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Patients with plasma cell dyscrasias produce free abnormal monoclonal Ig light chains that circulate in the
blood stream. Some of them, termed glomerulopathic light chains, interact with the mesangial cells and
trigger, in a manner dependent of their structural and physicochemical properties, a sequence of patho-
logical events that results in either light chain-derived (AL) amyloidosis (AL-Am) or light chain deposition
disease (LCDD). The mesangial cells play a key role in the pathogenesis of both diseases. The interaction
with the pathogenic light chain elicits specific cellular processes, which include apoptosis, phenotype
transformation, and secretion of extracellular matrix components and metalloproteinases. Monoclonal
light chains associated with AL-Am but not those producing LCDD are avidly endocytosed by mesangial
cells and delivered to the mature lysosomal compartment where amyloid fibrils are formed. Light chains
from patients with LCDD exert their pathogenic signaling effect at the cell surface of mesangial cells. These
events are generic mesangial responses to a variety of adverse stimuli, and they are similar to those
characterizing other more frequent glomerulopathies responsible for many cases of end-stage renal
disease. The pathophysiologic events that have been elucidated allow to propose future therapeutic
approaches aimed at preventing, stopping, ameliorating, or reversing the adverse effects resulting from
the interactions between glomerulopathic light chains and mesangium.
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disease.” The kidney is one of the most frequently
affected organs in plasma cell dyscrasias.”" Renal
impairment is detected in up to 50% of patients
with MM at diagnosis, and at least 5% of them will
require dialysis treatment at one point of their clinical
course.”

T he past 2 decades have seen a continuous progress
in the way by which multiple myeloma (MM) and
other monoclonal gammopathies (MGs) are managed,
resulting in an increase in patient survival and
improvement in their quality of life." However, com-
plications derived from the pathogenic properties of

the abnormal monoclonal Ig still represent a challenge,
as they can deeply influence the clinical evolution and
outcome of the underlying disease.” Very often, in
addition to the intact monoclonal antibody, an exces-
sive amount of the antibody light chain (LC) is secreted
into the bloodstream, where it can be detected.
Depending on its structural properties, the circulating
free monoclonal LC can interfere with the normal
physiology of certain organs and systems, causing
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Signs and symptoms of renal damage can also be
found in patients in whom the circulating monoclonal
Ig is secreted by a non-overtly malignant plasma cell
clone, a disorder termed as MG of renal significance
(MGRS).>"” Patients with MGRS do not fulfill criteria
for MM or any other hematologic malignancy. In fact,
only 8% of patients with AL-Am and approximately
15% to 20% of those with LCDD have underlying MM
or other overt hematologic malignancies.” Furthermore,
only a small percentage of patients with MGRS exhibit
other than renal manifestations. These patients are
excellent candidates for renal-based therapeutic inter-
vention, now possible to be designed because of a
detailed understanding of pathophysiologic events that
occur in AL-Am and LCDD (Tables 1 and 2).>"”’
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Table 1. Key points to understand the renal pathobiology of glomerulopathic light chains

1. Patients with plasma cell dyscrasias produce abnormal monoclonal Ig light chains that circulate in the bloodsiream and can trigger different pathological events in the kidneys.

2. Circulating monoclonal light chains can interact with the mesangium and, depending on their structural and physicochemical characteristics, cause either LCDD or AL-Am.

3. Recent studies have led to a better understanding of the structural factors driving the propensity of the light chains fo form amyloid fibrils, opening the door for developing therapeutic

approaches aimed to inhibit fibril formation.

4. Studies performed using /n vifro, ex vivo, and in vivo experimental platforms have elucidated the sequence of pathological events triggered by the glomerulopathic light chains that lead fo
LCDD or AL-Am, permitting the design of pofential new therapeutic interventions at the kidney level.

5. Experimental dafa support the use of exogenous stem cells for glomerular regeneration as a strategy for repairing the damaged mesangium, although the information available is

preliminary, requiring further testing.

6. The similarity of the pathological events that lead to mesangial damage in the monoclonal gammopathies with those in other more frequent glomerulopathies responsible for many cases
of end-sfage renal disease makes some of the proposed therapeutic sirategies derived from the interactions of glomerulopathic light chains and the mesangium, such as sfem cell

therapy, applicable o other more common glomerular disorders.

AL-Am, light chain—derived amyloidosis; LCDD, light chain deposition disease.

The mechanism by which the monoclonal LCs cause
renal damage depends on their ability to interact with
different cell types and renal compartments. Some
monoclonal LCs are classified as tubulopathic LCs
(TLCs), as they exert their pathogenic activity in the

Table 2. Clinical characteristics of MGRS, MM, AL-Am, and LCDD
Disease Clone

Clinical definition Renal manifestation

4,5 ab

MGRS Any Any B-cell or plasma cell
clonal lymphoproliferation®
with both of the following
characteristics:

o One or more kidney lesions
that are related fo the pro-
duced monoclonal Ig

o The underlying B-cell or
plasma cell clone does not
cause tumor complications
or meet any current hema-
fological criteria for specific
therapy

MM Plasma  =10% plasma cells in bone ~ Most common: acute or subacute
cell marrow, M spike = 30g/L renal failure due to cast
and one or more CRAB nephropathy?®
features or biological
markers of malignancy®

AL-Am  Plasma  Sysfemic disorder with
cell multiorgan manifestations
and monoclonal light chain
fibril deposition
LCDD  Plasma  Systemic disorder with primary
cell renal involvement and
nonorganized monoclonal
light chain deposits

Various depending on lesion

Massive profeinuria’

Proteinuria and hypertension?

AL-Am, light chain—derived amyloidosis; CLL, chronic lymphocytic leukemia; CRAB
features, hypercalcemia, renal failure, anemia, bone disease; LCDD, light chain depo-
sition disease; MGRS, monoclonal gammopathy of renal significance; MM, multiple
myeloma.

The International Kidney and Monoclonal Gammopathy consensus definition of MGRS
includes all B-cell or plasma cell proliferative disorders (such as smouldering MM,
smouldering Waldenstrém macroglobulinemia, monoclonal B-cell lymphocytosis, low-
grade CLL, and low-grade B-cell non-Hodgkin lymphomas) that produce a nephro-
toxic monoclonal Ig.

PMGRS-associated disorders can affect 1 or more renal compartments. MGRS-
associated disorders that affect only the glomeruli: immunotactoid glomerulonephritis,
C3 glomerulopathy, and proliferative glomerulonephritis with monoclonal Ig deposits.
MGRS-associated disorders that affect only the proximal tubules: light-chain proximal
tubulopathy. MGRS-associated disorders that mainly involve the glomeruli but can
occasionally affect blood vessels: cryoglobulinemic glomerulonephritis. MGRS-
associated disorders that usually affect all renal compartments, including glomeruli,
vessels, and the tubule interstitium: Ig-related amyloidosis and monoclonal g deposition
disease.

“Biological markers of malignancy: (1) clonal bone marrow = 60%, (2) serum-free light
chain ratio greater than or equal to 100 provided involved free light chain level is 100
mg/l or higher, and (3) more than 1 focal lesion on magnetic resonance imaging.
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proximal tubules, causing 2 clinically different disor-
ders, Fanconi’s syndrome and myeloma (cast) ne-
phropathy.”® '” In contrast to this group, other LCs
can interact with components of the glomerulus, spe-
cifically with the mesangial cells (MCs) and cause
glomerular dysfunction. This group, termed glomer-
ulopathic LCs (GLCs), primarily produce 2 diametri-
cally opposite diseases in terms of their renal
pathology: AL-Am and LCDD.'""?

In AL-Am the monoclonal LC deposits in the
mesangial space in the form of an insoluble substance
named amyloid (Am), whose distinctive component is
nonbranching, randomly disposed fibrils of 7 to 13 nm
in diameter, but wvariable in length.”’13 Amyloid
deposition is accompanied by destruction of the
mesangial matrix that is ultimately replaced by fibrils.
As more fibrils deposit, the mesangial damage is
accentuated, with more cellular debris and apoptotic
MCs accumulating, a sequence of events that leads to
renal insufficiency by cumulative glomerular dam-
age.'”"” In contrast, in LCDD, the pathogenic LC de-
posits as nonordered, amorphous aggregates. This
triggers a number of events resulting in mesangial
expansion with increased extracellular matrix of
abnormal composition (rich in tenascin), often forming
mesangial nodules replacing the predominant collagen
IV matrix that is present in the normal mesangium.'® "’

The past few decades have seen the development
and implementation of several experimental platforms,
including animal models that accurately reproduce key
events of the renal diseases caused by GLCs.”” The
availability of such platforms has been critical for un-
derstanding the pathological processes that begin with
the interaction of the GLCs with the MC and eventually
lead to irreversible glomerular damage. The advance-
ment in the elucidation of the factors driving the pro-
pensity of the GLCs to form pathological aggregates, as
well as the unraveling of the structural characteristics of
these aggregates, have provided a much better under-
standing of the pathobiology involved.”" *” These
studies are paving the way to the development of
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innovative therapeutic strategies for repairing the dam-
age that such aggregation causes in glomeruli.””

This review article provides an integrated, global
view of the most recently published information
regarding the mechanisms by which the GLCs
impair renal function, and the structural factors that turn
the LCs glomerulopathic. Based on experimental
evidence, the mechanism by which MCs may promote LC
amyloid deposition is  discussed. Also, this
article highlights the key contribution of using different
experimental platforms for unraveling the sequence of
pathological events triggered by the interaction of GLCs
with the MCs (Figures 1 and 2).>” *” The progress and
challenges in designing and developing new therapeutic
approaches to prevent mesangial injury and repair/heal
the injured mesangium are also addressed.

