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Abstract

Purpose: Amyloidosis is a disease group caused by pathological aggregation and

deposition of peptides in diverse tissue sites. Recently, matrix-assisted laser des-

orption/ionization mass spectrometry imaging coupled with ion mobility separation

(MALDI-IMS MSI) was introduced as a novel tool to identify and classify amyloidosis

using single sections from formalin-fixed and paraffin-embedded cardiac biopsies.

Here, we tested the hypothesis that MALDI-IMS MSI can be applied to lung and

gastrointestinal specimens.

ExperimentalDesign:Forty six lung and65 gastrointestinal biopsy and resection spec-

imenswith different types of amyloidwere subjected toMALDI-IMSMSI. Ninety three

specimens included tissue areas without amyloid as internal negative controls. Nine

cases without amyloid served as additional negative controls.

Results: Utilizing a peptide filter method and 21 known amyloid specific tryptic pep-

tides we confirmed the applicability of a universal peptide signature with a sensitivity

of 100% and a specificity of 100% for the detection of amyloid deposits in the lung and

gastrointestinal tract. Additionally, the frequencies of individual m/z-values of the 21

tryptic marker peptides showed organ- and tissue-type specific differences.

Conclusions and Clinical Relevance: MALDI-IMS MSI adds a valuable analytical

approach to diagnose and classify amyloid and the detection frequency of individual

tryptic peptides is organ-/tissue-type specific.
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1 INTRODUCTION

Amyloidosis comprises a disease group caused by the pathologi-

cal aggregation and deposition of proteins and peptides in diverse

tissues and organ sites. So far, 36 proteins and peptides have been

found, which are able to form amyloid, some causing devastating

diseases [1,2]. Accurate diagnosis and classification are of paramount

importance. Treatment options have increased for some types of

amyloidosis and patient management relies on the correct classifica-

tion of the amyloid type [3,4]. The diagnosis is reached by the exami-

nation of a tissue specimen using Congo red staining and polarization

microscopy: amyloid shows a typical and highly specific yellow-red-

green birefringence. Subsequent identification of the amyloid fibril

protein and hence amyloidosis is mandatory as patient prognosis and

management depend on the nature of the amyloid protein and under-

lying disease, for example, hereditary or acquired and localized or

systemic [5].

Different approaches can be used to classify amyloid. Immunostain-

ing of serial sections of formalin-fixed and paraffin-embedded (FFPE)

tissue specimens has demonstrated its validity in specialized laborato-

ries [6, 7]. This method provides rapid results usually within 2 days and

financial costs are relatively low. Disadvantages of immunohistochem-

istry are the restriction to detect only known amyloid fibril proteins

and the limited availability of appropriate, often laboratory-developed

antibodies. However, amyloid deposits are constituted of many more

non-fibrillary, although amyloid-specific constituents, which could be

utilized for amyloid diagnostics. Here, the application of proteomic

technologies is an alternative method and has been proven to be

suitable for both, amyloid typing and identification of novel hitherto

unknown amyloid fibril proteins. Laser microdissection (LMD) cou-

pled to liquid chromatography tandemmass spectrometry (LC-MS/MS)

is a valuable tool for amyloid typing [8–12]. Congo red-positive tis-

sue areas are microdissected by a laser prior to mass spectrometry

(MS) analysis, thereby avoiding contamination by serum-derived amy-

loidogenic proteins of adjacent unaffected tissue. The enrichment of

amyloid-containing tissue achieved by LMD improved the quality of

spectra compared to classical LC-MS/MS analysis of whole tissue sec-

tions and enables the classification of amyloid with high specificity and

sensitivity [12,13]. In the last years there have been different stud-

ies, which reveal the possibility of using LMD LC-MS/MS to identify

unknown amyloid proteins as well as glomerular proteomic profiles

of various types of glomerulonephritis [14–16]. However, Congo red

staining is still required to guide LMD. In addition, the loss of spatial

information hampers a direct assignment of the proteins to amyloid

deposits.

Recently, matrix-assisted laser desorption/ionization MS imaging

(MALDI-MSI) was applied as another proteomic tool. MALDI-MSI

allows the detection of both the molecular weight and the spatial dis-

tribution of a mixture of peptides and proteins in a single experiment

[17–20]. It can be used to identify amyloid and amyloid-associated con-

stituents coupled with spatial resolution [21]. In a more recent study,

MALDI-MSI was used to visualize the morphological distribution of

amyloidogenic as well as amyloid-associated proteins after identifica-

tion by LC-MS/MS [22]. To assign the proteins to amyloid deposits the

Clinical Relevance

Amyloidosis is a disease group caused by the pathologi-

cal aggregation and deposition of proteins and peptides in

diverse tissues and organ sites. Prognosis and therapeu-

tic strategies depend on the nature of the amyloid protein

and the underlying disease. Accurate diagnosis and amy-

loid typing are of paramount importance. Previously, we

developed a bioinformatics workflow for the tissue-based

analysis of amyloidosis by matrix-assisted laser desorp-

tion/ionization mass spectrometry imaging coupled with ion

mobility separation (MALDI-IMS MSI) using a single tissue

section obtained from cardiac biopsies. Here, we extended

our studies on a large patient cohort (n = 111) with pul-

monary and gastrointestinal amyloidosis and independently

validated the suitability of MALDI-IMS MSI to diagnose and

classify amyloid at different anatomical sites. The new diag-

nostic tool has the advantage that the mass signature stays

unaffected after MALDI measurement and the same tissue

section can be used for further investigations. Our results

demonstrate that MALDI-IMSMSI has the potential to diag-

nose and classify amyloid not only based on the amyloid pro-

tein but also onanorgan- and amyloid-type specific signature

of amyloid-associated constituents.

