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Abstract
Introduction  Amyloidosis typing is crucial to determine the best therapeutic strategy for patients. Since 
conventional histological techniques often fail, the identification of amyloid precursors by mass spectrometry has 
become the new standard. However, without quantification, selecting the amyloid precursor from proteins that may 
be ubiquitous under non-pathological conditions can be equivocal. Therefore, we quantified protein enrichment in 
amyloid deposits to improve amyloidosis typing.

Methods  Protein enrichment was measured by extracted ion chromatogram-based label-free quantification by 
comparing a microdissected amyloid area to a non-amyloid area. We assessed the discrimination ability of candidate 
precursors with this approach compared to the two practiced identification methods.

Results  As a proof of concept, we selected 9 cases including the most common amyloidosis subtypes, 6 typed by 
immunohistochemistry and 3 inconclusive by immunohistochemistry. Proteins associated with amyloid deposits 
were identified in all samples, confirming the pathology. Where the routine clinical mass spectrometric identification 
techniques allowed unambiguous conclusions for 3 of 9 cases, quantification of the enrichment ratio in amyloid 
deposits allowed unambiguous precursor selection in all cases.

Conclusion  Quantification of precursor enrichment in amyloid deposits is a promising optimization for amyloidosis 
typing, which should be studied in larger cohorts. Incorporated into routine clinical processes, it could improve 
patient care in difficult diagnostic situations.

Keywords  Amyloidosis typing, Label-free quantification, Mass spectrometry, Proteomics
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Introduction
Amyloidoses are rare, heterogeneous diseases caused by 
the extracellular deposition of amyloid, a fibrillar mate-
rial composed of twisted β-sheet protein aggregates [1, 
2]. Depending on the site of deposition and the mecha-
nism of protein misfolding, amyloidosis can be systemic 
or localized, acquired or hereditary. Amyloid deposits 
contain a disease-specific precursor protein along with 
common components such as heparan sulfate proteogly-
can and serum amyloid P component [2]. The Interna-
tional Amyloidosis Society maintains the list of amyloid 
precursors, which forms the basis for the nomenclature 
of amyloidoses. This list continues to expand, with 36 
precursors identified in 2018 [3] and 42 to date [4]. The 
main systemic precursors—immunoglobulin light chains 
(κ or λ, AL amyloidosis), transthyretin (ATTR, acquired 
or hereditary), and serum amyloid A (AA)—account for 
nearly 90% of cases diagnosed in routine practice [5]. 
Treatment strategies depend on the nature of the pre-
cursor and the distribution of deposits, ranging from 
chemotherapy, immunotherapy, or autologous stem cell 
transplantation for AL amyloidosis, to inflammation 
control for AA amyloidosis, and siRNA therapy or liver 
transplantation in selected hereditary ATTR cases [6]. 
Accurate amyloid typing is therefore essential for optimal 
patient management and genetic counseling.

Diagnosis may be clinically suspected or incidentally 
discovered by pathologists. Still, with few exceptions, 
confirmation requires histopathological evaluation 
of an affected tissue or organ. Minor salivary glands, 
abdominal fat, and colonic mucosa are common biopsy 
sites, as they are frequently involved and easily acces-
sible. Amyloid deposits show characteristic Congo red 

positivity and yellow-green birefringence under polar-
ized light. Amyloid typing can be performed by immu-
nofluorescence on frozen tissues or by chromogenic 
immunohistochemistry (IHC) on formalin-fixed paraffin-
embedded (FFPE) samples. However, IHC often suffers 
from background noise—particularly for light chains [7] 
and transthyretin [8] — and from the limited availability 
of antibodies for rare amyloid subtypes. Tissue scarcity 
can further restrict the number of proteins tested. Immu-
noelectron microscopy offers an alternative but is avail-
able only in few expert centers and requires a dedicated 
sample.

Over the past decade, mass spectrometry (MS)-based 
proteomics from FFPE samples has emerged as the gold 
standard for amyloid typing, representing the first clini-
cal application of MS-based proteomics in diagnostic 
pathology [5, 9]. It is particularly valuable when conven-
tional methods are inconclusive, contradictory to clinical 
findings, or non-informative [10]. The Mayo Clinic and 
the UK National Amyloidosis Centre are the leading ref-
erence centers, each reporting hundreds to thousands of 
accurately typed cases [5, 9, 11]. Rezk et al. demonstrated 
that MS successfully resolved 80% of previously uninfor-
mative cases by IHC [12], while the Mayo Clinic reported 
a 100% precursor identification rate [5, 9].

Both centers use a similar bottom-up proteomics 
workflow involving laser microdissection of Congo red-
stained deposits, tryptic digestion, and peptide analysis 
by LC-MS/MS. Amyloid identity is confirmed by detec-
tion of shared amyloid-associated proteins, including 
serum amyloid P component, apolipoprotein E, and apo-
lipoprotein A-IV [5, 11]. For precursor identification, the 
Mayo Clinic selects the protein with the highest number 
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of peptide spectrum matches (PSMs), whereas the UK 
Centre uses the protein with the best Mascot identifica-
tion score [11, 13, 14]. Despite these robust pipelines, 
precursor assignment can remain challenging when mul-
tiple candidates show comparable PSM or Mascot scores, 
as observed in samples with scarce deposits, blood con-
tamination, or proteins naturally present in tissues such 
as apolipoproteins A-I/A-IV, immunoglobulins, or trans-
thyretin [11, 12, 15]. An Australian group reported up to 
40% of AL amyloidosis cases displaying secondary pre-
cursors with similar PSM values [16].