Normal Catabolism of Polyclonal LCs

The LCs are 1 of the 2 types of polypeptide chains
composing the human antibodies and are classified into 2
types, kappa (K) and lambda (A). They are approximately
214 amino acids in length (~ 22 kDa of molecular weight)
and fold into 2 separate domains, the variable (V) and
the constant (C;) domain. Both domains adopt the B-
sandwich folding motif, typical of the Igs (Figure 3).2]
%% The sequence of the V; domain is encoded by 2
different gene segments, named V; and joining (J;) gene
segments, whereas the entire C;, domain is encoded by Cy,
gene segment. The set of gene segments encoding K LCs
resides in chromosome 2 (2p11.2),?’7 whereas those
encoding the A type locate at chromosome 22 (22q11.2).”*

The functional gene of the LC is assembled by the
rearrangement of the Vi, J, and C; gene segments
through a somatic recombination linked to B-cell
ontogeny.’” Approximately two-thirds of the B lym-
phocytes of the polyclonal repertoire in healthy in-
dividuals express an antibody of K type.

The serum of healthy individuals contains a small
amount of polyclonal free LCs, which originate from
the excess production of LCs over the heavy chains that
occurs in the normal B cells.”” This small pool of free
LCs is efficiently cleared from the blood, with a half-life
of 2 to 6 hours, mainly via renal catabolism. In normal
conditions, the kidneys catabolize approximately 50
mg per day of polyclonal LCs. Once filtered in the
glomerulus and delivered to the proximal tubules, the
polyclonal LCs are avidly endocytosed by the cubilin-
megalin receptor, a unique receptor for low molecular
weight proteins located at the microvillous surface of
the proximal tubular cells.”" *’ The LCs are catabolized
in the endosomes to short peptides and free amino acids
that are returned to the circulation for recycling. The
cubilin/megalin complex is also recycled to the plasma
membranes directly from the early endosomes via a
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1,43
The membrane-bound

rapid recycling pathway.”
early endosomes represent the major cellular sorting
station from which cargo molecules (in this case LCs)
can either be trafficked to late endosomes and/or ly-

sosomes for processing.

Pathogenic Aggregation of Monoclonal LCs

In patients with MGs, a monoclonal LC, either of K or A
type, is often overproduced and secreted in free state
into the bloodstream.”* This exposes the LC to the in-
fluence of environmental factors that can promote its
misfolding and aggregation.

LC aggregation is a complex phenomenon that re-
sults from the interplay between several factors, some
of them are protein-dependent, whereas others depend
on the biology of the individual where aggregation
occurs. Protein-dependent factors are those that
determine the intrinsic propensity of the LC to misfold
and aggregate, which is ultimately a function of LC
sequence. On the other hand, the intrinsic aggreg-
ability of the LC is modulated by factors of the bio-
logical microenvironment, as the composition of the
extracellular matrix,”” "’ biochemical and physiological
features of the cells of the targeted tissue,”**? the ef-
ficiency of the physiological mechanisms to regulate
pH,”" ionic strength,”’””” temperature,”””* and redox
status.”””° Also, the rate of synthesis of the monoclonal
LC by the abnormal plasma cell clone and the capability
of kidneys to catabolize and excrete it influence the
onset and progression of its deposition.

Sequence Diversity as a Driving Force of LC
Deposition

LC aggregation is linked to the pathogenesis of several
renal diseases, such as AL-Am, LCDD, myeloma (cast)
nephropathy, and Fanconi syndrome, among others. In
AL-Am, the LC deposits as fibrils characterized by an
ordered core formed by intermolecular B-sheets.”’*”**
In contrast, in LCDD it forms nonorganized amorphous
aggregates that, ultrastructurally, appear as electron-
dense granular, punctuate to powdery deposits.' """
myeloma (cast) nephropathy and Fanconi syndrome, the
LC forms intratubular casts in distal nephrons’’ and
intracytoplasmic crystals in proximal tubular cells,”
respectively. The ability to form aggregates that differ
widely in ultrastructural appearance and pathobiological
properties is a hallmark of the LCs’”*’ and largely re-
flects their marked sequence heterogeneity,”’ a direct
consequence of the mechanisms that generate a diverse
repertoire of polyclonal antibodies.””"'

In

Contribution of the V, Gene Segment to LC
Aggregation

There is evidence that the V; gene segment that en-
codes the LC influences its propensity to form amyloid,

Kidney International Reports (2020) 5, 1870-1893
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Figure 1. Light chain—derived amyloidosis (AL-Am). Comparison of findings in experimental platforms and renal biopsy of patient with AL-Am. (a)
Hematoxylin and eosin staining in renal biopsy from patient with AL-Am. Note the expanded mesangial areas with eosinophilic, amorphous
material replacing normal mesangial matrix (arrows). (b—d) Samples of renal tissue obtained from rats in vivo perfused with an amyloidogenic A
light chains (LCs) through penile vein. (b) Periodic acid—Schiff (PAS) stain showing expanded mesangial areas with similar eosinophilic,
amorphous material in some mesangial areas (arrows), as shown in (a). Original magnification x750. (c) Thioflavin T staining showing fluo-
rescence in areas with amyloid deposition. Original magnification x750. (d) Transmission electron microscopy (TEM) showing randomly
disposed, nonbranching 7- to 13-nm fibrils replacing normal mesangial matrix. Original magnification x18,500. (e) TEM micrograph showing
transformed mesangial cell (MC) with macrophage phenotype and surrounding amyloid fibrils in a renal biopsy of a patient with AL-Am. Sample
stained with uranyl and lead citrate. Original magnification x32,500. (f) TEM micrograph showing MC grown in Matrigel with amyloidogenic LC
for 72 hours. Formation of amyloid (arrow) by surrounding transformed MC (with macrophage phenotype, and normal MC [*]) on top with smooth
muscle phenotype not participating in the process of amyloid formation. (g) Magnified area shown with the arrow in (f). Sample stained with
uranyl and lead citrate stain. Original magnification is x7500 and x 18,500 in (f) and (g), respectively. (h—j) Scanning electron microscopy (SEM)
image of renal samples taken from rat in vivo perfused with an amyloidogenic A LCs through penile vein. (h) Normal-appearing rat glomerulus. (i)
Fibrillary material in rat glomerulus with advanced amyloid deposition. (h,i) Original magnification x700. (j) High-magnification (x22,500) SEM
micrograph showing details of amyloid fibrils. (d—g) TEM samples stained with uranyl acetate and lead citrate. (e) Reprinted from Teng J,
Turbat-Herrera EA, Herrera GA. Extrusion of amyloid fibrils to the extracellular space in experimental mesangial AL-amyloidosis: transmission
and scanning electron microscopy studies and correlation with renal biopsy observations. Ultrastruct Pathol. 2014;38:104-115,%° with permission
from Taylor & Francis Ltd., http://www.tandfonline.com. (f,g) Reprinted with permission from Tagouri YM, Sanders PW, Picken MM, et al. In vitro
AL-amyloid formation by rat and human mesangial cells. Lab Invest. 1996;74:290-302.%° Copyright © 1996, Springer Nature. (h—j) Reprinted with
permission from Teng J, Turbat-Herrera EA, Herrera GA. An animal model of glomerular light-chain-associated amyloidogenesis depicts the
crucial role of lysosomes. Kidney Int. 2014;86:738-746.°"
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Figure 2. Comparison of findings in experimental cellular platform and renal biopsy of patient with light chain deposition disease (LCDD). (a—c)
Renal biopsy of a patient with LCDD. (a) Hematoxylin and eosin staining showing mesangial nodularity. Similarity with nodules shown in the
experimental platforms is striking. Original magnification x350. (b) Silver methenamine stain highlighting increased matrix in the mesangial
areas. Original magnification x500. (c) Immunohistochemical stain for tenascin showing abundant tenascin deposition in expanded mesangial
areas. Analysis performed using Avidin Biotin Complex method method and 3,3'-diaminobenzidine as chromogen. Original magnification x500.
(d—g) Mesangial cells (MCs) grown on Matrigel incubated with monoclonal light chains (LCs) purified from urine of a patient with k LCDD. (d)
Phase-contrast microscopy showing a 3-dimensional view of accumulated material creating a nodule. Original magnification x300. (e) Light
microscopy. Hematoxylin and eosin staining showing nodule with eosinophilic staining proteinaceous material in center, which is similar to the
mesangial nodules in renal biopsy (a). Arrows pointing to extracellular matrix in center and mesangial nodules. MCs incubated with LCDD-LC
purified from urine of a patient for 72 hours. Original magnification x850. (f) Control MCs incubated with tubulopathic LC from the urine of a
patient with myeloma cast nephropathy. MCs growing on Matrigel as a single layer. Note difference from (e) and (f). (g) MCs incubated in
Matrigel and LCDD-LC for 72 hours. Immunohistochemical stain for tenascin. Brown staining in the mesangial nodule indicating abundant
tenascin deposition. Avidin-biotin technique, diaminobenzidine as marker. Original magnification x700. (h—j) /n vivo rat model of LCDD. (h)
Periodic acid-Schiff (PAS) stain showing expanded mesangial with increased PAS-positive extracellular matrix (circles). (i) Silver methenamine
stain showing the silver-positive expanded mesangial matrix. (h,i) Original magnification x500. (j) TEM micrograph showing increase mesangial
matrix and scattered powdery LC deposits. Uranyl acetate and lead citrate stain. Original magnification x1500. (c) Reprinted with permission
from Turbat-Herrera EA, Isaac J, Sanders PW, et al. Integrated expression of glomerular extracellular matrix proteins and beta 1 integrins in
monoclonal light chain-related renal diseases. Mod Pathol. 1997;10:485-495.%> Copyright © 1997, Springer Nature. (e) Reprinted with permission
from Teng J, Zhang PL, Russell WJ, et al. Insights into mechanisms responsible for mesangial alterations associated with fibrogenic glo-
merulopathic light chains. Nephron Physiol. 2003;94:28-38.% Copyright © 2003 Karger Publishers, Basel, Switzerland. (g) From Keeling J, Herrera
GA. An in vitro model of light chain deposition disease. Kidney Int. 2009;75:634-645.* (h,j) Reprinted with permission from Herrera GA, Turbat-
Herrera EA, Teng J. Animal models of light chain deposition disease provide a better understanding of nodular glomerulosclerosis. Nephron.
2016;132:119-136.% Copyright © 2016 Karger Publishers, Basel, Switzerland.