peptide images were compared with a Congo red-stained serial sec-

tion. The latter was also used to guide the peptide extraction prior

to LC-MS/MS analysis on a third serial section after on-tissue diges-

tion. Furthermore, it was demonstrated that MALDI-MSI can be used

for typing of amyloid A (AA) and immunoglobulin kappa light chain-

associated (ALκ) amyloidosis in renal FFPE biopsies. For this purpose,

spectral data of congophilic regionswere selected in theMS imagedata

and exported to build a classification model based on a support vector

machine (SVM) algorithm [23].

Our group recently exploited theutility ofMALDI-IMSMSI [24].Uti-

lizing a novel peptide filtermethod identified a universal peptide signa-

ture for amyloidoses. Furthermore, differences in the peptide compo-

sition of immunoglobulin lambda light chain- (ALλ) and transthyretin-

associated (ATTR) amyloid were revealed and used to build a reliable

classification model. We developed a bioinformatic workflow facilitat-

ing the detection and classification of amyloidosis in a single tissue sec-

tion by augmenting MALDI-IMS MSI analysis with the peptide filter

[24]. However, this approach was only applied to cardiac biopsies up

to now. In the current study, we tested the hypothesis thatMALDI-IMS

MSI can also be applied to other amyloid-bearing tissue samples, that

is, lung and gastrointestinal specimens.
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TABLE 1 Overview of the study cohort

Amyloid type Number of cases Lung (men/women) Gastrointestinal tract (men/women)

AL𝜆 amyloid 72 37 (24/13) 35 (23/12)

AL𝜅 amyloid 22 4 (1/3) 18 (10/8)

ATTR amyloid 8 2 (2/0) 6 (3/3)

AA amyloid 4 – 4 (1/3)

AL amyloid n.o.s. 5 3 (2/1) 2 (1/1)

Total number of cases with amyloid 111 46 (29/17) 65 (38/27)

Controls without amyloid 9 3 (2/1) 6 (1/5)

Abbreviations: ATTR, transthyretin amyloid; AA, amyloid A; ALκ, amyloid immunoglobulin kappa light chain; ALλ, amyloid immunoglobulin lambda light chain.

2 MATERIALS AND METHODS

2.1 Patients

FFPE tissue samples obtained from 111 patients were retrieved from

theAmyloid Registry of theChristian-Albrechts-University of Kiel. The

presence of amyloid had been confirmed histologically for all samples

by Congo red staining and polarization microscopy. The cohorts con-

sisted of 46 lung specimens (29 men, 17 women; mean patient age

67.2 ± 10.2 years) and 65 tissue specimens (38 men, 27 women; mean

patient age 69.4± 10.4 years) obtained from the gastrointestinal tract,

that is, the stomach (56 cases [86%]), the duodenum (7 [11%]) and

large intestine (2 [3%]) (Table 1). Among the cases with pulmonary AL

amyloidosis, previously, 16 had been classified as a localized and five

as a systemic form [25]. After the presence of amyloid was confirmed

histologically, amyloid typing was done by immunohistochemistry as

described in detail elsewhere [6,7,26,27]. From our lung cohort, one

case of local pulmonary ALλ amyloidosis was chosen for the validation

of immunoglobulin light chain constant region (IGLC) peptides.

Tissue sections from nine cases without amyloid served as a nega-

tive control (Table 1). These included three lung specimens obtained

from two men and a woman (mean patient age: 42.0 ± 10.8 years),

who had undergone surgery for pulmonary metastasis of rectal can-

cer, pulmonary adenocarcinoma and emphysema, respectively. Non-

neoplastic lung tissue was used for MALDI-IMS MSI. Six specimens

were obtained from the gastrointestinal tract of five women and aman

(two form the stomach, four from the large intestine; mean patient

age 44.5 ± 19.2 years). The gastrointestinal biopsies were obtained by

endoscopy and showednormal histology. Amyloidwas excluded in each

negative control by Congo red staining and polarizationmicroscopy.

Ethical approval was obtained from the local ethical review board

(D 581/15-585/15). All patient data were pseudonymized after study

inclusion.

2.2 Materials

The following materials were used: trypsin (Promega; Mannheim,

Germany), α-cyano-4-hydroxycinnamic acid (CHCA; LaserBio Labs,

Sophia-Antipolis Cedex, France), double-distilled water (DDW,

Carl Roth, Karlsruhe, Germany), xylene (BüFa, Lübeck, Germany),

acetonitrile and ethanol (both Merck, Darmstadt, Germany), trifluo-

roacetic acid (TFA), tris(2-carboxyethyl)phosphine (TCEP), chloroac-

etamide (CAA), ammonium bicarbonate (ABC), octyl-α/β-glucoside
(OcGlc), red phosphorous, and acetone (all Sigma Aldrich, Steinheim,

Germany).

