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Abstract

Background: The renal biopsy represents a cornerstone in
the definition of monoclonal gammopathy of renal signifi-
cance (MGRS), helping in identifying patients with sub-de-
tectable neoplastic clones (MGUS) that would deserve ag-
gressive chemotherapies. However, the rising complexity of
this onco-nephrology field is significantly challenging the
daily work of nephrologists and nephropathologists, leading
to the formation of ultra-specialized international centers
with dedicated personnel/instrumentation and stressing
the need for a better understanding of the underlying mo-
lecular landscape of these entities. Summatry: In this setting,
the application of proteomic techniques, some with in situ
capabilities (e.g., MALDI-MS imaging), for the investigation
of the most challenging MGRS is progressively shedding
light on the pathobiology of these diseases, providing new
insights in the diagnosis and prognosis of these cases. This
transformation is further enhanced by the application of

next-generation digital pathology platforms, leading to a
significant improvement of the cultural background for phy-
sicians thanks to second opinions, database and atlas cre-
ation, enhancement of diagnostic reports, with obvious re-
percussions for patients both in terms of turnaround time
and appropriateness. Key Messages: The present review is
aimed at bridging the gap between clinical questions (i.e., a
better characterization of MGRS) and the molecular land-
scape of onco-nephrology entities.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

The complex interaction between cancer and kidneys
has been extensively studied in the last decades, leading
to the creation of a translational sub-speciality, onco-ne-
phrology, based on the strict collaboration of patholo-
gists, nephrologists, and oncologists [1, 2]. In this setting,
renal disease in patients with hematological malignancies
probably represents the most striking example of this pe-
culiar cancer-kidney interplay, especially in cases charac-
terized by the presence of nephrotoxic circulating mono-
clonal immunoglobulins [3]. Based on the most recent
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Fig. 1. Schematic view of the current classification of MGRS based on the possible mechanism of damage of the
monoclonal immunoglobulin against the kidney (direct vs. indirect) and on the characteristics of the deposits
(organized vs. nonorganized). GN, glomerulonephritis. Modified from Leung et al. [16].

recommendations, only patients with overt multiple my-
eloma (MM), chronic lymphocytic leukemia, or lympho-
plasmacytic lymphoma as per International Myeloma
Working Group criteria receive chemotherapy [4-6]. The
remaining cases, characterized by an isolated monoclonal
component (MC) with tumor burden below the thresh-
old of requiring treatment, are labeled as monoclonal
gammopathy of undetermined significance (MGUS),
thus undergoing hematological follow-up without ag-
gressive treatment. However, starting from 2012 it has
become more and more evident that even small amounts
of these nephrotoxic immunoglobulins in the absence of
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overt tumor burden can significantly impair the renal
function, causing different clinical syndromes (e.g., ne-
phrotic) as well as acute kidney injury, leading to the in-
troduction of the MGRS concept [7]. These cases account
for about 10% of MGUS, affecting between 0.32% and
0.53% of patients from 50 to 70 years old [8], can antici-
pate by years the development of the malignancy, and are
poorly responsive to standard immunosuppressive thera-
pies used in other immune-mediated glomerulonephritis
(GN) [9, 10] with an outcome comparable to that of overt
hematological neoplasms [11, 12]. This paradigm shift
stressed the importance of an early detection of MGRS
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Table 1. Clinical, histopathological, and ultrastructural features of the main MGRS

Clinical features LM IF Electron Treatment
microscopy
MIDD Proteinuria (90%) Nodular Linear positivity along the ~ Powdery Proteasome inhibitors
usually nephrotic glomerulosclerosis with GBMs and TBMs for the electron-dense  along with supportive
range, hypertension, ribbon-like thickening of  involved MC, usually kappa deposits along  therapy. Renal
and hematuria (75%) TBMs LC for LCDD inner aspects of transplantation could
GMB and outer  represent an
aspect of TBM  alternative for some
patients affected by
MIDD
PGNMID Variable, nonspecific MPGN pattern with Glomerular-limited Electron-dense  Aggressive treatment

double-contour formation
and endocapillary
hypercellularity with large,
wire-loop-like deposits

granular mesangial and
capillary deposits of IgG
with kappa LC restriction in
73% of cases. IgM and IgA
in about 10% of cases. C3
codeposition is constant,
C1qin 55-64% of cases

granular
deposits mainly
located in
mesangial and
subendothelial
spaces

if MC is detected; RAS
blockade agents if a
MCis not detected and
the renal function is
preserved