Protein identification by MS depends on intrinsic 
physicochemical properties, such as peptide ioniza-
tion efficiency and sequence length. Consequently, low-
abundance proteins with well-ionizing peptides may yield 
stronger signals than abundant proteins with poor ioniza-
tion. Conventional proteomic analysis therefore restricts 
quantification to comparisons of identical peptides (same 
sequence, charge, and modifications) and does not con-
sider inter-protein comparisons of identification scores, 
PSMs, or relative intensities as valid measures of abun-
dance [17].

To enhance diagnostic confidence, targeted quantita-
tive MS approaches have been proposed. These rely on 
isotopically labeled standard peptides to quantify specific 
amyloid precursors. Ogawa et al. provided the first proof 
of concept [18], and Park et al. demonstrated high sensi-
tivity and specificity of targeted quantification compared 
with standard MS-based identification, though only for 
the three major systemic forms—AL, AA, and ATTR 
[19]. These pseudo-absolute quantification methods 
require advanced MS expertise and specialized acquisi-
tion workflows, limiting their use in clinical laboratories. 
Extracted Ion Chromatogram-based (XIC-based) label-
free quantification (LFQ) is widely used in exploratory 
proteomics and increasingly applied to clinical studies 
[20, 21]. XIC-based LFQ estimates protein abundance by 
extracting ion chromatograms (XICs) based on retention 
time and m/z coordinates, enabling relative quantifica-
tion even when peptides are not consistently identified, 
provided they are sequenced at least once. This approach 
allows direct comparison of relative protein abundances 
between samples, making it particularly suitable for eval-
uating the enrichment of precursor proteins within amy-
loid deposits.

To our knowledge, no study has assessed XIC-based 
amyloid precursor enrichment quantification using a 
label-free approach in FFPE-derived samples as com-
pared to conventional reported approaches. In this study, 
we propose to implement XIC-based label-free enrich-
ment quantification in routine practice to improve the 
robustness and reliability of amyloidosis typing.

Materials and methods
Study population
This study relied on a retrospective inclusion of selected 
patients with an amyloidosis diagnosis performed at the 
Bordeaux University Hospital from 2013 to 2022, with 
consistent clinico-biological data. Archived formalin-
fixed and paraffin embedded (FFPE) samples with suf-
ficient remaining material were included. Moreover, the 
selection process, for a small yet diverse cohort, relied 
on the specimen type (biopsy or surgical specimen, tis-
sue), the ground truth amyloid type, the localized or sys-
temic nature of the deposits and the informative nature 
of IHC. Main clinical, biological and pathological char-
acteristics were retrieved from the institutional medical 
software. Congo red staining was performed for amy-
loidosis diagnosis in all samples and amyloidosis typing 
was performed by routine immunohistochemistry tar-
geting kappa and lambda light chains (clone A21-Y and 
K22-Y from Clinisciences), serum amyloid A (clone MC 
1 from Dako), transthyretin (polyclonal from Dako) and 
β2-microglobulin (polyclonal from Genetex). All immu-
nostains were performed using an Omnis automate 
from Dako Agilent (EnVision Flex/horseradish peroxi-
dase for signal amplification). All reagents were provided 
by Dako/Agilent. No frozen tissue was available for any 
case. For each case, the abundance of amyloid deposits 
was semi-quantitatively assessed by a pathologist in a 1 
to 5 scale, where 5 represents a sample nearly exclusively 
affected by amyloid deposits.

The study was conducted according to the guidelines of 
the Declaration of Helsinki and was approved by a local 
ethic committee for the protection of persons (reference 
number CER-BDX-2023-02).

Microdissection of selected area and sample preparation
For each sample, 5 μm thick sections were cut from FFPE 
blocks on polyethylene naphthalate covered slides. Par-
affin removal, rehydration and color staining were per-
formed using the following baths: xylene (5 min), xylene 
(overnight), 2 ethanol absolute baths (1  min), ethanol 
95 (1  min), water (1  min), Hematoxylin (1  min), water 
(until clear bath). Non-amyloid (NA) and Amyloid (A) 
areas were selected from the Hematoxylin eosin saffron 
or Congo red slides performed for diagnosis purposes, 
under the supervision of a pathologist (either B.LB. 
or B.C.). Areas between 0.1 and 1  mm² were microdis-
sected with a PALM type 4 (Zeiss) laser microdissector 
(same size for each NA/A pair). Sections were collected, 
immersed in a 50 mM Ammonium bicarbonate buffer, 
and heated at 90 °C for 120 min with occasional vortex-
ing. Samples were reduced in 30 mM dithiothreitol at 
56  °C, alkylated in 900 mM iodoacetamide in dark and 
digested overnight with 10 µL of 0.01  µg/µL of trypsin. 
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Peptides were then analyzed by liquid chromatography 
and tandem mass spectrometry (LC-MS/MS).