2.3 Sample preparation

MALDI-IMSMSI sample preparationwas done as previously described

[24]. In brief, 2 μm thick paraffin sections were cut with a micro-

tome (Leica Biosystems, Nussloch, Germany), placed onto a histolog-

ical glass slide (up to three tissue sections per slide; SuperFrost®

Plus, Menzel-Gläser, Thermo-Fisher Scientific, Schwerte, Germany)

and dried overnight at 54◦C. Paraffin was removed by xylene (dewax-

ing; 2 × 15 min), followed by rehydration in a descending ethanol

series (99%, 70%, and 50%, each 2 × 2 min) and double distilled water

(DDW, 2 × 1min). Antigen retrieval was performed in citric acid buffer

(10 mM, pH 6.0) at 100◦C for 30 min using a pressure cooker (Pas-

cal S2800, DakoCytomation, California, Inc., USA). The sections were

cooled down in a water bath at 10◦C for 15 min, rinsed 10 times

with DDW and dried in a desiccator at room temperature under a

vacuum of −800 mBar for at least 15 min. On-tissue digestion was

carried out by spraying 10 layers of a trypsin solution (0.05 μg/μL in

50 mM NH4HCO3 with water/10 % ACN:OcGlc, 99.5:0.5, v/v, pH 8.1)

with a constant flow rate (10 μL/min) onto the tissue section utilizing

the SunCollect Micro Fraction Collector/MALDI Spotter (SunChrom,

Friedrichsdorf, Germany) followed by incubation for 2 h at 37◦C in

an in-house humidity chamber. CHCA matrix solution (5 mg/mL in

water/0.2 % TFA:ACN, 50:50, v/v) was applied over nine layers with an

increasing flow rate for the first four layers (1st at 20 μL/min, 2nd at

30 μL/min, 3rd at 40 μL/min and 4th–8th at 50 μL/min) resulting in a

homogeneous crystallization.

ForMALDI-IMSMS/MS, a pulmonary FFPE tissue samplewas cut to

10 μm thick sections, placed onto histological glass slides and dewaxed

by immersing into xylene for 10 min, followed by re-hydration with

99% ethanol for 10 min. Subsequently ∼0.3 mmş tissue was scraped

off and transferred to a reaction tube, lyophilized (Scanvac Coolsafe,

LaboGene, Allerød,Denmark), and stored at−80◦Cuntil further usage.
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For peptide extraction the SPEEDprotocolwas applied [28]. Tenmicro-

liter TFA were added to each sample, incubated for 10 min, and neu-

tralized with 100 μL Tris (2 M). Proteins were reduced by adding 11 μL
TCEP (100 mM) at 95◦C for 30 min, followed by alkylation with 11 μL
CAA (400 mM) at 21◦C room temperature for 20 min. Tissue extracts

were diluted with 610 μL water, digested by adding 10 μL trypsin

(0.1μg/μL) inABC-buffer (50mM), and incubated at 37◦Cand600 rpm

for 20 h (Eppendorf ThermoMixer C, Hamburg, Germany). Extracts

were lyophilized, dissolved in 100 μL 0.1%TFA (v/v), and desalted using

C18 tips (PierceC18 tips 100μL, PierceBiotechnology, Rockford, USA)
according to the manufacturer’s instructions. Subsequently samples

were eluted with 10 μL 90% acetonitrile and 0.1% TFA (v/v), dried

in a vacuum centrifuge (Eppendorf Concentrator plus, Hamburg, Ger-

many), and reconstituted in 20 μL 3% acetonitrile and 0.1% TFA (v/v).

The recombinant light chain FOR005 refers to the light chain of

an ALλ amyloidosis case with cardiac involvement. Recombinant light

chain FOR005 was expressed and purified as previously described

[29]. Briefly, the DNA plasmid (pET28b) encoding for FOR005 light

chain was transformed into Escherichia coli BL21 (DE3)-star cells and

the protein was expressed as insoluble inclusion bodies over night

at 37◦C using 1 mmol/L isopropyl β-D-1-thiogalactopyranosid for

induction. After harvesting, cell disruption, and centrifugation, inclu-

sion bodies were solubilized in 50 mM Tris/HCl, 8 M urea, 0.1 % β-
mercaptoethanol, and pH 8.0 at room temperature for 4–8 h. Subse-

quently, dialysis against an excess of 50 mM Tris, 5 M urea, pH 8.0 was

performed at 10◦Cover night. Afterwards, anion exchange chromatog-

raphy using Q-Sepharose (GE Healthcare, Uppsala, Sweden) was car-

ried out and protein-containing fractions were pooled and diluted to

0.5 mg/mL protein or below. The diluted protein solution was then dia-

lyzed against an excess of 50 mM Tris, 3 M urea, pH 8.5 at 10◦C over

night. Afterwards, theproteinwasdialyzedagainst phosphatebuffered

saline pH 7.4 for approximately 24 h at 10◦C. As a polishing step,

the refolded protein was concentrated and purified by size exclusion

chromatography using a Superdex75 column (GE Healthcare, Uppsala,

Sweden) running in phosphate buffered saline pH 7.4. For in-solution

digest 10 μg recombinant FOR005 light chain were dissolved in 20 μL
ammonium bicarbonate ABC-buffer (50 mM), reduced with 2 μL TCEP
(100 mM), alkylated with 2 μL CAA (400 mM), and digested by adding

5 μL trypsin (0.1 μg/ μL). Sample volume was adjusted to 100 μL with
0.1% TFA (v/v) and peptides were desalted, followed by elution with

10 μL of 90% acetonitrile and 0.1% TFA.