Amyloidosis Proteinuria (73%),
usually full nephrotic

Amorphous deposits, with
pale PAS and Jones stain,

Smudgy positivity of the
deposits for the involved

Nonbranching,
randomly

Chemotherapy even in
the absence of full-

syndrome strong positivity to Congo  light (in AL cases), heavy (in arranged, 8-12  blown MM
red stain with typical AH cases) chains, or both nm diameter
green-apple birefringence (in AHL cases) fibrils
involving the glomeruli,
vessels, and interstitium
FGN Renal insufficiency MPGN with GBM double  Mainly mesangial and Randomly RAS blockade agents;
and proteinuria, 36% contour and cellular capillary wall smudgy IgG ~ arranged, rituximab in patients

of which shows a full
nephrotic syndrome

interposition with
glomerular restricted, PAS,

deposits, rarely linear GBM
IgG positivity. About 2% of

nonbranching
fibrils of 12-22

with relatively normal
baseline renal function;

usually with and Jones-negative cases are monotypic nm diameter transplant
hematuria mesangial and capillary
wall deposits
IGN Invariable presence  Variable patterns of injury, Glomerular deposits Microtubular Not established but

of proteinuria, in 76%
in nephrotic range
and in 58% with
full-blown nephrotic

syndrome

ranging from
endocapillary proliferation
(35%) to MPGN (29%),
followed by membranous
pattern of glomerular
involvement

typically stain positive for
IgG and C3 with
immunoglobulin LC
restriction

substructures
with distinct
hollow centers
seen in cross
section, 10-90
nm

clone-directed
approach may be the
most suitable solution

Cryoglobuli- Nephritic/nephrotic
syndrome with
various levels of
kidney function

nemic GN

MPGN, with characteristic
capillary wall ribbon-like
and intraluminal globular
PAS-positive deposits
(cryo-plugs)

Igs and LC positivity
reflecting the circulating
cryoglobulin composition
following the disposition of
deposits in LM

Vague, short
fibrillary
substructures
that can be
organized as
tactoids

Not established but
clone-directed
approach may be the
most suitable solution

MIDD, monoclonal immunoglobulin deposition disease; TBM, tubular basement membrane; GBM, glomerular basement membrane;
LCDD, light chain deposition disease; PGNMID, proliferative glomerulonephritis with monoclonal immunoglobulin deposit; MPGN,
membranoproliferative glomerulonephritis; RAS, renin-angiotensin system; PAS, periodic acid of Schiff; MM, multiple myeloma; GN,

glomerulonephritis.
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cases to promptly adopt the most appropriate treatment
with aggressive clone-directed therapeutic approaches
[13]. The recent introduction of advanced proteomic
techniques (e.g., mass spectrometry [MS]) is further
twisting the diagnostic assessment and pathogenesis un-
derstanding of some of these entities, as in the case of
amyloidosis [14]. The deriving complex nosological clas-
sification is rapidly changing with the progressive under-
standing of the direct and indirect nephrotoxic mecha-
nisms of monoclonal immunoglobulins, requiring an el-
evated nephropathological expertise and a continuous
update on the topic (as shown in Fig. 1) [15]. Although
the assessment of renal biopsy through “conventional”
microscopy techniques, such as light microscopy (LM),
immunofluorescence (IF), and transmission electron mi-
croscopy, could often be sufficient for the correct classi-
fication of MGRS (see Table 1), these are still affected by
accuracy issues in challenging cases and the creation of
integrated, multicentric digital nephropathology plat-
forms can be useful to overcome these intrinsic limits.
This could further enhance the molecular investigation of
the most frequent MGRS, with particular attention to the
application of tissue and liquid-based proteomics that
could in the future highlight a “liquid biopsy” role for
urines, as discussed in the present review.