Mass spectrometry analysis
NanoLC-MS/MS analysis was performed using an Ulti-
mate 3000 RSLC Nano-UPHLC system (Thermo Sci-
entific, USA) coupled to a nanospray Orbitrap Fusion™ 
Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher 
Scientific, California, USA). Each peptide extracts were 
loaded on a 300 μm ID x 5 mm PepMap C18 precolumn 
(Thermo Scientific, USA) at a flow rate of 10 µL/min. 
After a 3 min desalting step, peptides were separated on 
a 50 cm EasySpray column (75 μm ID, 2 μm C18 beads, 
100 Å pore size, ES903, Thermo Fisher Scientific) with a 
4–40% linear gradient of solvent B (0.1% formic acid in 
80% ACN) in 57 min. The separation flow rate was set at 
300 nL/min. The mass spectrometer operated in positive 
ion mode at a 2.0 kV needle voltage. Data was acquired 
using Xcalibur 4.4 software in a data-dependent mode. 
MS scans (m/z 375–1500) were recorded at a resolu-
tion of R = 120,000 (@ m/z 200), a standard AGC target 
and an injection time in automatic mode, followed by 
a top speed duty cycle of up to 3 s for MS/MS acquisi-
tion. Precursor ions (2 to 7 charge states) were isolated in 
the quadrupole with a mass window of 1.6 Th and frag-
mented with HCD@28% normalized collision energy. 
MS/MS data was acquired in the Orbitrap cell with a 
resolution of R = 30,000 (@m/z 200), a standard AGC 
target and a maximum injection time in automatic mode. 
Selected precursors were excluded for 60 s. For protein 
identification, Mascot 2.5 algorithm through Proteome 
Discoverer 2.5 Software (Thermo Fisher Scientific Inc.) 
was used in batch mode by searching against the UniProt 
Homo sapiens database (79 071 entries, Reference Pro-
teome Set, release date: January, 2022) from ​h​t​t​p​:​/​/​w​w​w​.​
u​n​i​p​r​o​t​.​o​r​g​/​​​​ website. Two missed enzyme cleavages were 
allowed for trypsin. Mass tolerances in MS and MS/MS 
were set to 10 ppm and 0.02 Da. Oxidation of methio-
nine and acetylation of lysine were searched as dynamic 
modifications. Carbamidomethylation on cysteine was 
searched as static modification. Raw LC-MS/MS data 
were imported in Proline Studio for feature detection, 
alignment, and quantification [22]. Briefly, all detected 
LC-MS peaks were associated with validated PSMs (iter-
ative alignment). The parameters for m/z alignment tol-
erance and retention time alignment tolerance are 10.0 
ppm and 300 s, respectively. Match between runs were 
set with m/z tolerance of 10 ppm and a time tolerance of 
60 seconds to overlay all the two-dimensional (m/z and 
retention time) feature maps. The abundance of each ion 
is estimated from the apex of the chromatographic peak. 
Map intensities were normalized using median ratio 
method. Proteins identification was accepted only with at 
least 2 specific peptides with a pretty rank = 1 and with a 

protein False Discovery Rate (FDR) value less than 1.0% 
calculated using the “decoy” option in Mascot. Label-free 
quantification of MS1 spectra by extracted ion chromato-
grams (XIC) was carried out with parameters indicated 
previously [23]. The mass spectrometry proteomics data 
have been deposited to the ProteomeXchange Consor-
tium via the PRIDE [24] partner repository with the data-
set identifier PXD039814.

Bioinformatical and statistical analysis
Statistical analyses and plots were performed using 
R, version 4.2.2 [25]. Plots were performed using the 
ggplot2 package and the ggpubr package. Spearman’s 
rank correlations were performed using the stats pack-
age. To assess the confidence in data interpretation, we 
defined a confidence score for each approach, expressed 
as a ratio (score of the first precursor divided by the mean 
of the next 2 scores). As all three methods of mass spec-
trometry-based amyloidosis typing hypothesized that, 
from all identified and/or quantified proteins, a protein 
precursor with a top score will emerge (PSM, Mascot or 
abundance ratio), confidence in results interpretation can 
be summarized, for each approach, as the relative differ-
ence between the protein precursor with the best score 
compared to the next two scores.

Results
Clinical and biological characteristics of the patients
We selected a panel of 9 cases as a proofofconcept, focus-
ing on the most common amyloidosis types. For 6 of 
them, immunohistochemistry (IHC) was informative. 
For 3 of them, IHC was not informative but the associ-
ated clinical data of the patient strongly suggested the 
amyloid precursor determination. Of these 9 patients, 
8 were cases of systemic amyloidosis (case numbers 1 
to 6, 8 and 9) and 1 was a case of localized amyloidosis 
(case 7). Mean age of included patients was 68 years old 
(range 47–83). Available samples consisted of a biopsy 
for 6 cases and a surgical specimen for 3 cases, from vari-
ous organ or tissue origin (Table 1). Amyloidosis typing 
based on clinicopathological findings were as follows: 2 
AL lambda, 2 AL kappa, 1 ATTR, 1 Aβ2M and 1 AA. In 
three cases (cases 4,7 and 8), IHC was non-informative. 
Case 4 had an IgM kappa monoclonal gammopathy with 
an incidental finding of amyloid deposits in a duodenal 
ampulloma resection. Case 7 had a previous biopsy that 
favored kappa light chain deposits by IHC. Case 8 had a 
lambda light chain multiple myeloma. Main clinicopath-
ological characteristics are summarized in Table 1.