2.4 MALDI-IMS MS imaging

Imaging experiments were performed using the MALDI SYNAPT G2-S

(WatersCorporation,Manchester, U.K.) equippedwith a 1 kHzNd:YAG

laser operating in positive ion V-mode as described previously [24].

External calibration of the mass spectrometer was carried out using

signals of red phosphorous. Imaging measurements were performed

for all cases with ion mobility separation in the mass range from 700

to 2000 m/z at a spatial resolution of 200 μm and 1000 laser shots (1

s) per position. The IMS parameters trap bias DC, wave velocity (WV)

and transfer wave velocity (TWV) were set at 70 V, 350 and 175 m/s,

respectively. Regions for acquisitionweredefinedwith theHighDefini-

tion Imaging software (HDI) (v1.3.5, Waters) on imported digital scans

(Epson Perfection 1640SU; Seiko EpsonCorporation,Meerbusch, Ger-

many) of the tissue sections. Peptide images were generated with the

Apex3Dalgorithm (m/zwindow: 0.1Da, intensity threshold: 10 counts;

drift window: 5 bins; IMS peak width: 2–10 bins) for the 3000 most

intense signals and visualized with the HDI software. The spectral

data were normalized against the base peak and recalibrated with an

external lock mass (CHCA matrix cluster signal at m/z 825.101). For

the detection of 21 tryptic peptides derived from apolipoprotein AI

(ApoAI), apolipoprotein E (ApoE), serum amyloid A (SAA), serum amy-

loid P-component (SAP), transthyretin (TTR), vitronectin (VTN), and

two IGLCpeptides (IGLC1 and IGLC2) the processed imaging datawere

filtered by mass accuracy, drift time, and image correlation coefficient

with tolerances set at 30 ppm (lung) and 40 ppm (gastrointestinal), 2.5

bins and 0.75–1.00, respectively. Previously, the ApoE m/z 968.55 was

identified in 62 of the 66 heart tissue samples (94%) [24]. In our cur-

rent series, it was found in every case and always matched the Congo

red-stained amyloid deposits (Table 2). Therefore, the peptide image of

968.55m/zwas used as reference image to determine the Pearson cor-

relation coefficient (R) for the other peptide images utilizing the HDI

software. Peptidemasses fulfilling all three criteria were considered as

detected and identified.

To add potential tryptic ALλ peptides to our peptide filter we

analyzed IGLC1/2 MS/MS spectra and determined their drift time in

ion mobility. The tryptic digest and the peptides derived from the

SPEED-extraction from pulmonary tissues were analyzed by MALDI-

IMS MS/MS as reported earlier [24]; additionally, the pulmonary sam-

ple was also analyzed by LC-ESI MS/MS (Method S1). To add newly

identified light chain peptides to our pre-existing peptide target filter

the drift time for each peptide was averaged from n = 4 recombinant

light chain and n = 2 lung sample measurements by MALDI-IMS MS

using DriftScope v2.9 (Waters Corporation, Manchester, UK).

2.5 Statistics

All imagingdatawere reprocessed as described abovebutwith an addi-

tional target list consisting of the 21 theoretical peptide masses from

ApoAI, ApoE, SAA, SAP, TTR, VTN, and IGLC1/2, as well as their specific

drift times. Spectral data of regions showing high signal intensities of

the peptide mass at m/z 968.55 were normalized against the total ion

current and exported for statistical analysis using the HDI software.

SPSS version 25 (IBM Corp., Armonk, NY, USA) was used for statisti-

cal analyzes. The Fischert’s exact test was used for testing significant

differences between AL amyloidosis of the lung and the gastrointesti-

nal tract. We assumed a significance level of p = 0.05. All p-values are

shown uncorrected. To compensate for the false discovery rate (FDR)

within the correlations, we applied the Simes (Benjamini-Hochberg)

procedure (FDR correction) [30]. In this study 15 out of 21 p-values

showed significant levels and no p-values below 0.05% were dropped

out.
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TABLE 2 Detection frequencies of m/z values in pulmonary and gastrointestinal amyloid deposits of all cases (n= 46 and n= 65) and of the
cases with AL amyloidosis (n= 41 and n= 53)

Protein m/z All cases AL amyloidosis

Lung Gastrointestinal Lung Gastrointestinal p-valuea)

nD/nA (%) nD/nA (%) nD/nA (%) nD/nA (%)