as well as the tendency to predominantly deposit in human repertoire encode 55% to 60% of the reported
certain organs (organ tropism). Only 5 (IGLV10-44, amyloidogenic LCs.”” " Such overrepresentation in AL
IGLV2-14, IGLV3-1, IGLV6-57, and IGKVI1-33) of the suggests that these genes share some unknown molec-
approximately 70 different Vi genes that compose the ular and/or genetic properties that make the LCs
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Figure 3. (a) Comparison of the secondary structure arrangement of the A6 V protein 6aJL2 in native state determined by X-ray crystallography
(PDB 2WO0K) with that of the polymorphs A and B of the amyloid-like fibrils of the A6 V| protein 6aJL2-R25G (determined by solid-state nuclear
magnetic resonance [NMR] analysis®*) and the amyloid fibrils of a cardiotoxic A6 light chain (LC) (determined by cryogenic electron micro-
scopy,”’ PDB 6HUD). The sequence of 3 fibrillogenic fragments (Fibr fragments) of protein 6aJL2 identified by limited proteolysis with trypsin is
also displayed.” Note that one of the fibrillogenic fragments is composed of 2 protein segments covalently linked by the conserved intradomain
disulfide bond between cysteines 23 and 88 (Cys23-Cys88), represented as a dotted line. B-strands and o-helices are represented as red arrows
and blue curved ribbons, respectively. B-strand in native 6aJL2 protein are indicated according to the standard identification (strand-A to -G).
*The edge strands of the V. B-sandwich. Residue numbering and the complementarity determining (CDRs) and framework (FRs) regions are
according to Al-Lazikani et al® The green ovals represent the structural motifs “sheet-switch” and “B-bulge” that interrupt B-strands A and G,
respectively, playing an anti-aggregation role. Note that most of the regions adopting B-strand conformation the amyloid fibrils overlap with the
fibrillogenic fragments. (b) Schematic representation of 6aJL2-G25G fibril organization of polymorph A, according to solid-state NMR analysis.
Residues showing in-register parallel orientation are represented by several layers. Protein segments in B-strand are represented as arrows.
The disulfide bond Cys23-Cys88 is displayed as a line. Color code: red denotes positively charged (basic) residues, blue denotes negatively
charged (acid) residues, beige denotes polar noncharged residues, white denotes hydrophobic residues, yellow denotes cysteine residues, and
gray denotes glycine residues. (c) Structure of a native full-length A6 LC (top) and 2 LC-derived (AL) amyloid fibrils, one 262" (bottom-left) and the
other A1% (bottom-right). The structure of the A6 LC was determined by X-ray crystallography as part of a hepcidin-Fab complex (PDB 3HOT).
The variable (V,) and constant (C_) domains are indicated. The structure of both AL fibrils was determined by cryogenic electron microscopy (A6
AL PDB 6HUD, A1 AL PDB 6IC3). Note that both AL fibrils are assembled by the stacking of the LC monomers, one on top of each other (only 5
monomers are represented). Homologous regions of the V, of the full-length A6 LC and the monomers of the A6 AL fibril are colored the same.
The N-terminal, CDR1, CDR3, and the disulfide bond between Cys23-Cys88 are indicated in the structures. For comparative purposes, the protein
segment corresponding to the CDR1 in the native LC is colored the same in the AL structures.

derived from them prone to deposit as amyloid
in vivo.”*>°*°® Of them, IGLV6-57, the only member
of the A6 V. subgroup, displays the strongest associa-
tion with amyloidosis.””” It encodes approximately
20% of the amyloidogenic LC of A type,®” a figure that
contrasts with its low frequency (~2%) in the reper-
toire of polyclonal bone marrow A B cells of healthy
individuals.®* Moreover, it has been observed that AL-
LCs derived from IGLV6-57 are more likely to cause
renal deposition, whereas those from gene segments
IGLV2-14 and IGLVI1-44 are more likely to cause pe-
ripheral nerve and cardiac involvement, respectively.
It was also reported that the K1 gene IGKVI-33 confers
organ tropism to the LCs, because the LCs derived from
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it are more likely to cause liver involvement than the
others.**%’

What makes LC derived from AL-associated Vi,
genes prone to deposition as amyloid has not yet been
elucidated. A recent study suggests that a relatively
unstable and intrinsically aggregation-prone Vy, protein
encoded in the germline IGLV6-57 gene could be one of
the factors that explains its strong association to AL.”’
However, not all AL-associated germline Vi genes
encode intrinsically amyloidogenic proteins.”’ The as-
sociation of some V; gene segments with AL-Am ap-
pears to be the result of a combination of several
intrinsic and tissue-dependent factors that may differ
from one gene to another.”’ Understanding how the Vy
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genes, in interplay with other factors, modulate the
propensity of LC to form amyloid or to show organ
tropism is of great relevance, because the evidence
indicates that this has an impact in the clinical evolu-
tion of the disease.”**" >

There also appears to be some bias in the use of Vi,
genes in LCDD. Most of the LCs involved in LCDD are
encoded by a restricted set of Vi genes that belong to
K1 (IGKVI-5), K3 (IGKV3-11 and IGKV3-15), or K4
(IGKV4-1) subgroups.”"””> Only 2 A LCDD LCs have
been reported so far, and they were assigned to the A2
genes IGLV2-23 and DPL12.”> A larger number of pa-
tients with LCDD need to be analyzed to establish with
certainty the frequency of use of V; genes in this
condition.

Contribution of the Somatic Mutations

Changes introduced in the V; domain by somatic
hypermutation play a key role in LC amyloid aggre-
gation.””””7* ** Because the structural impact of mu-
tations is context-dependent, the exact mechanism by
which somatic mutations promote aggregation varies
depending on the nature of the change and the targeted
residue.””’*777? 825788 gomatic mutations can pro-
mote LC amyloidogenesis by decreasing the thermo-
dynamic stability of the native folding, increasing the
probability that the LC adopts non-native states that
are aggregation—prone.77'82’83'89 In vitro studies have
also shown that some mutations modify the kinetics of
unfolding/refolding of the LC, causing the accumula-
tion of non-native aggregation-prone species, an effect
that may trigger amyloidogenesis.””” As recently re-
ported, increasing the conformational flexibility of the
LC, regardless of the impact on its thermodynamic of
folding, is another way by which somatic mutations
can promote amyloid aggregation.”""” It has also been
found that somatic mutations that disrupt the LC dimer
interface and shift the equilibrium toward the less
thermodynamically stable monomeric LC, have the
potential to favor amyloidogenesis.”"”””* Because as-
sociation into a stable dimer protects LC from aggre-
gation,”””*”” pharmacologic stabilization the LC dimer
has been proposed as an potential therapeutic strategy
for AL-Am amyloidosis.”"”*

The role of somatic mutations in LCDD is less un-
derstood than in AL-Am. Sequence analysis has
revealed that LCDD LCs are characterized by mutations
that place large hydrophobic residues at solvent
exposed positions of the V;.*””” It is believed that the
increase of surface hydrophobicity favors the non-
ordered aggregate that characterizes LCDD. Although
structural analysis suggests that at least some mutations
in LCDD LCs may be destabilizing,”*"’ it has not been
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established if the loss of folding stability plays a
definitive role in LCDD.