Digital Pathology for the Characterization of MGRS

Some of the major challenges encountered in nephro-
pathology for the assessment of MGRS are represented by
the following:

o The need for high expertise to face the complex clas-
sification of these entities to solve problematic differ-
ential diagnosis [16];

o The need for specific routine tools for the most com-
plete characterization of MGRS (e.g., LM, IF, and EM),
which are not always present in all the centers [17, 18];

o The intrinsic limitations of some of these techniques
in the MGRS setting (e.g., low sensitivity/specificity
for amyloidosis clonality [19]).

To face these challenges, the creation of shared multi-
center networks for the correct assessment of MGRS is
highly desirable. Currently, only few and rare examples of
ultra-specialized reference centers for onco-nephrology
exist, which are mainly focused on specific MGRS forms
(e.g., amyloidosis) and are not available/accessible in ev-
ery country. For this reason, the creation of multicenter,
digital nephropathology networks dedicated to the study
and diagnosis of the whole MGRS group of diseases may

Molecular Tools for the Study of MGRS

fill the gap existing in the routine practice, complement-
ing the different skills of nephrologists, oncologists, and
renal pathologists to improve the comprehensive charac-
terization of MGRS. The employment of next-generation
digital pathology platforms may represent a starting point
for the enrollment of a retrospective database of cases
with available whole slide images for LM, IF, and IHC,
with the possibility to upload/retrieve electron micropho-
tographs and complete diagnostic reports. Finally, the
presence of a centralized digital nephropathology plat-
form could allow the application of ancillary omic tech-
niques (e.g., proteomics), especially for those based on an
in situ approach as matrix-assisted laser-desorption/ion-
ization MS imaging (MALDI-MSI), allowing the real-
time overlap of the obtained molecular images with the
routine histological slides used for the diagnosis.

The Molecular Basis of MGRS: When Light and Heavy
Chains Damage the Kidney

As already stressed, the relationship between the cir-
culating MC and the renal deposition is extremely com-
plex. Recent findings stressed the role of specific amino
acid sequences of the circulating MC in determining the
form and location of the renal deposits (as shown in
Fig. 2) [20]. In particular, the amino acid residues in the
complementarity-determining region 3 of the V domain
of the light chains (LCs) demonstrated a role in the depo-
sition of these molecules in the LC cast nephropathy form
[21], whereas single amino acid substitution in the com-
plementarity-determining region 1 of a Fanconi’s syn-
drome LC prevented the development of proximal tubu-
lar lesions [22]. In a similar way, previous attempts to
determine the physico-chemical properties of LCs deter-
mining their amyloidogenicity were mainly based on in
vitro studies that did not fully take into account the con-
stellation of physiological conditions that contributes to
the deposition of fibrils (e.g., pH, temperature, and cell
interaction). Recently, the introduction of new animal
model allowed to follow the destiny of amyloidogenic
LCs, showing a crucial role for the lysosomes and mesan-
gial cells in the deposition of fibrils, but again failing to
demonstrate unique amino acid “fingerprints” useful to
identify these fibrillogenic proteins in the pre-deposition
state [23]. Although no common structural motifs have
been identified yet, the discovery of germline sequences
ofthe V. domain and specific amino acid substitution dur-
ing somatic mutations seems to have a role in the devel-
opment of LC fibrils [24]. Thus, further investigation of
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AL/AH amyloidosis

Generally involving glomeruli
and arteries, can involve
tubular basement membranes

Lambda more frequently
involved (~75% of AL cases)