http://www.uniprot.org/
http://www.uniprot.org/
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Quantification of protein enrichment in amyloid deposits 
and comparison with routine identification selection 
methods
For each case, two regions of interest of the same surface 
(1  mm²) were isolated by laser microdissection (Fig.  4), 
one with amyloid deposits (Fig. 4b) and the other without 
morphological amyloid deposits (Fig.  4c). These regions 
were previously annotated on a Congo red staining by an 
experienced pathologist (Fig. 4d and e). After microdis-
section (Fig.  4f ), proteins were extracted and digested, 
and proteolytic peptides were analyzed by high resolu-
tion tandem mass spectrometry (LC-MS/MS) (Fig.  2a). 
In the amyloid area, identification of at least two of the 
three proteins associated with amyloid deposition (serum 
amyloid P-component/APCS, apolipoprotein E/APOE, 
and apolipoprotein A-IV/APOA4) was used as an initial 
quality control. For amyloidosis typing, the two methods 
routinely used in the expert centers are (i) the PSM, the 
protein precursor with the most peptide spectra matches 
(PSM, number of MS/MS spectra) in the amyloid area (A) 
and (ii) the Mascot score, the precursor with the highest 
Mascot identification score in the amyloid zone (A). We 

compared these methods to (iii) the quantification of the 
enrichment ratio by a label-free approach: the precursor 
with the highest enrichment ratio calculated by compar-
ing its relative abundance between the amyloid area (A) 
and the non-amyloid area (NA) (Fig. 2b, Supplementary 
Table 1). A selection is first made from the known amy-
loid precursors (systemic and/or localized when appli-
cable), which means that among the identified proteins 
we do not consider proteins that have never been asso-
ciated with amyloidosis in first intention. Overall, in all 
analyzed cases, we identified between 4 and 34 amyloid 
protein precursors per case. The quantification of the 
protein enrichment in the deposits (ratio A/NA) revealed 
that several precursors could be enriched and allowed 
us to isolate the precursor with the highest enrichment 
rate. Some ubiquitous amyloid precursors were even 
more present in the non-amyloid tissue than in the 
deposits (ratio A/NA ≤ 0.5). These results demonstrate 
the interest of providing quantity information beyond 
the simple identification of precursors (Fig.  2b, Supple-
mentary Table 1). We then focused on each of the ana-
lyzed cases. As a first example, case 3 is an inflammatory 

Table 1  Relevant clinical data of the included patients
Case 
No.

Age 
(years)

Gender Sample (surgical 
specimen, biopsy)

Site Amyloid subtype by IHC Associated condition

1 66 F Surgical specimen 
(gangrene)

Perineum β2-microglobulin End-stage renal disease with dialysis for 40 
years

2 78 M Biopsy Minor salivary gland Light chain Lambda Multiple myeloma (IgG Lambda)

3 47 F Biopsy Rectum Serum amyloid A-1 protein Familial Mediterranean fever. Hemodialysis

4 83 M Surgical specimen Duodenum 
(ampulloma)

Non-informative IgM monoclonal gammopathy (kappa). Sus-
picion of low-grade digestive lymphoma.

5 56 M Surgical specimen Liver (recipient) Transthyretin Transthyretin-related hereditary amyloidosis

6 69 F Biopsy Bone marrow Light chain lambda Monoclonal gammopathy (IgG lambda)

7 70 F Biopsy Larynx Undefined from this sample. 
A prior biopsy favored kappa 
light chain deposits.

Localized amyloidosis

8 83 M Biopsy Minor salivary gland Doubtful (moderate staining 
with transthyretin).

Light chain multiple myeloma (lambda)

9 62 F Biopsy Liver Light chain Kappa IgM monoclonal gammopathy (kappa).

Fig. 1  Laser capture of amyloid (A) and non-amyloid (NA) tissue areas in case number 4. (a): Hematoxylin-Eosin-Saffron (HES) staining from a surgical 
resection of ampulloma. Focus on amyloid deposits seen in the lamina propria and on a non-amyloid area (b and c, HES staining), and with Congo red 
staining (d and e). (f): HES section after laser capture. The arrows indicate the microdissected areas. Scale bar = 100 μm
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AA amyloidosis that was previously characterized by 
IHC (Fig.  3a). Amyloidosis-associated proteins (APOE, 
APOA4 and APCS) were identified and were enriched in 
the deposits (Fig. 3b). The number of PSM and the Mas-
cot score of the SAA2 precursor were ranked fifth and 
seventh, respectively, among the identified precursors. 
In contrast, with our quantification method, the high-
est A/NA enrichment among the amyloid precursors 

was SAA2 ratio (A/NA = 19.6) (Fig.  3c). Another exam-
ple is case 8. Here, unlike the previous illustrated case, 
IHC was not informative for amyloidosis typing, with at 
best a doubtful and moderate staining with transthyre-
tin, while the patient had a lambda light chain multiple 
myeloma (Fig. 4a). The quantification ratio confirmed 
transthyretin as the leading enriched amyloid precursor 
(ratio A/NA 13.7), while both PSM and Mascot scores 