Mechanism of LC Amyloid Aggregation

The general consensus emerged from biophysical
and structural studies is that the thermodynamic
stability is a major driver of LC amyloid aggrega-
50,54,68,74—79,81—83,85,100—103 As a general rule, AL-
Am LCs tend to be thermodynamically less stable
than their nonpathologic counterparts, a tendency that
is more evident when proteins belonging to the same
V., subgroup are ~:ompared.54’75’78’86’%’lm’m5 Moreover,
it is also possible to turn a stable and poorly amyloi-
dogenic LC into an aggregation-prone entity by
incorporating into its sequence destabilizing muta-
tions®*** or incubating it in middle destabilizing
conditions, such as low pH,” sub-denaturing concen-
tration of urea”'*'”’ or guanidine hydrochloride,®’
high temperature,”’ and high hydrostatic pressure.'”
Taken together, these findings support the concept
that LC amyloidogenesis in essentially a misfolding
event and anticipate that non-native folding in-
termediates are critical components of the aggregation
pathway.”” Several laboratories have found evidence
that non-native folding intermediates accumulate un-
der conditions that promote amyloid aggregation of
LC.% 19019197 However, the structural mechanism by
which these misfolded species are formed and how
they initiate the assembly of AL fibrils is not well
understood. Solution nuclear magnetic resonance
(NMR) analysis performed with Bz—microglobulinmg'109
and Fyn SH3''’ domain, 2 proteins that, like LCs, adopt
native B—sandwich folding, have provided clues to the
structural characteristics of proamyloidogenic folding
intermediates formed under physiological conditions. It
was found that these folding intermediates retain most
of the native structure (native-like intermediates), but
feature perturbations of segments that normally protect
B-sandwich domains from aggregation.mg’no It
thought that such local perturbations result in the
unprotected exposition of proamyloidogenic se-
quences, normally buried in the protein core, to
intermolecular contacts that may nucleate aggrega-
tion.'*''% As mentioned before, destabilizing muta-
tions,®* oxidative stress,””''' and interactions with
nonphysiological ligands of the LCs, as cupper''” and
the glycosaminoglycans,”**'"” are among several fac-
tors that can promote local perturbation of the pro-
tective motif of LCs.

Although they are considered central in the mech-
anism of fibrillar aggregation, the role of proamyloi-
dogenic sequences in LCs has been poorly studied. It
was recently reported that the recombinant A6 Vi

tion.

is
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protein 6aJL2 contains 3 different segments that form
amyloid-like fibrils autonomously,”” a distinctive
property of the proamyloidogenic sequences''’
(Figure 3a). These segments encompass most parts of
6aJL2 protein, with the exception of the B-strand A (N-
terminal strand) and the long loop spanning positions
Ser40 to Asp60, segments of the V;, domain predicted to
play protective function.®’ The finding that 6aJL2
protein  has segments
dispersed along its sequence led to suggest that its
amyloidogenesis is driven by more than 1 amyloid-
prone aggregation hotspot.”> This hypothesis is sup-
ported by a recent solution NMR study that showed
that several residues located in the segments identified
as proamyloidogenic hotspots®® in 6aJL2 protein
engage in intermolecular contacts when the protein is
incubated in destabilizing conditions that promote
fibrillar aggregation.''” Taken together, these studies
indicate that misfolding drives the fibrillar aggregation
of 6aJL2 protein through a complex process in which
more than 1 amyloid-prone hotspot could drive the
aggregation.

several proamyloidogenic

AL Fibril Structure: What Does It Tell Us About the
Mechanism of LC Amyloidogenesis?

The use of solid-state NMR and cryogenic electron
microscopy spectroscopy for characterizing the struc-
ture of the LC amyloid fibrils has provided key infor-
mation about the internal order of these aggregates at
the atomic level. A recent solid-state NMR analysis of
the amyloid-like fibrils of the rV} 6aJL2-R25G, a highly
fibrillogenic mutant of 6aJL2 protein,(’&78 showed that
it adopts a conformation in the fibrillar state that is
totally different from its native folding.”* This finding
implies that the assembly of 6aJL2-R25G protein into
amyloid-like fibrils occurs through a substantial
structural conversion that affects the whole molecule.”
Three different polymorphs, termed A, B, and C, were
found in the fibril preparations analyzed. Polymorphs
A and B, the best characterized and most abundant in
the samples, featured a 3 core formed by residues that
were in [-strands in the native protein plus others
located in turn regions. The fibril core consisted largely
of polar amino acids, because serine, threonine, aspar-
agine, glutamine, cysteine, and tyrosine represented
48.5% of the residues, whereas glycine and hydro-
phobic residues accounted for 11.8 %, and only 22.0%,
respectively.”” A finding that highlights the extensive
nature of the conformational rearrangement undergone
by 6aJL2-R25G to aggregate is that the complemen-
tarity determining region 1 and the loop connecting the
B-strands E and F, the only 2 segments in the 0-helix in
the native 6aJL2, also refolded into B strands to inte-
grate into the fibril core (Figure 3a and b). This
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indicates that helix-to-strand transitions are part of the
mechanism of 6aJL2-R25G fibrillogenesis, something
that has been reported in other amyloid precursors, as
prion proteins,''® Apo A-I,''” and AP peptides.''*""”
Comparison between spectra recorded with mixed
C:"°N labeled and a fully ’C,"’N-labeled samples
established that 6aJL2-R25G fibrils are formed by the
stacking of the monomers one on the top of another in
parallel orientation and in register’” (Figure 3b). As
most of the B-strands composing the fibril core overlap
with the fibrillogenic fragments previously identified
in 6aJL.2,”” it can be inferred that the proamyloidogenic
hotspots play a key structural role in 6aJL2 aggregation
(Figure 3a).

Solid-state NMR analysis of 2 K V; proteins, AL-
109”” and MAK3, was recently reported. It was found
that the composition of the structural core of the fibrils
formed by these K proteins differ from each other and
from the fibrils of the A6 6aJL2-R25G protein.24 This is
a not surprising finding given the structural hetero-
geneity of the LCs. It cannot be excluded that the
differences in the composition of the fibril core be-
tween these proteins reflect differences in the location
and characteristics of the proamyloidogenic sequences.

Two recent studies applied cryogenic electron mi-
croscopy to determine the structure of 2 different AL
fibrils, one A6 and the other one Al, recovered from
patients with cardiac amyloidosis.ZI’23
that only the V; domain composes the B core in both
fibrils, with no contribution of the C;. It was also
determined that the conformation of both proteins in
the fibrillar context is totally different from the B-
sandwich folding characteristics of the native Vi
(Figure 3c). The fibrils were formed by the stacking of
the monomers refolded in a relatively flat structure, one
on the top of another, and in-register parallel
arrangement along the fibril axis®'*>’ (Figure 3c). These
findings agree with the data obtained by solid-state
NMR analysis of 6aJL2-R25G amyloid-like fibrils.”
However, there were differences between the 2 fibrils
regarding the content of B structure of the fibril core
and the topology of the V; domain (Figure 3c).”""*’

Taken together, the studies mentioned in this section
lead to conclude that the LCs form amyloid fibrils
through an extensive structural conversion of the Vy,
domain that refold to adopt a relatively flat structure.
The stacking of totally refolded Vi domains, one on top
of another, assembles the fibrils, which are stabilized by
a P core consisting of [-strands arranged in-register to
form long intermolecular B-sheets. Finally, it is impor-
tant to mention that AL fibrils formed by LCs belonging
to different Vy, subgroups feature different topology of
the Vi, polypeptide chain. This finding likely reflects
the difference in primarily structure between these LCs

It was found
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and may be part of the structural basis that determines
clinical heterogeneity in AL-amyloidosis.

Most of what is known about the structural and
biophysical basis of LC amyloid aggregation has been
proven in in vitro experiments in which cells and tissue
components are generally absent. Therefore, under-
standing how cells can modulate the propensity of LCs
to form amyloid in a tissue-specific manner and at the
same time be affected by the ability of these proteins to
cause damage, is of great significance to progress in the
understanding of AL-amyloidosis pathogenesis. The
next sections of this review address the pathological
mechanisms triggered by the interaction between GLCs
and MCs.

Renal Damage by Monoclonal LCs

Patients with plasma cell dyscrasias produce abnormal
LCs that circulate in the bloodstream and reach the
kidneys. Approximately 85% of circulating LCs in
patients with these conditions result in pathological
alterations.'"'*'” Approximately 70% of all nephro-
pathic LCs cause tubular injury (TLCs), whereas the
remaining 30% result in glomerular alterations (GLCs).
Selected (few) LCs are both TLCs and GLCs.'”” Two
main diseases are caused by GLCs, AL-Am and LCDD,
which differ significantly in the pathogenic mecha-
nisms responsible for glomerular injury.

Organ damage remains the major source of mortality
and morbidity in LCDD and AL-Am.'?' These diseases
target the mesangium'”” and repair of the mesangium is
essential to avoid further damage that may complicate
the regeneration process to an extent that repair may
not be possible at all. Glomerulosclerosis is the final
pathway of glomerular damage. Using a mathematical
model, it has been proposed that when more than 50%
of a glomerulus is sclerosed, repair to convert the
affected glomerulus into a functional one is no longer
possible.'”’ The interaction of GLCs with glomerular
structures is a complex process.””'**'**'*” In very
initial steps, GLCs can be seen associated with the pe-
ripheral capillary walls, often leading to proteinuria by
altering the capillary wall barrier. However, the site
where key pathologic glomerular interactions of GLC
occur is the mesangium, clearly seen in renal biopsy
specimens from patients with early manifestations of
these disorders. ™' #!>1%12¢

In AL-AM, as well as in LCDD, current treatments
are based in drugs used in MM, as proteasome in-
hibitors, immunomodulators, and alkylators.'*” '*” The
goal of therapy is to eliminate the clonal plasma cells
producing the toxic LCs to halt and possibly reverse
symptomatic organ damage. An important consider-
ation is that several of the drugs used to treat AL-Am/
LCDD can result in nephrotoxicity. Most of them
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produce tubulointerstitial damage, which is beyond the
scope of this review, but some may result in glomerular
injury.”o Although some of the glomerulopathies that
may occur associated with therapy are not centered in
the mesangium, others such as thrombotic micro-
angiopathy with mesangiolysis being a crucial pathologic
event could benefit in the future from organ-directed
therapeutic proposals (i.e., mesenchymal stem cell
rescue), as part of the clinical management.