- Germline V domain lambda 6
- Amino acid substitution
during somatic mutations

Main pathway of damage:
depostion

MIDD

Almost invariably involve
glomeruli and tubular
basement membranes

Kappa more frequently
involved (~75% of LCDD)

- Germline V domain Vk IV
- Deletion of the first constant
domain (CH1) of heavy chains

Main pathway of damage:
deposition
complement activation

Secondary pathway:
inflammation

LCCN

Obstructive uropathy caused by
the deposition and crystalization
of excessively excreted light chains

Light chains equally involved

- Amino acid residues in the
complementarity-determining
region (CDR) 3 of the V domain of
the light chains

Main pathway of damage:
precipitation

LCPT

Proximal tubules dysfunction due
to intracytoplasmic accumulation
of (mainly) crystalline light chains

Eminently kappa, requires IF after
pronase digestion

- Single amino acid substitution in
the CDR1 prevented LCPT
- Germline V domain Vk1-33 and
Vk1-39, Vk3-15 non crystalline
forms

Main pathway of damage:
precipitation

Fig. 2. Possible molecular mechanisms related to light/heavy chain structures that underlies the preferential de-
position of MCs in different MGRS forms. AL, light chain amyloidosis; AH, heavy chain amyloidosis; MIDD,
monoclonal immunoglobulin deposition disease; LCCN, light chain cast nephropathy; LCPT, light chain proxi-
mal tubulopathy. Credit: created with BioRender.

these amino acid sequences could further shed light on
the fate of the LCs in the kidney, supported by the pro-
teomic modification of the surrounding microenviron-
ment (e.g., mesangial cells), to define a sort of “finger-
print” that can potentially be used to screen MGUS pa-
tients at higher risk to develop MGRS. For these
purposes and to add further details on this complex mo-
lecular puzzle, several tissue-based proteomic techniques
have been used in the past years.
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Molecular Tools for the Study of MGRS: Tissue-Based
Proteomics

The significant complexity of the MGRS entities led to
a revolution in the nosological classification as well as in
the available tools to diagnose and appropriately typify
these entities on renal biopsy, as already described above.
Moreover, this revolution stressed the limitations of some
instruments (e.g., IF) routinely employed to characterize
some of the most frequent diseases in this context (e.g.,
amyloidosis), stimulating the employment of additional
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and more precise tools for investigative and diagnostic
purposes. The most striking example is represented by
the routine implementation of laser capture microdissec-
tion (LCM) coupled with MS for the identification of the
precursor protein in amyloidosis cases, leading to a sig-
nificant reduction of possible misdiagnosis with obvious
therapeutic repercussions [25]. The application of differ-
ent proteomic approaches led to significant discoveries,
elucidating new pathogenetic aspects of different MGRS
forms, some of which entered or are progressively being
implemented in the clinical practice.

Fibrillary GN

One of the most striking examples is represented by
fibrillary GN (FGN), whose pathogenesis and true MGRS
nature remained elusive for years, until the discovery of a
highly sensitive/specific putative antigen by MS, the Dna]
Heat Shock Protein Family Member B9 (DNAJB9) [26,
27]. Although representing a possible autoantigen in
FGN and co-localizing with the IgG deposits in renal bi-
opsies, circulating auto-antibodies directed against this
protein have not been identified yet. The majority of
DNAJB9-positive cases demonstrate the presence of
polytypic deposits by standard frozen IF or after pronase/
proteinase digestion IF, with a subset of negative cases
showing atypical deposits characterized by the IgG com-
ponent alone [28] or by monotypic restriction [29]. This
led to postulate the possible MGRS nature of at least a
subset of FGN cases [30], which should be carefully dis-
tinguished from the DNAJB9-positive cases to promptly
initiate the most appropriate clone-directed therapy in
these monotypic cases, leading some authors to propose
an alternative and more specific nomenclature for this
rare entity (nonamyloid immunoglobulin clonal fibril
glomerulopathy) [31]. Currently, the best therapeutic
strategy for these cases is still debated and the relatively
poor effects of numerous immunosuppressive treatments
and proteasome inhibitors are stressing the need for al-
ternative approaches. Recent research has focused on the
role of rituximab in FGN, showing a subset of patients
who might benefit from it, with current efforts aimed at
identifying that group [32]. However, the current lack of
a circulating responsible antibody that would help in fol-
lowing up the depletion of pathogenetic B cell is still rep-
resenting a limitation for monitoring treatment in FGN.
Future efforts may be focused on the development of
therapies aimed at reducing the impact of fibrils on the
kidney.