Fig. 3  Graphical representation of the results of case 3. a- Congo Red staining and Serum amyloid A (SAA) immunostaining that allowed amyloidosis 
diagnosis and typing in clinical practice. b- Identification and quantification of the enrichment of amyloid-associated proteins. At least two of the three 
must be found enriched to confirm the presence of amyloid deposits in the sample. Enriched proteins have a relative abundance ratio (amyloid area 
(A) to non-amyloid area (NA)) far greater than 2 (red bar). c- Ranking results according to the 2 clinical routine identification methods (Mascot score and 
number of PSM) and ranking of enrichment ratios in the amyloid deposits. The protein associated with the known amyloidosis type is colored in red 
and its ranking is indicated below. The enrichment ratio is of nearly 20 for serum amyloid A, while other described amyloid precursors only showed a 
comparatively mild enrichment

 

Fig. 2  a- Analytical workflow. Step 1 - Microdissection of an amyloid (A) and a non-amyloid (NA) area. Proteins were extracted, digested with trypsin and 
peptides analyzed by high resolution tandem mass spectrometry (LC-MS/MS). Step 2 - Processing of mass spectrometry (MS) data, the two methods 
currently practiced in clinical routine are based on the quality of identification from an amyloid area (Mascot score and Peptide Spectrum Match/PSM 
number). The proposed new method (in green) integrates a quantification of the relative abundances of proteins to quantify an enrichment ratio in the 
amyloid deposits compared to a non-amyloid area (A/NA). b- Global representation of the identified and quantified proteins for the 9 analyzed cases. Each 
point represents a protein distributed according to its A/NA ratio. Proteins above the bar have an A/NA ratio greater than or equal to 2 and are considered 
to be enriched in the amyloid deposits (threshold empirically defined). Proteins colored in purple are known precursors of amyloidosis. It should be noted 
that, in case of an AL amyloidosis, several immunoglobulin fragments can be detected as precursor with the same clinical meaning (e.g., a constant frag-
ment of a kappa light chain and one or several fragments of a kappa variable region, all pointing towards an AL kappa amyloidosis)
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highlighted Gelsolin as the leading protein precursor of 
systemic amyloidosis, inconsistent with the clinical data. 
Of note, lambda light chain was not detected by mass 
spectrometry in this case, consistent with the IHC find-
ings. These two examples illustrate the gain in robustness 
in quantifying protein enrichment in amyloid deposition 
compared to a simple identification approach. Consider-
ing case 9, a liver biopsy nearly entirely replaced by kappa 
light chain amyloid deposits, a microdissection of a non-
amyloid area was not possible. Here, we used a pool of 
subnormal liver tissues as control, coming from surgical 
specimens of 3 patients, which led to the correct pre-
cursor determination of kappa light chain as the leading 
enriched protein by quantification ratio.

  Overall, identification and quantification results of 
the 9 cases analyzed are summarized in Table 2. Proteins 
known to be associated with amyloidosis were system-
atically identified, with varying levels of enrichment in 
each case. We found a significant and positive correlation 
between the semi-quantitative histological abundance 
of amyloid deposits and the APOE PSM score (ρ = 0.82, 
p = 0.01) and with the APOE Mascot score (ρ = 0.86, 
p = 0.006). No significant correlations were observed 
with other amyloidosis-associated proteins (number of 
PSMs or Mascot score), probably due to a lack of statisti-
cal power: APCS (ρ = 0.28, p = 0.46 and ρ = 0.35, p = 0.35, 
respectively) and APOA4 (ρ = 0.29, p = 0.49 and ρ = 0.29, 
p = 0.49, respectively). As for the abundance ratio, no cor-
relations were found between the histological amount of 

amyloid deposits and APOA4 (ρ=−0.25, p = 0.55), APCS 
(ρ = 0.009, p = 0.98) or APOE (ρ = 0.46, p = 0.26). Consid-
ering amyloidosis typing, the PSM number-based and 
Mascot methods retained a correct amyloid precursor 
in 3 cases out of 9, while results were equivocal in 5 and 
misleading in 1. Enrichment quantification retained a 
correct amyloid precursor in all cases (Table 2.).

At this stage, we wanted to define an indicator allow-
ing us to compare the different approaches based on 
mass spectrometry. Whatever the approach used, from 
all identified and/or quantified proteins, a protein pre-
cursor with a top score is deemed to emerge (number of 
PSM, Mascot score or enrichment ratio). Confidence in 
results interpretation can thus be summarized, for each 
approach, as the relative difference between the hit pro-
tein compared to the other proteins. We defined a con-
fidence score for each approach calculated by dividing 
the value associated with the hit protein by the aver-
age value of the next 2 proteins. In this way, label-free 
quantification of enrichment in this cohort showed the 
most confident results compared to PSM- and Mascot-
based approaches (Mann-Whitney U tests, p = 0.002 and 
p = 0.0005 respectively, Supplementary Fig. 1). No signifi-
cant correlations were found between the abundance of 
histological deposits and the Mascot confidence score 
(ρ = 0.58, p = 0.10), the PSM score (ρ = 0.30, p = 0.43) and 
the enrichment quantification (ρ=−0.17, p = 0.66).