The Normal Mesangium

The mesangial areas provide the main support for the
glomerulus and are composed of MCs and matrix. The
matrix contains numerous proteins and it is very rich
in collagen IV. Other glycoproteins include fibronectin,
laminin, proteoglycans such as perlecan and bamacan,
and so forth. MCs constitute 30% to 40% of all
glomerular cells. They spread from the hilum in an
arboreal pattern and are embedded in a matrix that
they produce and remodel. There are generally no more
than 2 MCs per mesangial area in the adult glomerulus.
Two types of MCs have been recognized. The pre-
dominant type exhibits distinct morphological and
functional characteristics that clearly separate them
from endothelial and epithelial cells. These MCs
participate in contractile activities maintaining
glomerular turgor and integrity. The second type of
MCs is uncommon, accounting for fewer than 10% of
all MCs and displays phagocytic properties. It has been
proposed that these cells are derived from bone marrow
and have been shown to express Fc and C3 receptors. '

Ultrastructurally, the great majority of MGCs in the
normal glomerulus exhibit intracytoplasmic myofila-
ments and attachment plaques, features of smooth
muscle cells. Only rare lysosomes and a small amount of
rough endoplasmic reticulum are identifiable in these
Cells.l 32—134

Histochemical stains are used in diagnostic renal
pathology to highlight the mesangial matrix and the
silver stain is particularly useful in this regard. The
mesangial matrix is argyrophilic and when it is
replaced by any extraneous material, the normal silver
staining disappears.'”” The mesangial matrix when
viewed by transmission electron microscopy appears as
a mesh of moderately electron-dense material. It is
composed of a dense network of microfibrils 6 to 8 nm
in diameter and of variable length, serving the purpose
of anchoring the MCs.

Scanning electron microscopic evaluation of the
mesangium provides a view of cell surfaces and in-
teractions with surrounding matrix not readily
apparent using any other imaging techniques available.
Using scanning electron microscopy, there are well-
defined but very few coated vesicles (caveolae) on the
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surface of normal MCs that increase significantly in
numbers when MCs are incubated with GLCs but not
with TLCs, providing morphologic evidence of an im-
mediate recognition of certain but not all pathologic
LCs.'?>"?%137 The interaction of GLCs with the surface
of MCs initiates pathological events downstream
regulated by signals that originate at the cell surface.
Caveolins localized to the surface of membrane caveolae
provide crucial signaling for downstream events.”’

Alterations Produced by GLCs in MCs
Studies carried out in the past 2 decades have allowed
us to understand the complex sequence of pathological
events that begin once GLC interacts with the mesan-
gium. In large part, this progress was made possible by
the availability of a variety of experimental platforms
that allow reproducing, in a controlled environment,
what happens in patients with AL-Am and LCDD.””'*
Although different in terms of the complexity of their
design, they are complementary to each other,
permitting crucial evaluation of the step-by-step
mechanisms involved (Figures 2 and 3) and delinea-
tion of possible key steps amenable to therapeutic
intervention.”””>**"**"*?  Three experimental plat-
forms have been used to study interactions between
GLCs and MCs. The first uses a cellular
approach,}0'33’}4’1 *? the second is an ex vivo platform,138
and the third an in vivo animal model.”*"”

Incubation of GLCs with MCs in culture with or
without a matrix results in 2-dimensional (2D), 3D, and
6D cellular models. Amgel or Matrigel are used as
matrix to grow MCs. The composition of these 2 arti-
ficial matrices mimics that of the normal mesangial
matrix and they do not contain unacceptable amounts
of growth factors.””””**” Using the Live Cell imaging
system, the events that occur when GLCs are incubated
with MCs can be observed for prolonged periods (for
several weeks) with sequential photos providing a
detailed view of pathologic events. Appropriate fluo-
rescent dyes are used to highlight various cellular
compartments or types of cells in the cultures to better
characterize the interactions among different cell types,
including changes in cell morphology and functional
correlates.”' 7>

The ex vivo platform uses explanted rat or mice
kidneys perfused through the renal artery. This
approach has the limitation that the ex vivo perfused
kidney can be kept physiologically intact only for up
to 96 hours, but it is particularly helpful to ensure that
large quantities of monoclonal LCs are directly deliv-
ered to the kidney and this “burst” of LCs makes
pathologic events express in an overt manner and
observing pathogenetic cellular events becomes
easier.'”® The third platform involves penile injections
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of LCs in mice. It represents the best approach for
extended studies mimicking human diseases and best
suited to observe and understand the repair process
beyond the early phases.”” """ The injection of LCs via
a penile route bypasses the systemic circulation pre-
venting LC dilution and results in direct delivery of
large amounts of LC to the kidneys.”'

There are crucial cellular alterations that occur when
MCs are incubated with AL-Am— and LCDD-derived
LCs which can be appreciated by light, transmission,
and scanning electron microscopy. When incubated
with AL-LCs, MCs transform into a macrophage
phenotype acquiring numerous lysosomes and losing
their smooth muscle features.'”” These cells acquire
CD68 (a macrophage marker) and lose smoothelin,
muscle-specific and smooth muscle actins (smooth
muscle cell markers). In contrast, when MCs are
exposed to LCDD LCs, they acquire abundant rough
endoplasmic reticulum developing a myofibroblastic
phenotype (Figure 4).48’]40 Transmission electron mi-
croscopy clearly depicts these morphological alter-
ations. In both cases, the structural changes in the MCs
endow them to perform new functions that will evolve
into producing the typical pathological findings of each
of the 2 conditions. In the case of AL-Am, the pheno-
typic change makes MCs able to engage in active
phagocytosis of LCs and eventually generate amyloid
fibrils. In the case of LCDD, the MCs with additional
acquired machinery become ready to produce excess
extracellular matrix proteins that will be different from
those present in the normal mesangium’* """’
(Figure 4).

Numerous receptors have been described on the
surface of MCs, including those for platelet-derived
growth factor (PDGE-),'"" transforming growth fac-
tor—B (TGF—B),142 mannose,143 CD 71 IgAl Fc,144 and
vascular endothelial growth factor.'*’ Other pertinent
receptors, such as cubilin/megalin and CD89-polymeric
Ig (FcolR1), are not present on quiescent or activated
MCs. Some of the receptors on MCs are expressed only
when exposed to certain stimuli, whereas other re-
ceptors are weakly expressed normally and become
readily detectable/visible when MCs are activated.
Among the surface receptors in MCs are integrins.
These mediate cell attachment to the extracellular ma-
trix (especially through P1 integrins) and the effects of
the extracellular matrix on a number of cell func-
tions.'’® They also mediate interactions with other
cells. Therefore, the function of integrins include
regulation of MC proliferation and matrix turnover
and, therefore, are important in the understanding of
the pathogenesis of renal diseases. As such, they play a
significant role in the pathogenesis of mesangiopathies
in LC-associated glomerular disorders. In glomerular
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Figure 4. Impact of glomerulopathic long chains (GLCs) in protein expression in renal glomeruli. (a) Schematic representation of phenotypic
transformation that occurs in mesangial cells (MCs) after interaction with GLCs (but not tubulopathic LCs [TLCs]). G, Golgi complex; L, lysosome;
M, myofilaments; N, nucleus; RER, rough endoplasmic reticulum. (b) Immunohistochemical stain for collagen IV and tenascin in renal biopsies
from patients with light chain deposition disease (LCDD), light chain—derived amyloidosis (AL-Am), thin glomerular basement membrane disease
(NEG), and thrombotic microangiopathy (TMA). NEG and TMA biopsies were included as negative and positive controls, respectively. Collagen
IV is by far the most prominent extracellular matrix protein in the normal glomeruli with essentially no tenascin. In LCDD, tenascin replaces
collagen IV in the expanded (nodular) mesangial areas. No tenascin remains in AL-Am and in TMA, less than normal collagen IV is present.
Analysis performed using biotin avidin complex method and 3,3'-diaminobenzidine as chromogen. (a) Reprinted with permission from Keeling J,
Teng J, Herrera GA. AL-amyloidosis and light-chain deposition disease light chains induce divergent phenotypic transformations of human
mesangial cells. Lab Invest. 2004;84:1322—1338.%% Copyright © 2004, Springer Nature. (b) Reprinted with permission from Keeling J, Herrera GA.

Matrix metalloproteinases and mesangial remodeling in light chain-related glomerular damage. Kidney Int. 2005;68:1590-1603.'*°

diseases associated with monoclonal LCs, 0[961 colo-
calized with tenascin in the center of mesangial nodules
in LCDD and at the periphery of mesangial areas
partially replaced by amyloid in AL-Am, highlighting
the importance of this integrin in the pathogenesis of
these disorders.”