Molecular Tools for the Study of MGRS

Immunotactoid GN

As per FGN, the pathogenesis of clonal microtubule
deposition in another rare MGRS, immunotactoid glo-
merulonephritis (ITG), has been poorly understood for
years. Limited existing data suggest that polyclonal ITG
has a different pathogenesis than monoclonal ITG. In par-
ticular, the formation of microtubules in monotypic forms
of ITG can be due to physicochemical properties of the
circulating monoclonal protein [33]. On the other hand,
the pathogenesis of polyclonal cases is still debated and the
deposition of an as-yet identified protein with polymer-
ization capabilities has been postulated as in the DNAJB9-
positive FGN cases. The employment of tandem LCM/MS
on a series of ITG cases demonstrated the presence of im-
munoglobulins, monotypic LCs, complement factors of
the classical and terminal pathway and small amount of
serum amyloid P (SAP) component, apolipoprotein E
(apoE), and clusterin in the context of the deposits [34].
Although it did not show the presence of a pathognomon-
ic marker as in the case of FGN, the identification of pro-
teins generally associated with amyloid deposition (e.g.,
apoE, SAP, and clusterin) suggests a common pathoge-
netic pathway of protein misfolding in the development of
microtubules. As per the therapeutic approach, ITG has
been considered an MGRS and thus treated following a
clone-directed strategy. This treatment, especially with
the association of bortezomib, has shown to improve out-
comes, recapitulating the criteria of treatment already es-
tablished for amyloidosis [35]. The common pathogenet-
ic features between these diseases suggest also a possible
similar response of ITG if treated with daratumumab, an
anti-CD38 monoclonal antibody which has shown excel-
lent results in treatment of amyloidosis [36].

Monoclonal Immunoglobulin Deposition Disease

A similar complexity can be noted in the pathogenesis
of monoclonal immunoglobulin deposition disease
(MIDD), which can be present in three different forms
based on the integrity of the monoclonal immunoglobu-
lin involved, namely, LC deposition disease (~75%,
LCDD), light and heavy chain deposition disease (~14%),
and heavy chain deposition disease (~11%, HCDD) [37-
40]. Different genetic alterations affecting the circulating
monoclonal LC have been advocated to explain the pecu-
liar deposition in LCDD. These mainly affect the variable
region of the protein, although no redundant mutations
have been described to unify the pathogenetic mecha-
nism of the disease [41, 42] and further murine models
are contributing in elucidating the mechanism of renal
precipitation [43]. On the other hand, HCDD cases al-
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most invariably demonstrate the deletion of the first con-
stant domain of the involved heavy chain [44], although
recent studies suggested that this event is essential for the
secretion and the deposition of the molecule but might
not be sufficient for the development of glomerular in-
jury [45]. Along with genetic studies, proteomics already
proven its putative role as a complementary tool in the
diagnosis of challenging cases of MIDD [46] character-
ized by a degree of immunoglobulin deposition under the
detection threshold of standard IF or masked epitopes
[47], as well as when IF antibodies are unavailable due to
extremely rare heavy chains involved (e.g., IgD) [48].

