to a complete response. When
median overall survival was not reached, the maximum follow-up time is shown.

Number

Patient Renal Cardiac Median
Study Reference Treatment Dates Pat(i);ﬁts Status HR (CR) Response Response Survival
Autologous stem . 69% 0 0 _
Szalat et al. [36] cell transplant 2002-15 206 ND (28%) 54% 62% 3.7-145yr
Melphalan + 79%
Kastritis et al. [41] dexamethasone +  2011-16 53 ND (230/0) 44% 38% >50 mo
bortezomib °
Kastritis et al. Melphalan + 52% 0 o
(control) [41] dexamethasone 2011-16 56 ND (20%) 43% 28% 34 mo
CyBorD + 91.8%
ANDROMEDA [35] Daratumumab 2018-19 195 ND (53.3%) 53.0% 41.5% >20 mo
ANDROMEDA . 76.7% o o
(control) [35] CyBorD 2018-19 193 ND (18.1%) 23.9% 22.2% >20 mo
Sanchorawala et al. Daratumumab + 90%
[42] dexamethasone 2017-19 22 RR (41%) 67% 50% >28 mo
Daratumumab + 70%
Roussel et al. [43] dexamethasone 2018-19 40 RR (15%) 31% 29% >36 mo
- Pomalidomide + *
Milani et al. [40] dexamethasone 2009-18 153 RR 44% (3%) 20% 11% 29 mo
TOURMALINE-AL1 Ixazomib + 53%
[44] dexamethasone 2012-18 85 RR (26%) 28% 18% 34.8 mo

CyBorD, cyclophosphamide, bortezomib and dexamethasone; ND, newly diagnosed; RR relapsed/refractory disease; CR, complete hematological

response.

*
Pomalidomide can elevate the NT-proBMP biomarker used to evaluate cardiac response [40], so cardiac responses may be higher in patients

treated with this agent.
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