When MCs are incubated with GLCs but not TLCs,
they exhibit characteristic surface alterations with
development of caveolae (coated pits),"*”"**"*""* and
on transmission electron microscopy (using immuno-
gold labeling techniques) and scanning electron mi-
croscopy it is apparent that GLCs interact with MCs
through activation of receptors and mediators located
in these caveolae' """ (Figure 5)."**'*>"*” These stim-
ulate specific downstream events through mediators
that ultimately alter extracellular matrices."*” "
Resulting from these surface interactions is the acti-
vation of “dormant” genes that affect MC behavior.
The increased release of matrix proteins, such as
tenascin, is the essence of the extracellular matrix al-
terations in nodular glomerulosclerosis associated with
LCDD. It occurs in response to signaling events initi-
ated at the cell surface by the binding of LCs to re-
ceptors (Figure 4). Furthermore, the trafficking and
localization of amyloid precursor proteins within the
post-Golgi endocytic/lysosomal system plays a crucial
role in the exposure of LCs to secretases that mediate its
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cleavage to form amyloid fibrils in the acidic lysosomal
compartment. oo

MC apoptosis also occurs as a cellular death
pathway when GLCs interact with MCs, and this is
likely the main mechanism involved in MC dele-
tion."*”"”® In the late phases of both AL-Am and
LCDD, there is a marked reduction of MCs. An
important part of the process of mesangial regenera-
tion is to provide cellular elements that can carry out
the process to fruition, as often there are few or
essentially no viable MCs capable of doing so, because
even when identified, these MCs may already be in
the apoptotic cascade with limited to essentially no
possibility of recovery. Once the process of amyloi-
dogenesis begins, the deposited fibrils in the extra-
cellular space, resulting from extrusion from MCs,”’
create the nidus for further amyloid formation, elim-
inating the need for cellular elements. Amyloid fibrils
have the potential to nucleate subsequent soluble
precursor protein accelerating fibril formation. Amy-
loid seeding is a recognized potent mechanism of
amplification and spread of disease-related fibrils
completely independent of cells. Seeding circumvents
the nucleation step of the fibrillogenesis, which is the
rate-limiting reaction of fibrillogenesis.'”” "’

A number of growth factors regulate mesangial ho-
meostasis, including PDGF- and TGF-B, among
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Figure 5. Mechanism of amyloidogenesis in mesangial cells (MCs) incubated with amyloidogenic light chains (LCs). (a) Initial interaction of the
LC with surface caveolae in MCs where receptor resides, after 30 seconds post incubation. The image shows transmission electron microscopy
analysis with immunogold labeling (10-nm gold particles) for A LCs in MCs incubated with an amyloidogenic A LC. The insert shows the same LC
after 5 hours post incubation in mature lysosomes. Original magnification in (a) and in insert is x35,000 and x 17,500, respectively. (b) Direct
fluorescence of MC co-incubated with Texas red-labeled (red) amyloidogenic LC and fluorescein (green)-labeled light chain deposition disease
(LCDD) LC. Both LCDD and amyloidogenic LCs compete for the same receptor on the surface of MCs (colocalization showing yellow staining).
Note that amyloidogenic LCs are avidly internalized. Original magnification x500. (c) Internalization of fluorescein isothiocyanate-labeled
amyloidogenic LCs into MCs detected by direct fluorescence. Original magnification x500. (d) Schematic representation of interactions of
glomerulopathic LCs (GLCs) with MCs and activation of c-fos and nuclear factor (NF)-kB to activate downward cellular pathways. (e) Com-
parison of various types of '?|-labeled LCs binding to MCs at 30 minutes of incubation. Note prominent interaction of LCDD LCs with surface of
MCs and lesser but significant of amyloidogenic LCs (statistically significant when compared with tubulopathic LCs). The amyloidogenic LCs are
avidly internalized. (f) Diagrammatic representation of LC-derived (AL) amyloid formation by MCs: (1) The unstable and misfolding-prone
monoclonal LC (yellow circles) is attracted from the glomerular capillary to the MC. (2) The LC internalizes into the MCs by a receptor-
mediated mechanism. (3) The early endosome (End) containing the misfolded LC fuses with the lysosomes (Lys), transforming into a late
lysosome, where the self-assembly of the LC into amyloid fibrils occur. (4) The fibrils formed inside the lysosomes are extruded from the MC,
accumulating in the extracellular space. (5) Soluble monomers of the monoclonal LCs aggregate into the preformed fibrils, which seed the
aggregation reaction. Fibrils accumulate in the extracellular space. (6) Matrix metalloproteinases and other proteases secreted by the MCs
proteolyze the AL, removing the protease-sensitive LC constant domain (C,), as well as other components of the extracellular matrix. This results
in substitution of extracellular matrix by AL amyloid fibrils. Experimental data support steps (1-4). In steps (5) and (6), a possible mechanism of
AL amyloid deposition in the glomeruli mediated by MCs is proposed. CS, capillary space; EC, endothelial cells. (a) From Herrera GA, Russell WJ,
Isaac J, et al. Glomerulopathic light chain-mesangial cell interactions modulate in vitro extracellular matrix remodeling and reproduce
mesangiopathic findings documented in vivo. Ultrastruct Pathol. 1999;23:107-126,'** with permission from Taylor & Francis Ltd., http://www.
tandfonline.com. (b,c,e) Reprinted with permission from Teng J, Russell WJ, Gu X, et al. Different types of glomerulopathic light chains
interact with mesangial cells using a common receptor but exhibit different intracellular trafficking patterns. Lab Invest. 2004;84:440-451.'%
Copyright © 2004, Springer Nature. (d) Reprinted with permission from Herrera GA, Turbat-Herrera EA, Teng J. Understanding mesangial
damage and repair: insights from an experimental model of immunoglobulin light chain-associated mesangiopathy. J Cell Biol Cell Metab.
2014;1:003."° Copyright © 2014 Guillermo A Herrera, et al.

others.'”” These two are particularly important as the
first promotes MC proliferation and TGE- activation
increases mesangial matrix, playing a key role in glo-
merulosclerosis. TGE-P also enhances the activity of
connective tissue growth factor. There is constant
mesangial turnover as a physiologic process with
continuous engagement of these factors in the pro-
cess.”’*'”> MCs are susceptible to injurious stimuli

reacting vigorously, first with MC proliferation
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mediated through PDGE-B. The activation of TGE-§
results in a negative feedback loop to inhibit MC pro-
liferation (through PDGE-B inactivation) adversely
affecting replacement of injured MCs.'”'%712% Once
amyloid is deposited extracellularly, it inhibits PDGF-
B, thus controlling  the mesangial cellular
proliferation.'*’

Other factors that play a significant role in mesangial
homeostasis include metalloproteinases (MMPs), tissue
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inhibitors of MMPs, alpha 2-macroglobulin, and plas-
minogen activator inhibitor, among others.”®"”*'*%">®
The mesangium can repair itself when the injury is
minor or as part of normal homeostasis. However,
pathologic processes ensue when injurious agents
damage the mesangium to a point where significant
matrix modification takes place and return to normal is
not possible.

The most important mesangial MMPs are -2, -5, -7,
and -9. MMPs-1, -8, and -13 have been shown to play
important roles in other renal compartments. Although
MMPs have been demonstrated to have some substrate
specificity, it has been shown that more than one MMP
may degrade the same proteins. The normal mesangium
contains predominantly MMPs -2 and -9 (also known as
gelatinases or collagenases). The proper balance of these
2 MMPs together with the combined activities of
PDGF-P and TGE-B are crucial for maintenance of a
healthy mesangium. MMPs play important roles in AL-
Am and LCDD. Although in AL-Am glomerular MMPs
are activated by the amyloid deposited in the extra-
cellular matrix, in LCDD they are inhibited, thus
resulting in mesangial destruction in amyloidosis and
increased matrix in LCDD."**"**'°® In renal biopsies, in
mesangial amyloidosis there is replacement of the
normal matrix resulting in loss of argyrophilia and in
LCDD, there is increased matrix, resulting in accentu-
ated silver staining.l44 Both show staining with the
periodic acid—Schiff, although less in AL-Am for the
same reason. MMPs may also play a role in removing
the LC C; domain by proteolysis.”””®

Molecular chaperones are a rather diverse group of
functionally related proteins that, regardless of their
structural and spatial differences, generally (almost
invariably) suppress amyloid formation, and are likely
to be important in defining the result of aggregation-
prone proteins in tissue in vivo. Chaperones may pre-
vent events associated with aggregation by blocking
promiscuous intermolecular interactions or by assisting
in the refolding of aberrant substrates. Molecular
chaperones interact preferentially with soluble oligo-
meric prefibrillar species.'”” In addition, there are other
proteins that also interact with amyloid fibrils in an
similar fashion and can modulate their pathobiological
properties. These proteins are known as accessory
amyloid molecules,'*” and 2 of them, apolipoprotein E
and serum amyloid P, have been speculated to act as
pathological chaperones.'®' This is an important area
for future research.