Proliferative GN with Monoclonal Immunoglobulin

Deposits

Another interesting and poorly understood entity with
nonstructured deposits is represented by proliferative
glomerulonephritis with monoclonal immunoglobulin
deposit (PGNMID). Although the disease is character-
ized by the presence of monoclonal renal deposits, the
rate of detection of the nephrotoxic monoclonal immu-
noglobulin in the serum or urine, and of an abnormal
bone marrow B-cell clone, is only 30% [10]. The exact
mechanisms of action of the monoclonal protein in PGN-
MID are still largely unknown, and different pathogenic
hypotheses have been proposed to explain the develop-
ment of this rare condition. The predominance of one of
the most rare circulating immunoglobulins (IgG3) in the
development of the disease [49], the similarity with the
glomerular disease induced in murine models through
the injection of IgG3 cryoglobulins [50, 51], and the high
propensity of this immunoglobulin to aggregate through
the Fc segment with great C1q-fixing ability suggest that
the nephrotoxicity in these forms probably is derived
from the molecular characteristics of the pathogenic
monoclonal protein. However, in the small subset of cas-
es without a detectable circulating clone, especially in
young patients with spontaneous remission, an oligoclo-
nal production of nephrotoxic IgG3 secondary to a
skewed B-cell repertoire induced by viral or other anti-
genic stimulation could be responsible for the develop-
ment of the disease. This prompted further efforts in the
attempt to understand the development of “true” mono-
clonal PGNMID cases through the employment of pro-
teomics tools. This allowed the identification of a subset
of cases characterized by a LC-only composition of the
deposits which are associated with an high detection rate
of the pathogenic plasma cell clone, suggesting to restrict
the MGRS role for these specific entities in the PGNMID
group [52]. An even rare entity, recently reported in small
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case series, is represented by the PGNMID with IgA de-
posits, of which two different forms have been described,
the a-HCDD which share similarities with the y-HCDD
counterpart but with a higher frequency of extra-capillary
proliferation and extra-renal involvement, and the more
peculiar IgA-PGNMID [53]. This last needs particular at-
tention for its partial morphological overlap with more
frequent IgA-dominant forms, such as IgA nephropathy
and IgA-dominant infection-related GN, which makes
the differential diagnosis particularly challenging. How-
ever, the demonstration of monotypic IgA deposits with
appropriate confirmation after IF on pronase-digested
formalin-fixed tissue is of help in its discrimination. Sim-
ilar to the IgG-PGNMID, the true MGRS nature of the
IgA form is still debated; although recent evidences high-
lighted that overt hematological malignancy was infre-
quent, sensitive serum and bone marrow studies revealed
a subtle plasma cell proliferation in most patients, which
further stress the need of a careful clinico-pathological
study of these challenging cases.

Amyloidosis

The mechanisms leading to the deposition of monoclo-
nal protein-derived amyloid share common pathogenetic
pathways with the other types of amyloidosis, with the al-
ready mentioned fibrillar formation and deposition. How-
ever, in the setting of light chain amyloidosis (AL), fibrils
are composed of either fully intact LCs, including both
constant and variable domains, or the variable domain
only. Some evidence suggested that an increased amy-
loidogenic propensity can be conferred to the secreted
LCs either by the presence of mutations in the N-terminus
(contained within the variable domain) and of the VA VI
subgroup [54, 55] or by post-translational protein modi-
fication and proteolysis [56]. The pathogenesis of heavy
chain amyloidosis (AH) and AHL is less understood, but
similar mechanisms have been hypothesized [57]. In this
complex setting, tandem LCM/MS has been proposed and
extensively validated in all the cases in which IF fails to
demonstrate a straightforward restriction of the deposits,
either due to the presence of masked or alternative epit-
opes, or for trapping phenomena, as well as in the cases
with concurrent heavy chain component, representing the
upcoming gold standard for amyloid typing [16, 19, 25].
These advancements in the understanding of AL will fur-
ther help in improving the therapeutic equipment of clini-
cians, by developing new monoclonal drugs (e.g., birta-
mimab, CAEL-101, miridesap, dezamizumab) which tar-
gets the fibril complex preventing further deposition and
facilitating its elimination [58].
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Other Rare Forms