ApoE 948.52 38/46 (83) 26/65 (40) 35/41 (85) 22/53 (42) 0.000

968.55 46/46 (100) 65/65 (100) 41/41 (100) 53/53 (100) Nc

1497.80 29/46 (63) 33/65 (51) 25/41 (61) 28/53 (53) 0.530

SAP 764.44 31/46 (67) 29/65 (45) 29/41 (71) 24/53 (45) 0.021

1156.59 7/46 (15) 0/65 (0) 7/41 (17) 0/53 (0) 0.002

1406.66 29/46 (63) 63/65 (97) 26/41 (63) 52/53 (98) 0.000

1811.89 27/46 (59) 52/65 (80) 26/41 (63) 42/53 (79) 0.107

VTN 887.50 25/46 (54) 56/65 (86) 22/41 (54) 47/53 (89) 0.000

1314.68 27/46 (59) 55/65 (85) 24/41 (59) 44/53 (83) 0.011

1422.65 32/46 (70) 57/65 (88) 29/41 (71) 48/53 (91) 0.016

1503.83 9/46 (20) 3/65 (5) 8/41 (20) 2/53 (4) 0.019

1646.81 8/46 (17) 54/65 (83) 7/41 (17) 45/53 (85) 0.000

1666.77 30/46 (65) 58/65 (89) 25/41 (61) 50/53 (94) 0.000

ApoA1 781.43 35/46 (76) 27/65 (42) 31/41 (76) 23/53 (43) 0.003

1031.51 42/46 (91) 58/65 (89) 37/41 (90) 47/53 (89) 1.000

1301.64 43/46 (93) 59/65 (91) 38/41 (93) 48/53 (91) 1.000

SAA 1612.81 10/46 (22) 34/65 (52) 8/41 (20) 30/53 (57) 0.000

1670.79 9/46 (20) 34/65 (52) 9/41 (22) 29/53 (55) 0.002

TTR 1366.75 14/46 (30) 4/65 (6) 12/41 (29) 2/53 (4) 0.001

IGLC1 1743.86 19/46 (41) 2/65 (3) 16/41 (39) 2/53 (4) 0.000

IGLC2 1986.02 0/46 (0) 1/65 (2) 0/41 (0) 1/53 (2) 1.000

Statistical testing with Fisher-test was done to reveal significant organ-specific differences in AL amyloidosis

Abbreviations: ApoE, apolipoprotein E; ApoAl, apolipoprotein Al; SAP, serum amyloid P-component; SAA, serum amyloid A; VTN, vitronectin; TTR,

transthyretin; IGLC, immunoglobulin light chain constant region.
a)Fisher’s exact test.

3 RESULTS

Previously, we have shown that 19 tryptic peptides derived from

ApoAI, ApoE, SAA, SAP, TTR, and VTN identified byMALDIMS/MS are

spatially enriched in cardiac amyloid deposits [24]. In the first set of

experiments, we tested the hypothesis that the specific spatial enrich-

ment and co-localization of these 19 tryptic peptides (Table 2) also

applies to amyloid deposits of extracardiac tissues, that is, the lung

andgastrointestinal tract. Additionally,weadded two tryptic IGLCpep-

tides, that is, IGLC1 and IGLC2, commonly observed in AL𝜆 deposits

to our filter (Gottwald and Röcken, accepted) to supplement our pep-

tide profiling strategy: m/z 1743.8588 [M+H]+ and m/z 1986.0178

[M+H]+ (Figure S1). Both peptides were observed in a tryptic digest

of the recombinant protein and are proteotypic. These peptides were

also identified by MALDI-IMS MS and MS/MS in a case of pulmonary

ALλ amyloidosis and were further confirmed by LC-ESI MS/MS (for

peptide spectrum atm/z 1986.0178, see Figure S2).

Both peptides were then added to the peptide filter: m/z

1743.8588 [M+H]+ with an average drift time of 139.86 bins

(n = 6) and m/z 1986.0178 [M+H]+ with 161.62 bins (n = 6,

Table 2).

A cohort of 46 lung and 65 gastrointestinal tissue specimens was

retrieved from the Amyloid Registry Kiel and tissue sections were

forwarded to MALDI-IMS MSI analysis. Seventy-two cases had AL𝜆

amyloid, 22 AL𝜅, 8 ATTR, 4 AA, five were classified as AL amyloid

not otherwise specified (n.o.s.) (Table 1). The tryptic peptide m/z

968.55 (ApoE) was used as a reference image as it was found for all

cases (also in lung and gastrointestinal specimens) and with a high

abundance. None of the nine negative controls showed the reference

m/z 968.55. As an additional control, co-localization of the individual

tryptic peptides (=m/z images) with amyloid was confirmed by Congo

red staining and polarization microscopy for each tissue section used

for MALDI-IMS MSI analysis after washing off the matrix with 80%

ethanol. No amyloid was found in the negative controls.

Figure 1 shows examples of pulmonary and gastrointestinal AL

amyloidosis correlating m/z images with histology. The distribution

of m/z 968.55 (ApoE), m/z 948.56 (ApoE), and m/z 1031.51 (ApoA1)

masses analyzed by MALDI-IMS MSI correlated spatially with the
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F IGURE 1 Comparison of immunohistochemical with Congo red staining after imagingmeasurement in pulmonary (A-F) and gastrointestinal
amyloid deposits (G-L). In hematoxylin and eosin-stained sections (A, G), amyloid shows homogenous eosinophilic masses. Congo red stains the
deposits reddish (B, H; bright field). Small green-framed cutout shows the same Congo red-stained tissue sections under polarized light with a
typical green-yellow-red birefringence (C; I). MALDI-MS images with the same resolution as A, B, G, and H display the spatial distribution of tryptic
peptides belonging tomasses of ApoE (D/J=m/z 968.55, E/K=m/z 948.52) and ApoA1 (F/L=m/z 1031.51) [amyloid positive areas: yellow= high
intensity; tissue areas without amyloid: blue= low intensity]. Negative controls of lung tissue without amyloid (M-P): Congo red staining illustrates
the absence of amyloid (M, O; bright field) and the associatedMALDI-MS images for the VTNmass of m/z 1314.65 (N/P). The spatial resolution for
the peptide images is 200 μm. Scale bar 2mm