Fig. 4  Graphical representation of the results of the analysis of case 8. a- Congo Red staining, showing amyloid deposits in a minor salivary gland sample, 
with corresponding lambda and transthyretin immunostains. No significant staining is seen with lambda while transthyretin shows at best a moderate 
staining. b- Identification and quantification of the enrichment of amyloid-associated proteins. At least two of the three must be found enriched to con-
firm the presence of amyloid deposits in the sample. Enriched proteins have a relative abundance ratio (amyloid area (A) to non-amyloid area (NA)) far 
greater than 2 (red bar). c- Ranking results according to the 2 clinical routine identification methods (Mascot score and number of PSM) and ranking of 
enrichment ratios in the amyloid deposits. The protein associated with the amyloidosis type is colored in red and the first ranking is indicated below. The 
enrichment ratio is of nearly 14 for transthyretin, while other amyloid precursors only showed a comparatively mild or no enrichment

 



Page 8 of 11Tommaso Di et al. Clinical Proteomics           (2026) 23:25 

Ta
bl

e 
2 

Id
en

tifi
ca

tio
n 

an
d 

qu
an

tifi
ca

tio
n 

pr
ot

eo
m

ic
 re

su
lts

Ca
se

 
N

o.
A

m
ou

nt
 

of
 a

m
yl

oi
d 

de
po

si
ts

Pr
ot

ei
ns

 (P
ep

tid
e 

sp
ec

tr
um

 m
at

ch
es

, M
as

co
t s

co
re

, R
at

io
 A

m
yl

oi
d/

no
n-

A
m

yl
oi

d)
A

m
yl

oi
d 

su
bt

yp
e 

by
 IH

C

A
m

yl
oi

d 
su

bt
yp

e 
by

 
PS

M

A
m

yl
oi

d 
su

bt
yp

e 
by

 M
as

co
t

A
m

yl
oi

d 
su

bt
yp

e 
(R

at
io

)
Co

m
m

on
 p

ro
te

in
Pr

ec
ur

so
rs

A
PC

S
A

PO
E

A
PO

A
4

SA
A

TT
R

B2
M

La
m

bd
a 

lig
ht

 c
ha

in
Ka

pp
a 

lig
ht

 c
ha

in
O

th
er

1
+

+
+

+
3/

15
2/

2.
8

3/
13

1/
12

.1
3/

11
3/

4.
9

IG
KC

2/
77

/3
.3

IG
H

G
15

/2
34

/0
.8

LY
Z5

/2
39

/0
.6

IG
H

A
21

/3
7/

1.
6

A
β2

M
Eq

ui
vo

ca
l

Eq
ui

vo
ca

l
A

β2
M

2
+

+
4/

15
0/

8.
1

2/
76

/6
.3

IG
LC

2 
2/

10
2/

6.
6

IG
H

G
22

/9
6/

4.
5

IG
H

A
12

/1
04

/2
.2

A
L 

La
m

bd
a

Eq
ui

vo
ca

l
Eq

ui
vo

ca
l

A
L 

La
m

bd
a

3
+

+
+

9/
49

8/
27

9
14

/5
92

/3
39

10
/4

69
/1

25
SA

A
2 

2/
11

1/
19

.6

IG
H

G
14

/1
81

/2
.2

IG
H

G
34

/1
75

/1
.6

IG
H

A
13

/1
44

/4
.5

A
A

Eq
ui

vo
ca

l
Eq

ui
vo

ca
l 

(A
H

 ?
)

A
A

4
+

+
+

+
+

5/
24

2/
5.

8
26

/1
21

4/
18

5
33

/1
41

0/
11

5
IG

CL
25

/1
86

/0
.6

IG
KC

 4
/3

44
/0

.2
IG

H
M

15
/5

62
/6

1.
8

FG
A

6/
38

3/
1.

9
IG

H
G

3 
10

/3
01

/2
.6

N
on

-in
-

fo
rm

at
iv

e
A

H
 Ig

M
A

H
 Ig

M
A

H
 Ig

M

5
+

+
+

45
/6

63
/4

5.
5

30
/1

13
8/

11
8.

2
23

/1
05

1/
10

4.
2

26
/7

35
/9

4.
2

IG
LV

1-
47

1/
77

/2
.4

IG
KV

3-
20

3/
17

4/
4.

6
EF

EM
P1

4/
25

9/
28

.0
A

PO
A

11
7/

75
3/

0.
9

IG
H

G
31

6/
50

8/
2.

5

AT
TR

AT
TR

Eq
ui

vo
ca

l
AT

TR

6
+

+
+

+
+

23
/6

75
/8

.6
68

/1
81

6/
13

.6
15

/5
15

/2
.0

6/
25

9/
3.

4
IG

LV
3-

91
/1

29
/5

.5
IG

KV
3-

20
3/

16
8/

2.
1

A
PO

C3
1/

10
1/

7.
7

LY
Z8

/2
57

/1
.9

FG
A

26
/8

13
/0

.6

A
L 

La
m

bd
a

Eq
ui

vo
ca

l
Eq

ui
vo

ca
l

A
L 

La
m

bd
a

7
+

+
+

+
+

12
/6

14
/4

0.
5

41
/1

62
4/

50
.8

45
/1

71
3/

43
.7

12
/5

49
/3

.1
IG

LV
3-

91
/1

52
/0

.9
IG

LC
25

/1
88

/0
.4

4
IG

KV
6D

-2
17

/2
40

/1
5.