Infrequent and atypical possible presentations of
MGRS have been reported, although in the form of spo-
radic case reports or small case series, it is worth mention-
ing them for the similarities with more common forms of
GN, proposing differential diagnosis issues. The question
whether some of these entities should be included in the
MGRS “family” is still under debate. As a general rule, in
all the following occurrences, a strong correlation with
serum data and clinical information is strictly needed for
their right classification. The most striking example is
represented by membranous nephropathy with light-
chain-restricted deposits. Although considered second-
ary/PLA2R-negative form with predominant IgG1 de-
posits, its pathogenesis is still largely unknown, and the
variable correlation with the presence of a detectable
monoclonal Ig in serum/urine raises doubts about its real
MGRS nature, leading some authors to suggest the pres-
ence of a serum MC under the limit of detection [59]. To
further complicate the spectrum, membranous-like glo-
merulopathy with masked IgG kappa deposits, a recently
described entity where deposits are masked in routine IF
but strongly stain for IgG and kappa LC is shown after
pronase digestion, has been provisionally added to the
MGRS portfolio in the past. However, MS recently dem-
onstrated the colocalization of these deposits with SAP,
forcing us to reconsider the pathogenesis of these rare
entities [60]. Finally, even anti-glomerular basement
membrane (anti-GBM) disease has its own “monotypic”
counterpart [61]. Luckily, this disease offers unusual and
unique features, such as a milder clinical course, which
help in distinguishing it from either a classical anti-GBM
disease or other MGRS. The monotypic anti-GBM anti-
body inefficiency in triggering downstream events such
as complement activation is thought to be linked with the
unusual indolent course of this rare subtype of anti-GBM
disease, which eventually shows a less acute and destruc-
tive pattern of damage.

Molecular Tools for the Study of MGRS: Liquid-Based
Proteomics

Historically, serum and urine samples represented the
original source of information for the definition of mono-
clonal gammopathies. Indeed, the first description of a
paraprotein dates back to 1847, when Henry Bence-Jones
identified an abnormal protein present in the urines of a
subset of patients with renal disease (Bence-Jones pro-
teinuria), lately recognized as a LC without the accompa-
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nying heavy chain [62]. Although initially considered as
an idiopathic [63] or even a benign condition [64], its
subsequent link to monoclonal spikes and MM stressed
the need to improve their routine assessment and early
detection, prompting the development of more sensitive
and reliable assays based on electrophoretic and immu-
nofixation techniques [65, 66]. Recently, different alter-
native proteomics-based methods have been proposed to
quantify the serum/urine-free LCs, the majority based on
MALDI time-of-flight instruments and with good perfor-
mances even in the setting of systemic AL [67]. Although
the accurate quantification of free LCs has been proposed
as a sensitive marker to monitor the response to therapy
of AL cases [68], a reliable marker to be employed for the
early detection of these patients is still lacking, with a rel-
ative delay in the implementation of serum/urines as pos-
sible “liquid biopsy” for the diagnosis of MGRS. Prelimi-
nary data suggest that the so-called amyloid universal sig-
nature (composed of SAP, apoE, and vitronectin) can be
recognized, along with the responsible LC, in urinary
exosomes (microvesicles obtained by sequential ultracen-
trifugation) in patients with plasma cell dyscrasias associ-
ated with amyloidosis and not in controls [69, 70]. The
analysis of these extracellular vesicles demonstrated a dif-
ferent arrangement of the LCs in the urines of patients
affected by AL, preferentially organized in high molecular
weight oligomers, as compared to MM and MGUS cases
that most frequently excrete urinary LC monomers [71].
Moreover, as already mentioned, structural modifica-
tions of the LCs predispose to the development of differ-
ent types of MGRS, suggesting a sort of “specific” finger-
print starting from the amino acid sequence [20]. This has
been demonstrated for amyloidosis by the injection of
amyloidogenic A LC into the rat, inducing the same types
of fibrillar deposition [72], as well as for the Fanconi syn-
drome-associated tubulopathy, by using transgenic
mouse overexpressing specific k LC or by the exposition
of mouse proximal tubule cells to low doses of the toxic
LC [73]. This could represent the basis for the develop-
ment in the future of dedicated tests to predict the spe-
cific nephrotoxic properties of clonal chains starting from
the amino acid sequences.