Understanding the role of complement pathways in
the pathogenesis of MGRS-associated C3 glomerulone-
phritis remains a work in progress. It appears that
functional dysregulation of the alternate pathway may
be at play. The monoclonal GLCs may act as
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autoantibodies to complement or related regulatory
proteins (i.e., CFH-complement factor H) and by that
mechanism in an activate a
complement-mediated glomerulonephritis.'®*'** These
diseases have a direct effect on mesangial pathobiology
producing glomerular alterations that are similar to
those seen in LCDD (MC proliferation/matrix secretion).

indirect manner

GLCs-MCs: Surface and Downstream Events
Both GLCs interact with the same receptor on MCs.
GLCs because of their physicochemical characteristics
are attracted, guided to, and interact with MCs using a
unique receptor that is present on their surface where
caveolae are present: the sortilin-related protein re-
ceptor (SORL1).'”> SORLI, a transmembrane sorting
receptor, is additionally involved in endocytosis,
sorting and trafficking of amyloid precursor proteins
playing unique essential role in amyloid-beta peptide
handling in Alzheimer disease in which the mechanism
of amyloid formation in cerebral-vascular smooth
muscle cells is very similar to that of the renal
mesangium morphologically and functionally.'*® Both
AL and LCDD LCs compete for this receptor.'”” This
receptor sorts the GLCs to different cellular compart-
ments and is crucial for signaling downstream cellular
events, culminating in pathological events that are
diametrically opposite. The activated pathways have
been elucidated in vitro and reproduced in in vivo an-
imal platforms. Likewise, the sequence of events that
occurs as a result of AL- and LCDD-associated LC in-
teractions with mesangium are also observed in
sequential renal biopsies from patients with these dis-
eases, highlighting the translational importance of
these investigations as a way to understand MC
pathobiology and with the ultimate purpose of
designing new therapeutic interventions.'''*"’
Within a few minutes after G (but not T) LCs interact
with MCs there is activation of NF-K3 and c-fos with
migration of signals from cytoplasm to nuclei.'””"*
These initially activated mediators are responsible for
eliciting certain activities in the MCs. NE-Kf activation
correlates with the production of monocyte chemo-
attractant protein-1 by human MCs, whereas c-fos has
an effect resulting in cytoskeletal rearrangement (MC
rounding and development of surface membrane
ruffling) through PDGE-B activation and, ultimately,
enhancement of MC proliferation. Phenotypic trans-
formation of MCs is also regulated by c-fos activation,
which permits transformation and ultimately, down-
stream events. For example, if c-fos migration from
cytoplasm to nucleus is inhibited (i.e.,, with
epillocatechin-3 [EGCG], green tea), amyloid formation
is decreased.'®” '’ Studies performed with caveolin 1
knockout mice have demonstrated an important
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signaling role for caveolin 1 in LCDD where down-
stream glomerular events do not occur.’’

MCs in Renal Amyloidosis

Once internalized into MCs, amyloidogenic LCs are
transported to the mature lysosomal compartment with
the help of Rab proteins.'”’ SORLI also plays a pivotal
role in internalizing proteins into lysosomes to be
catabolized.'”" The ability of the MCs to produce fibrils
from intact LCs intracellularly and subsequently
extrude them into the extracellular space” is indicative
that these cells are crucial participants in the process
leading to the deposition of amyloid in the glomerulus,
by seeding the aggregation of circulating monomers. It
is well known that the fibrillogenesis of most proteins
and peptides is a nucleation-dependent reaction.'”
Also, it has been extensively proven that the amyloid
aggregation can be accelerated by adding preformed
fibrils, which act as seeds, catalyzing the aggregation of
the soluble monomers.'”” Therefore, MCs could trigger
and/or enhance AL deposition in glomeruli by their
capacity to selectively internalize the circulating full-
length AL-LC and provide the required destabilizing
environment (lysosome) where the fibrillogenesis is
efficiently promoted. The acidic environment charac-
terizing the mature lysosomal compartment could be
enough destabilizing as to promote the unfolding and
aggregation of the full-length LC, overcoming the
protective effect of the c, B (Figure 5f). More-
over, proteolysis by lysosomal enzymes is a crucial
factor promoting LC fibrillogenesis in MCs.””"”'"® A
MC-mediated mechanism of LC amyloidogenesis is not
necessarily exclusive, as it can coexist with other ag-
gregation pathways that may or may not depend on
previous proteolysis of the monoclonal LC. It has been
found that vascular smooth muscle cells can also pro-
mote amyloid aggregation of clinically proven amyloi-
dogenic LCs by a mechanism that involves receptor-
mediated internalization and trafficking to the mature
lysosomal compartment, with the subsequent extrusion
of the amyloid fibrils'”” (Figure 5). Furthermore, some
LCs due to their peculiar physicochemical characteris-
tics may be endocytosed and delivered to the mature
lysosomal compartment where in the process of
catabolism of these LCs, crystals are formed in a manner
similar to what happens in proximal tubular cells in
Fanconi syndrome. Therefore, a cell-mediated mecha-
nism for AL amyloid formation may represent a general
component of the pathogenesis of AL-Am, not exclu-
sively in the kidney.

Stem Cells in Glomerular Repair
Because kidney repair capability is limited, the
development of therapeutic strategies aimed to fix
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damaged renal structures represents an attractive
option that is being investigated by several labora-
tories. The use of stem cells (SCs) for glomerular
regeneration represents a promising approach that
may become a realistic goal for the future.

Kidney regeneration is a complex process that re-
quires reprogramming of endogenous renal cells,
migration of bone marrow—derived cells, renal cell
progenitor differentiation and neoangiogenesis, just to
mention a few of the key processes required.'”® '®
Intrinsic mechanisms of glomerular repair include the
participation of sublethally injured MCs, often
already engaged in the apoptotic pathway, but still
able to repair themselves and effectively function
aided by bone marrow SCs that can migrate to the
injured areas, and renal SC pools.'®'** §Cs have been
shown to play a role in self-renewal and are capable
of differentiating into several phenotypes.®®'* '*’
For example, bone marrow cells have been shown
to differentiate into MCs in murine recipients when
the glomerulus was damaged by an antibody-mediated
glomerulonephritis."**

Niches of glomerular cells to replace podocytes have
been discovered'®*'**'*” in the glomeruli and their
vicinity. The best described niches are located in
Bowman's capsule®'®” and near the juxtaglomerular
apparatus where renin-producing cells are pre-
186187 11 contrast, understanding mesangial repair
by glomerular progenitor SCs has lagged behind. There
are only a handful of reports focusing specifically on
mesangial repair.”®'®!1#7

Renal cell progenitors either located in the kidney or
recruited from the circulation, may, in addition,
potentiate survival and cellular proliferation of
remaining cells, contributing to renal repair. Renal
progenitor cells, in general, are identified by cell
markers such as CD133, CD24, and CD54.'%8 Sagrinati
et al."® have demonstrated that a subgroup of parietal
epithelial cells coexpress CD24 and 133, as well as other
SC-specific transcription factors such as BmI-I, Oct-4
and Nanog, suggesting that they represent SCs. These
SCs can migrate to areas of damage and differentiate
accordingly.

Glomerular repair/regeneration requires cellular
proliferation and differentiation of SC precursors and,
only when the appropriate extracellular matrix and
proper microenvironment are there, this can occur in an
orderly and adequate manner. The degree of glomerular
damage will dictate whether intrinsic mechanisms suf-
fice. The reservoir of SCs with plasticity to regenerate
the glomerulus is enough to support normal glomerular
cellular turnover but insufficient to repair damaged
glomeruli in most glomerulonephritis.'”

sent.
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Future Potential
Research Directions
Organ damage remains the major source of mortality
and morbidity in both AL-Am and LCDD.'*' Hemato-
logic responses are not always associated with benefi-
cial organ responses emphasizing the importance of
organ-based therapeutic approaches.'”' In the case of
MGRS, the plasma cell clone may be difficult to iden-
tify or a small one, making clone-directed therapies
challenging and highlighting the crucial role of organ-
based therapies in this setting to prevent further renal
damage leading to irreversibility. Emerging therapies
to ameliorate the toxicity of GLCs and/or resolve
amyloid deposits and excess extracellular matrix in
AL-Am and LCDD, respectively, are most welcome.
Understanding how monoclonal LCs interact with MCs
to lead to pathological events has provided crucial
valuable information to design new potential thera-
peutic interventions at the kidney level. These thera-
peutic approaches together with measures to provide
for or enhance mesangial repair provide hope for
organ-based treatments in the future.

Competition at the receptor site for LCs on MCs us-
ing structure-based drug design strategies based on
crystallography and/or NMR data to generate novel
ligands for SORL1 has already been proposed as a
treatment strategy.'”' This will diminish or abolish the
interactions between GLCs and SORLI and subsequent
downstream pathological events. This approach would
be of benefit in both LCDD and AL-Am.

Preventing internalization of the LCs into MCs repre-
sent another potential strategy to be used specifically in
AL-Am. The next area of potential therapeutic interven-
tion is to interfere with the transport of the internalized
monoclonal LC from endosomes to the mature lysosomal
compartment where amyloid fibrils are formed. This will
entail pharmacologically regulating Rab proteins that
participate in the intracellular transport of LCs.' "’

Therapeutic Approaches/New

Altering the lysosomal pH is another manipulation
to reduce amyloid generation. The formation of fibrils
requires a stringent acidic pH (approximately 5) envi-
ronment in the mature lysosomal compartment. Fibrils
are subsequently dumped into the extracellular matrix
(Figure 5f). It has been shown experimentally that
increasing the lysosomal pH with chloroquine admin-
istration decreases the formation of fibrils.'”

Finally, interventions at the level of the extracellular
compartment aiming at destroying amyloid and/or pre-
venting “seeding,” which propagates amyloid deposi-
tion, are alternate potential therapeutic options.
Promoting immunotherapeutic clearance of AL deposit
with antibodies is an option currently under active
research. One approach has been to target serum amy-
loid P component, a molecule common to all type of
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amyloid deposits, with a fully humanized monoclonal
antibody.'”” Another approach under development is to
target specifically the LC fibrils. Currently, 2 monoclonal
antibodies, 11-1F4 and 2A4, that bind AL-Am fibrils and
promote their phagocytic removal, are under clinical
evaluation. MAb 11-1F4 was generated by immunizing
with aggregates of a K4 LC variable domain protein'”’
and MADb 2A4 was generated by immunizing with a
short peptide derived from sAA."” Tt was shown that
both antibodies recognize the AL fibrils formed by both
K and A LCs.'” ' These manipulations, although
showing some positive effects, have not been entirely
satisfactory for the intended purposes. Likewise, the
delivery to the mesangium of MMP-7 transfected SCs to
foster destruction of the tenascin-rich expanded
mesangium represents a strategy that needs to be further
investigated to treat LCDD."””’