5
IG

KC
35

/7
68

/6
.5

A
PO

C3
2/

16
4/

13
.4

A
PO

A
14

9/
14

31
/1

1.
9

N
on

-in
-

fo
rm

at
iv

e
A

L 
Ka

pp
a*

A
L 

Ka
pp

a*
A

L 
Ka

pp
a

8
+

+
+

10
/3

36
/1

7.
6

4/
38

/1
1.

4
11

/2
81

/1
16

.0
3/

97
/1

3.
7

IG
KV

3D
1/

22
/2

.9
IG

KC
5/

16
0/

1.
9

IG
H

A
2 

N
A

/N
A

/5
.8

LT
F 

14
/4

97
/3

.4
G

SN
 1

0/
34

4/
1.

6

D
ou

bt
fu

l. 
AT

TR
?

AG
el

AG
el

AT
TR

9
+

+
+

+
+

11
/4

16
/3

69
55

/1
33

0/
13

63
5/

17
0/

16
9

9/
33

2/
72

IG
KC

8/
41

4/
61

8
IG

H
M

9/
29

6/
27

0
G

SN
10

/3
48

/5
6

A
L 

Ka
pp

a
Eq

ui
vo

ca
l

A
L 

Ka
pp

a
A

L 
Ka

pp
a

Th
e 

am
ou

nt
 o

f a
m

yl
oi

d 
de

po
si

ts
 w

as
 se

m
i-q

ua
nt

ita
tiv

el
y 

as
se

ss
ed

 in
 a

 +
 to

 +
+

+
+

+ 
sc

al
e 

w
he

re
 +

+
+

+
+ 

re
pr

es
en

ts
 a

 sa
m

pl
e 

w
ith

 >
80

%
 o

f a
m

yl
oi

d 
de

po
si

ts
. F

or
 e

ac
h 

ca
se

, r
es

ul
ts

 fr
om

 th
e 

co
m

m
on

 p
ro

te
in

s f
ou

nd
 in

 a
m

yl
oi

d 
de

po
si

ts
 a

re
 fi

rs
tly

 d
is

pl
ay

ed
, 

fo
llo

w
ed

 b
y 

th
e 

re
su

lts
 o

f t
he

 to
p 

pr
ec

ur
so

rs
 o

f a
m

yl
oi

do
si

s.
 F

or
 e

ac
h 

pr
ot

ei
n,

 th
e 

nu
m

be
r o

f p
ep

tid
e 

sp
ec

tr
um

 m
at

ch
es

 (P
SM

 n
um

be
r o

f d
et

ec
te

d 
M

S/
M

S 
sp

ec
tr

a)
 is

 d
is

pl
ay

ed
, f

ol
lo

w
ed

 b
y 

th
e 

M
as

co
t i

de
nt

ifi
ca

tio
n 

sc
or

e 
an

d 
fin

al
ly

 th
e 

en
ric

hm
en

t 
in

 th
e 

am
yl

oi
d 

ar
ea

 a
ss

es
se

d 
by

 la
be

l-f
re

e 
en

ric
hm

en
t q

ua
nt

ifi
ca

tio
n 

(a
bu

nd
an

ce
 ra

tio
 b

et
w

ee
n 

th
e 

am
yl

oi
d 

m
ic

ro
di

ss
ec

te
d 

ar
ea

 a
nd

 th
e 

no
n-

am
yl

oi
d 

ar
ea

, h
ig

hl
ig

ht
ed

 u
si

ng
 b

ol
d 

fo
nt

s)
. I

nt
er

pr
et

at
io

ns
 a

re
 p

ro
vi

de
d 

fo
r e

ac
h 

ap
pr

oa
ch

, a
s w

el
l a

s t
he

 
im

m
un

oh
is

to
ch

em
ic

al
 fi

nd
in

gs
. F

or
 e

ac
h 

ap
pr

oa
ch

, t
he

 p
re

cu
rs

or
 w

ith
 th

e 
be

st
 sc

or
e 

w
as

 c
on

si
de

re
d 

as
 th

e 
am

yl
oi

d 
su

bt
yp

e 
(e

xc
ep

t f
or

 A
PO

A1
, c

om
m

on
ly

 se
en

 in
 a

m
yl

oi
d 

de
po

si
ts

, a
st

er
is

k)
. A

n 
eq

ui
vo

ca
l r

es
ul

t w
as

 c
on

si
de

re
d 

w
he

n 
th

e 
se

co
nd

-b
es

t 
pr

ec
ur

so
r s

co
re

 w
as

 in
 a

 1
0%

 ra
ng

e 
fr

om
 th

e 
fir

st
 b

es
t p

re
cu

rs
or

 s
co

re
 (i

nc
lu

di
ng

 ti
es

). 
A

bb
re

vi
at

io
ns

: I
g,

 im
m

un
og

lo
bu

lin
; I

H
C

, i
m

m
un

oh
is

to
ch

em
is

tr
y;