Future Molecular Perspectives: Spatial
Transcriptomics

The advent of new tissue-based technologies for the
study of the transcriptome is enabling the investigation of
the pathological modifications directly where they take
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Fig. 3. The preliminary application of MALDI-MS on renal biop-
sies with different types of amyloidosis (AA, AL kappa, and AL
lambda) demonstrated the capability of the technique to detect the
shared and common “amyloid universal signature” (composed of
SAP, apoE, and vitronectin). Moreover, specific forms such as the
AA showed the exclusive expression of unique tryptic peptides

place. The application of digital spatial profiling is giving
promising results in the study of hematological disorders
due to its unprecedented capability of discovering subtle
transcriptomic modifications in small regions of tissue
that approximate the single-cell analysis [74]. This already
found application on renal biopsies in different settings,
such as ANCA-associated GN [75] and graft rejection
[76], even showing interesting molecular modifications in
murine models of acute kidney damage, elucidating re-
gion-specific loss of differentiation markers and their re-
expression during repair [77]. This has also been applied
to investigate the complex interaction between inflamma-
tory cells and surrounding renal structures, such as in the
case of LYVE1+ macrophages in the medulla human kid-
ney and its putative protective role against fibrosis or the
immunomodulatory role of macrophage Trem2 in dam-
aged tissue [78, 79]. These represent the promising bases
on which such tools can be in the future applied for the
elucidation of pathogenetic mechanisms leading to the
development of the different types of MGRS.
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(e.g., m/z 742.32), which are absent in other types of amyloidosis.
Finally, the analysis of AL kappa cases highlighted the presence of
fragments of the kappa LC that were not present either in the AA
and AL lambda forms, demonstrating the recurrence of specific
domains of the variable regions (V1-17) that could have a role in
the formation of AL kappa amyloid.

Future Molecular Perspectives: The Role of MALDI-
Mmsl

The recent introduction of a new spatial proteomics
approach, using MALDI-MSI technology, enables the
molecular information unraveled by MS to be correlated
with the morphological detail of a renal biopsy, without
the strict need to dissect the tissue through LMD. More-
over, this is routinely performed using the commonly
stored formalin-fixed paraffin embedded material. This
helped shed light on different aspects of the pathogenesis,
resistance to therapy, and diagnosis of different forms of
GN [80-87]. This type of approach already demonstrated
interesting results in the study of renal amyloidosis cases
directly employing renal biopsy tissues without the strict
need of a previous LCM [88, 89], allowing the definition
of a so-called amyloid universal signature as well as defin-
ing the precursor protein involved in each case (as shown
in Fig. 3), representing a promising tool for the future of
MGRS characterization [90].

L’Imperio/Cazzaniga/Vergani/Smith/
Alberici/Pagni



Conclusion

The renal biopsy represents a cornerstone in the defini-
tion of MGRS, helping in identifying patients with sub-
detectable neoplastic clones (MGUS) that would deserve
aggressive chemotherapies. However, the rising complex-
ity of this onco-nephrology field is significantly challeng-
ing the daily work of nephrologists and nephropatholo-
gists, leading to the formation of ultra-specialized interna-
tional centers with dedicated personnel and
instrumentation. Although these modifications are pro-
gressively but slowly changing the landscape of MGRS di-
agnosis and treatment, there is still a substantial lack of
knowledge on the most rare MGRS forms. Digital nephro-
pathology platforms may be a real-life solution for second
opinion and diagnostic sharing with opinion leaders;
moreover, a digital approach may be helpful for the appli-
cation of innovative spatial proteomics technique (MAL-
DI-MSI) to shed light on the pathobiology of MGRS and
provide new insights in the diagnosis and prognosis.
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