In some instances, more than 1 mechanism is at play.
For example, there is experimental evidence that
epillocatechin-3 gallate (EGCG, green tea) can interfere
with LC amyloidogenesis by a dual mechanism: by
stabilizing a nonamyloidogenic conformation in the
ECM and inhibiting a mesangial cell signaling pathway
(translocation of c-fos signal from cytoplasm to nuclei)
linked to MC phenotypic transformation and down-
stream intracellular amyloid formation in lysosomes.'”*

The therapeutic approaches aimed at inhibiting the
aggregation of the monoclonal LC, or promoting the
clearance of the already deposited LC aggregates, or
modulate the intracellular signaling pathways and
processes that sustain the cytotoxicity of GLCs, either
applied independently or as part of an integral therapy,
have the potential to change the bad prognosis that
characterizes the diseases linked to LC deposition.
However, their successful translation into the clinic
would require the continued and coordinated efforts of
the research community and pharmaceutical industry.

A promising strategy to contend with the organ
disfunction caused by monoclonal LC deposition is that
aimed to stimulate the regeneration of the injured tis-
sue. As heart and kidney are the most frequently
affected organs in disorders with LC deposition, most
of the research effort in this area has been focused on
understanding how regeneration of these organs can be
promoted. The most significative advances in cardiac
regeneration in AL-Am was recently addressed in a
review article.'”” Here, we summarize what has been
done regarding regeneration of renal mesangium.
Because of the challenges with endogenous glomerular
repair, as detailed, the potential use of exogenous
mesenchymal SCs has been explored. The models
described here of mesangial damage can also be used to
assess how exogenous SC therapy may result in kidney
repair. Starting with accomplishing mesangial
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Figure 6. Interactions of mesenchymal stem cells (MSCs) with mesangial cells (MCs) incubated with amyloidogenic light chains (LCs) in the
process of amyloid formation. (a) Hematoxylin and eosin staining of mouse glomerulus with amyloid deposits (asterisk) and MSCs (arrows)
surrounding deposits (original magnification x500). (b) MCs growing on Matrigel incubated with AL-LC and 48 hours later MSCs added. Note the
MSCs (arrows) surrounding the amyloid deposits (asterisks). The insert shows green-labeled MSCs, allowing identification of them in the
experimental media. (c) MSC in capillary space (original magnification x7000) and (d) identifying mesangial area with damage and embracing
area that needs repair (circles and insert) (original magnification in [d] and insert is x7000 and x 14,000, respectively). (e) Incorporation of MSCs
into the damaged mesangial area (original magnification x15,500) and (f) eventual morphologic transformation into MCs with attachment
plagues and myofilaments (circles) (original magnification x20,500). Reprinted with permission from Herrera GA, Teng J, Liu X, et al.
Mesenchymal stem cells in mesangial repair in a model of immunoglobulin light-chain mediated mesangial injury. J Stem Cell Res Ther.
2014;4:13." ® 2014 Guillermo A. Herrera, et al.

regeneration represents a feasible approach because
some diseases begin and progress in the
mesangium  before affecting other glomerular
compartments.”” "> '#12992L If these diseases can be
treated in early stages and mesangial homeostasis can
be reestablished, this will represent a significant
advance in the management of these patients. In
addition, SC therapy has been suggested to delay pro-
gression of glomerular disorders.”"”

Repairing the damaged mesangium presents a num-
ber of challenges: (1) absence of functional MCs to
satisfactorily engage in the repair process, (2) removal
of debris and abnormal extracellular matrix proteins,

Kidney International Reports (2020) 5, 1870-1893

such as tenascin,'"*"” and (3) lack of sufficient growth
factors and other effector molecules to participate in
and facilitate the glomerular healing process.””" >’
Mesenchymal SCs are undifferentiated cells
that inherently possess immunomodulatory””® and
site-specific trophic properties and, most importantly,
an ability to differentiate into a number of cells types.
Exogenous mesenchymal SCs selectively migrate to areas
of mesangial damage where they proceed to clean up
debris and dispose of apoptotic bodies, damaged matrix
and extraneous material such as amyloid fibrils by virtue
of transforming to facultative macrophages in the early
phase of mesangial repair'’”'®’ (Figure 6). After the
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Figure 7. Process of mesangial repair in vitro illustrating early and late phases of the process and the value of “cocktail” administration. First
column (a,e,i): mesangial cells (MCs) in culture with no light chains (LCs). These images portray normal MCs in culture. Note clean background
and cells with intracytoplasmic filaments and attachment plaques. Second column (b,f,j): Transformed MCs (macrophage phenotype) incubated
with amyloidogenic LCs forming amyloid. Note the presence of amyloid deposits formed by transformed (macrophage-like) MCs. Third column
(c,g,k): MCs incubated with amyloidogenic LCs and mesenchymal stem cells (SCs) without “cocktail.” Note the presence of transformed
mesenchymal SCs with numerous lysosomes cleaning the damaged mesangial area. Fourth column (d,h,l): MCs incubated with amyloidogenic
LCs, mesenchymal SCs, and “cocktail.” The mesenchymal SCs have transformed to MCs with peripheral intracytoplasmic myofilaments and
attachment plaques (late repair process). This shows that the repair process is far more efficient (and faster) when the “cocktail” is used. (a—d)
Toluidine blue staining. (e-l) Transmission electron microscopy with uranyl and lead citrate staining. Original magnification (a—d) =500, (e—h)
%1000, (i, k) %2000, (g) x2500, and (I} x12,500. (a—I) From Herrera GA, Teng J, Zeng C, et al. Phenotypic plasticity of mesenchymal stem cells is
crucial for mesangial repair in a model of immunoglobulin light chain-associated mesangial damage. Ultrastruct Pathol. 2018;42:262—288,"® with

permission from Taylor & Francis Ltd., http://www.tandfonline.com.

clean-up is finished, the SCs transform again developing
morphological and functional characteristics of MCs in
the late phase of the mesangial repair'®’ (Figure 6).
While in the research laboratory exogenous mesen-
chymal SCs have been shown to be of great value in
repairing damaged mesangial areas by providing
paracrine factors, as suggested initially,””’ and by
transforming into phagocytic cells removing debris/
abnormal material, finally becoming functional MCs,
confirmed later,m’ls}*185 there are a number of obvious
challenges as efforts are made trying to move this type
of therapy into the clinical arena. From vascular oc-
clusion produced by the infusion of mesenchymal SCs,
to delivery of these cells specifically to damaged areas
in selected organs, to determine the amounts of these
cells needed for the expected results to simply defining
ways of how to administer them represent a number of
the challenges that need to be considered seriously
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before going forward with translational applications of
this technology to serve patients.””””"" Delivery of
exogenous mesenchymal SCs directly to the kidney
would avoid some of the difficulties and decrease
complications.

Finally, creating the proper “homing” for the SCs to
be attracted to the areas of damage and to provide them
with the appropriate milieu for development and
maturation needs to be a priority to accomplish a suc-
cessful mesangial repair. In part, this was accomplished
in experimental platforms by delivering a “cocktail” of
factors that facilitated the repair process together with
the SCs, using the ex vivo and in vivo animal models®'’
(Figure 7,'%%). This “cocktail” contained pertinent
growth factors (PDGF-f and TGE-f), differentiating
factor retinoid acid that stimulates cellular phenotypic
transformation,211 and curcumin, which has a number
of interesting properties that aid in repair. It has been
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shown that curcumin enhances activity of MMPs,
disrupts interactions between integrins and extracel-
lular matrix facilitating matrix removal, and may prime
the extracellular matrix to facilitate cleavage.”'” *'” The
repair process occurred faster and more efficiently
when the “cocktail” was administered, solidifying the
value of this approach'®’ (Figure 7). Strategies
currently in development for kidney-targeted drug
delivery can enhance the efficacy of growth factors and
drugs capable of stimulating the migration into the
damaged areas and subsequent differentiation of
exogenous mesenchymal SCs, reducing the undesirable
effects in other tissues.”'’

Conclusions

Our understanding of how glomerular damage oc-
curs in monoclonal LC-related renal diseases has
been significantly advanced in the past decades.
This has provided us with delineation of key steps
in the pathological processes that are amenable to
pharmacologic intervention to prevent, control,
modulate, or delay progressive glomerular damage
leading to irreversibility. Although abolishing or
controlling the injurious agent/s remains critical,
especially when systemic in nature, regulating
pathological events locally may provide a reason-
ably sound approach to prevent damage and/or
promote enhanced healing. The mesangium has
become a clear target for avoiding irreversible
changes once the plasma cell neoplastic process is
controlled or eradicated.

There are several potential areas where therapeutic
intervention at the glomerular level requires further
exploration. Although the opportunities that exoge-
nous SC therapy offers are exciting, several limitations
including difficulties associated with delivery, proper
cellular engraftment, and difficulties in monitoring
negative effects that may occur need to be further
carefully studied.
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