 P
SM

, p
ep

tid
e 

sp
ec

tr
um

 m
at

ch
es

; X
IC

, e
xt

ra
ct

ed
 io

n 
ch

ro
m

at
o



Page 9 of 11Tommaso Di et al. Clinical Proteomics           (2026) 23:25 

Discussion
Accurate amyloidosis typing remains essential for guiding 
optimal therapeutic strategies. However, conventional 
histological methods, particularly immunohistochem-
istry on FFPE samples, are often limited by background 
staining, antibody unavailability, or tissue exhaustion 
when multiple stains are required. Consequently, laser 
microdissection of amyloid deposits followed by tan-
dem mass spectrometry (MS/MS) has become the gold 
standard when conventional techniques fail. Two major 
MS-based workflows have been described for precursor 
protein selection, based on either Mascot identification 
scores or peptide spectrum match (PSM) counts. Yet, 
data interpretation can remain challenging, especially 
when multiple potential precursors are detected, partly 
due to the absence of true quantification. Although MS-
based proteomics has revolutionized amyloid typing, 
only a few specialized centers have incorporated it into 
clinical practice. Even among these, difficult cases with 
several precursors of comparable identification confi-
dence have been reported [11, 16, 26, 27]. In such stud-
ies, precursor selection relied primarily on either Mascot 
scores [11] or PSM numbers [16, 26, 28, 29] from a single 
microdissected region. While these methods are simple 
and require minimal postprocessing, their outputs reflect 
identification confidence rather than protein abundance, 
limiting interpretability in complex cases. In this work, 
we introduce XIC-based label-free enrichment quan-
tification as an additional layer of information for amy-
loid precursor selection and demonstrate its potential 
value in challenging diagnostic contexts. Quantifying the 
enrichment of proteins between amyloid deposits and 
adjacent non-amyloid tissue provides a straightforward 
and robust way to discriminate the true precursor among 
multiple candidates. Moreover, unlike Mascot or PSM-
based approaches, enrichment quantification could be 
more reliable in samples with limited deposits, as previ-
ous studies highlighting showed a decrease in PSM sensi-
tivity when tissue availability is low [13, 30]. Whether this 
statement truly applies in the specific context of amyloi-
dosis typing would require further studies. We observed 
lower overall PSM counts compared with published data-
sets, possibly due to differences in dynamic exclusion 
parameters, which were not always specified in previous 
reports. Our analyses were performed on microdissected 
amyloid and non-amyloid regions of equal surface area 
(1 mm² each), ensuring consistent material input and 
direct comparison between deposits and controls. This 
sampling strategy captures a deeper and more quantita-
tive proteomic profile than the narrower sampling often 
used in reference workflows at the Mayo Clinic and UK 
National Amyloidosis Centre. By prioritizing quantita-
tive over purely qualitative identification, our approach 
has the potential to increase the likelihood of accurate 

precursor assignment in difficult cases. Even when addi-
tional potential precursors are detected, enrichment 
ratios can distinguish the true amyloidogenic protein. 
In our series, enrichment quantification demonstrated 
superior robustness compared with Mascot or PSM-
based methods. In all nine cases, the expected precur-
sor was consistently identified as the most enriched 
protein within amyloid deposits, regardless of deposit 
size. In contrast, Mascot- and PSM-based approaches 
yielded less confident assignments in six cases. By apply-
ing a confidence score to precursor selection, we showed 
that enrichment quantification provided a higher level 
of diagnostic reliability, particularly in intermediate 
cases (e.g., cases 3–5), where traditional methods were 
ambiguous.

Interestingly, in addition to observing an enrichment of 
multiple precursor proteins within some deposits, several 
proteins not previously associated with amyloidosis were 
also enriched. Expanding proteomic profiling to larger 
patient cohorts could deepen our understanding of amy-
loid pathophysiology, as described in a recent study in 
the kidneys [31].

Our study has some limitations. Firstly, our study was 
limited to a small cohort of nine patients. Yet, it estab-
lishes a proof of concept for the diagnostic value of 
XIC-based label-free enrichment quantification. Fur-
ther studies with larger cohorts will be needed to further 
confirm our findings. Secondly, the XIC-based method 
requires the availability of non-amyloid control tissue, 
with inherent additional required time and cost. Addi-
tionally, some amyloid samples do not contain an amy-
loidosis-free region. Although the quantification of an 
enrichment ratio can already allow for the comparison 
between an amyloidosis-rich and an amyloidosis-low 
region, using a normal sample (or a pool of samples) of 
the same tissue type from other patient(s) remains pos-
sible. Finally, the XIC-based method requires additional 
bioinformatics processing as compared to the Mas-
cot and PSM-based methods. Still, this quantification 
approach is a well-established method in the field of 
proteomics.

In conclusion, our study provides a proof of concept 
that XIC-based label-free enrichment quantification 
can improve the accuracy and confidence of amyloido-
sis typing by MS-based proteomics. This method could 
offer a practical and quantitative enhancement to current 
workflows at the modest cost of analyzing an additional 
non-amyloid region and requiring basic bioinformat-
ics integration. Enrichment quantification can thus be 
readily implemented as a first-line approach to minimize 
equivocal results, strengthen diagnostic confidence, and 
ultimately improve patient management.
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