amyloid deposits (Figure 1). High intensities of the VTN mass m/z

1314.65 that are characteristic for amyloid deposits were absent

in the negative controls (Figure 1). Furthermore, Figure 1 depicts

amyloid positive areas (yellow = high intensity) adjacent to tissue

areas without amyloid (blue = low intensity). Tissue areas without

amyloid served as an internal negative control and were present in 55

(85%) gastrointestinal and 38 (83%) lung specimens. Finally, we were

able to demonstrate that all 19 tryptic peptides proposed by Winter

et al. [24] and the two additional IGLC peptides correlated spatially

with amyloid deposits of the lung and gastrointestinal tract, albeit with

variable frequencies (Table 2).

Winter et al. [24] designed a peptide filter (MDIC) including the

three parameters: (1) mass accuracy (M), (2) drift time (D) and (3)

image correlation coefficient (IC), which enables a targeted detection

of tryptic peptides in amyloid deposits based onMALDI-IMSMSI data.

Applying this MDIC peptide filter on the processed imaging data of

both cohorts, the peptides were found with a mass error of 30 ppm

(lung) and 40 ppm (gastrointestinal) but not in a single case without

amyloid (negative control). Slightly higher tolerances in gastrointesti-

nal samples had to be chosen because in 13 out of 65 tissue sam-

ples the mass accuracy ranged between 33 and 35 ppm to the lower

cut off. This was necessary due to a small but systematic increase

of mass shifts over longer analysis times observed in our experimen-

tal setup. When all 21 tryptic peptides were utilized, the sensitiv-

ity and specificity was 100%, respectively, for the detection of amy-

loid deposits in pulmonary and gastrointestinal tissue specimens. In

general, these data confirm the applicability of the 21 tryptic pep-

tides and the MDIC filter to other organ and tissue types affected by

amyloid.

AL amyloidosis can appear as a systemic and a local form. While

systemic AL amyloidosis may need hemato-oncological care, the local-

ized form can be treatedwith amore restrained approach [25]. Sixteen

cases of pulmonary AL amyloid had been classified as a localized form

and five as part of a systemic disease. Regarding the MDIC, no differ-

ence was found between local and systemic pulmonary AL amyloidosis

(see Table S1).

Since we noticed differences in the frequencies of the individual

m/z-values we next tested the hypothesis that mass spectra show

organ- or tissue-type specific differences. Using the Fisher test we

compared pulmonary with gastrointestinal AL amyloidosis. As summa-

rized in Table 2, the frequencies of 15 m/z-values differed significantly

between pulmonary and gastrointestinal AL amyloidosis (p < 0.05;

Table 2). These results lead to the conjecture that mass spectra could

be organ and amyloid-type specific. These differences were found for
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TABLE 3 Colored overview of the detection frequencies of the 21
amyloid peptides from seven amyloid proteins of the study cohort
with ALλ (n= 72) and ATTR (n= 8) amyloidosis in the lung (L) and the
gastrointestinal tract (G)

ALλ ALλ ATTR ATTR

Organ L G L G

Protein m/z [%] [%] [%] [%]

ApoE 948.52

968.55

1497.80

764.44

SAP 1156.59

1406.66

1811.89

VTN 887.50

1314.68

1422.65

1503.83

1646.81

1666.77

ApoA1 781.43

1031.51

1301.64

SAA 1612.81

1670.79

TTR 1366.75

IGLC1 1743.86

IGLC2 1986.02

TheMALDI score serves for the colored encoding of the detection frequen-

cies (green: 100–76%, yellow: 75–51%, orange: 50–26% and red: 25–0%)

Abbreviations: ATTR, transthyretin amyloidosis; MALDI, matrix-assisted

laser desorption/ionization; ApoE, apolipoprotein E; ApoA1, apolipopro-

tein A1; SAP, serum amyloid P-component; SAA, serum amyloid A; VTN,

vitronectin; TTR, transthyretin; IGLC, immunoglobulin light chain constant

region.

all analyzed amyloid associated/amyloidogenic proteins, that is, ApoAI,

ApoE, VTN, SAP, SAA, ATTR, and IGLC1/2.

To further test this hypothesis, we visualized the differences using a

MALDI score (Table 3). The MALDI score translates the detection fre-

quencies of the most common amyloid types AL𝜆 and ATTR for both

lung and gastrointestinal amyloidosis into a color code. Table 3 illus-

trates the detection maxima (green) for ApoE and ApoA1 fragments

in pulmonary AL𝜆 amyloidosis, while VTN is more prevalent in gas-

trointestinal AL𝜆 amyloidosis. Interestingly, no single protein stood out

in pulmonary and gastrointestinal ATTR amyloidosis, although organ-

type specific differences were noted on single peptide levels (e.g., m/z

1314.68 or m/z 781.43). However, Table 3 illustrates nicely amyloid-

type specific differences.

Next, we assessed the suitability of IGLC to diagnose and clas-

sify amyloid. We searched the UniProt database for IGLC amino acid

sequences, some of which were found repeatedly via LMD LC-MS/MS

in amyloid deposits (Gottwald and Röcken, accepted) [32–36]. Ref-

erence masses were generated by in silico digest of the IGLC pro-

teins usingPeptideMass (www.expasy.org). Twouniquepeptidemasses

were found corresponding to tryptic digests of IGLC 1, 2, 3, 6, 7, and

IGLC 2, 3, 6, 7 (IGLC1 and IGLC2, respectively; Table 2). Our cohort

was then evaluated regarding the detection frequencies dependent on

mass accuracy and image correlation coefficient. Differences between

the two tissue types were found for m/z 1743.86.74 (IGLC1) and m/z

1986.02 (IGLC2). The detection frequencies of these two peptides

were also different regarding AL- and ATTR amyloid (Table 3).

Finally, we were interested in the assignment of the m/z-values to

the peptides. Figure 2 illustrates the distribution of the peptides rep-

resenting the individual m/z-values along the full-length proteins. For

example, the m/z 968.55 represents amino acid position 199 to 207 of

ApoE (Figure 2). Finally, we were able to demonstrate that the detec-

tion frequencies of the individual m/z values ( = tryptic peptides) is

not random: the five different m/z values of VTN (framed in red) cover

almost the entire length of the protein in gastrointestinal AL amyloi-

dosis, while in gastrointestinal ATTR amyloidosis VTN peptides were

localized predominantly close to the N-terminus.

4 DISCUSSION

MALDI-IMS MSI is a new tool for the diagnosis and classification of

amyloid in FFPE tissue sections. So far, it was only applied to cardiac

biopsies [24]. In this study, we extended our analyzes and were able

to demonstrate the applicability of MALDI-IMS MSI and the MDIC fil-

ter to amyloid containing tissue specimens obtained from the lung and

gastrointestinal tract: Capturing individual images of 21 tryptic pep-

tides by MALDI-IMS MSI confirmed their specific and spatial enrich-

ment and co-localizationwith amyloid deposits at the respective organ

and tissue sites (Figure 1). Interestingly, adapting the MDIC filter to

the total imaging data of 111 patient samples unraveled amyloid type-

specific differences in the detection frequencies of the tryptic peptides

derived from seven amyloid-specific proteins, that is, ApoAI, ApoE,

SAA, SAP, TTR, VTN, and IGLC (Table 2). These findings support the

contention of an amyloid-specific protein/peptide signature beyond

the fibril-forming amyloid protein [13]. This mixture also contains an

organ-specific signature, which was visualized by the MALDI score

(Table 3) and could be aligned to the protein sequences (Figure 2). Col-

lectively, these data demonstrate that amyloid deposits contain a fib-

ril protein and an organ-and amyloid-type specific mixture of spatially

enrichedproteins andpeptides,which canbeused todiagnose andpos-

sibly to classify amyloid using a single tissue specimen.

Currently, little is known about the origin and pathophysiolog-

ical significance of the non-fibrillar components of amyloid. Using

two-dimensional liquid chromatography coupled to tandem mass

spectrometry (2DC−MS/MS) and a shotgun proteomics approach,

Brambilla et al. identified 330 proteins observed only in amyloid

containing fat tissue specimens [37]. These included membrane pro-

teins (27%), secreted proteins (18%), and extracellular matrix (ECM)

http://www.expasy.org
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F IGURE 2 Alignment of 17 of 19 tryptic peptides along the protein sequences of their corresponding proteins

proteins (about 7%). Thus, the origin of non-fibrillar, amyloid-

associated proteins and peptides is diverse. They may be present (1)

locally before amyloid formation, (2) they could be products of a local

cellular response to amyloid formation, (3) remnants of cell death or

(4) entrapment/enrichment by non-specific and specific interactions

with the amyloid precursor proteins or amyloid fibrils.

Several non-fibrillar constituents, most notably members of the

ECM, might be physiological components of the local tissue envi-

ronment and present before amyloid formation. Particularly, SAP

is present in elastic fibers of both the lung and gastrointestinal

tract. However, detection of SAP in amyloid deposits is an amyloid-

specific phenomenon and due to local enrichment beyond physiolog-

ical amounts and distributions. Brambilla et al. found evidence of a

profound remodeling of the ECM in amyloid deposits, for example, an

increase in collagen and heparan sulfate proteoglycan and a decrease

in laminin and keratan sulfate [37]. Amyloid formation is dynamic and

members of the local physiological tissue proteomemaybe still present

and detectable althoughwith lower amounts [37].

MALDI-IMS MSI could also detect remnants of preceding changes

in the local environment, before amyloid formation takes place. In sys-

temic AA amyloidosis, Claus et al. were able to show the local enrich-

ment of amyloidogenic proteins into the interstitial matrix. The fibril-

forming precursor proteins were present before amyloid formation

took place [38].

Amyloid and oligomeric prefibrillar intermediates exert diverse

effects on cell- and tissue homeostasis, including ECM formation,

metabolic changes, cell toxicity and cell death [37,39,40]. Amyloidosis

leads to remodeling of the ECM,which explains the differential expres-

sion, that is up- and down-regulation of ECM proteins, as mentioned

above, and the amyloid-associated deposition of VTN [21]. Alterations

of proteins involved in protein folding, lipid metabolism, glycolysis, and

mitochondrial function could lead to local enrichment of, for exam-

ple, apolipoproteins such as ApoE and clusterin. Clusterin is a chaper-

one and well-known for its interaction with amyloid deposits and pro-

teins like ApoE, SAP or VTN [41–44]. There is also ample evidence that

oligomeric prefibrillar intermediates, rather than the amyloid fibrils,

are the primary cause of toxicity and cell death. Some non-fibrillar con-

stituents of the amyloid proteome could be remnants of cell death or

causedbymembrane leakage, for example, by amyloidogenic oligomers

forming annular channels/pores in cell membranes [45,46]. This would

lead to the enrichment of proteins, which are normally not present in

the extracellular space.

Post-translational modifications such as phosphorylation, prote-

olytic cleavage, nitration, and ubiquitination play central roles in the

pathology of amyloidosis [39]. These could affect the fibril protein, but

may also apply to non-fibrillar constituents [39]: the alignment of our

m/z values with protein sequences showed amyloid type specific dif-

ferences for VTN. Future studies should consider the possibility that

proteolysis is not restricted to fibril proteins.

Interestingly, we also detected precursor proteins of other types of

amyloid, for example, SAA and TTR in AL amyloidosis. This could be the

result of stimulating the aggregation of one amyloid protein/peptide

by another, which is called cross-seeding or heterologous seeding [39].

This could lead to the formation of fibrils consisting of more than one

fibril-protein and might be a far more common phenomenon than pre-

viously expected [39,47].

A “passive” local entrapment of non-fibrillar peptides and proteins is

also apossible sourceof amyloid-associatedproteins. Amyloiddeposits

createmechanical barriers aroundcells- and close-bybloodvessels and

cause tissue damage [48].

All these putative mechanisms, which depend on the nature of the

underlying amyloid disease (AA- vs. AL- vs. ATTR amyloidosis) and the

tissue environment, ultimatelymight explain a disease- and tissue-type

specific proteomic signature, which can be utilized for diagnostic pur-

poses.

MALDI-IMS MSI allows the investigation of the complex, disease

specific and dynamic proteome of amyloids, and offers several advan-

tages [24]. The MDIC peptide filter allows a targeted identification of

tryptic peptides in amyloid based on MALDI-IMS MS imaging data. In

routine diagnostics, MS/MS analysis is not required anymore. Amyloid

can be identified and diagnosed in its histoanatomical context using a

universal as well as disease and organ specific peptide signature. The



9 of 11

integrity of the tissue specimen is preserved. The spatial distribution of

amyloid can be readily visualized by the peptide mass at m/z 968.55.

This allows a direct export of the spectral data of amyloid deposits

for statistical analysis without additional analytical steps, for example,

Congo red staining of a serial section.Due to the fact that a disease spe-

cific enrichment of peptides will result in peptide images similar to the

image of m/z 968.55, the image correlation coefficient can be utilized

for an untargeted screening of the imaging data to discover newpoten-

tial biomarkers of amyloids. Novel biomarkers should be identified by

MS/MS analysis. However, thereafter they can be added to the pep-

tide filter’s target list and improvediagnostics, as furtherdemonstrated

in this study. We were able to extend the applicability of MALDI-IMS

MSI to lung and gastrointestinal specimens and validated its utility in

a large and independent case series of 111 specimens. However, res-

olution still is an issue and tiny deposits, often encountered in biopsy

specimens, canbe anobstacle toMALDI-IMSMSI analytics. In addition,

acquiring peptide images with higher spatial resolution might allow

the detection of heterogenous composition patterns within the amy-

loid plaques, thus enabling a more detailed examination of the tissue

remodeling processes during amyloid accumulation.

In conclusion, we could show that theMALDI-IMSMSI is an innova-

tive tool to detect and classify various types of amyloidosis. We were

able to extend the number of organs showing a specific protein signa-

ture to lung and gastrointestinal tissue, extending our experience hith-

erto collected only in cardiac biopsies [24]. The new diagnostic tool has

the advantage that the mass signature stays unaffected after MALDI

measurement and the same tissue sections can be used for further

investigations. Our results show that MALDI-IMS MSI can be applied

to other organ and tissue sites, carries the potential to classify amyloid

not only based on the amyloid protein, but also on an organ and amy-

loid type specific signature of amyloid-associated constituents. How-

ever, spatial resolution is still a limitation of MALDI-IMS and further

technical improvements are urgently needed.

5 STUDY LIMITATIONS

OurMALDI-IMSMSI application does not focus on the detection of the

amyloid fibril protein, but on an amyloid- and organ-type specific pro-

tein and peptide signature. AL amyloid mainly consists of the variable,

joined, and only part of the constant light chain region [49]. Hence, as

variable light chains are extremely variable and highly patient-specific,

we have chosen IGLC for our targeted approach to detect proteins

typical for AL deposits in tissue samples. Furthermore, the number of

cleavage sites for trypsin digestion is structure dependent and can be

affected by modifications of the amyloid forming protein [50]. Despite

these challenges we clearly show the potential for direct classifica-

tion of amyloid by MALDI-IMS MSI by including disease-specific, non-

fibrillar constituents.
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