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List of Abbreviations

AlAT-o-1-antitrypsin; CE-MS-Capillary electrophoresis coupled to mass spectrometry; CKD-
Chronic kidney disease; DN-diabetic nephropathy; eGFR-Estimated glomerular filtration rate;
ESRD-End stage renal disease; FSG-focal segmental glomerulosclerosis; GN-
glomerulonephritis; IgAN-IgA nephropathy; LN-lupus nephritis; MALDI-MSI-matrix-assisted
laser desorption ionization imaging mass spectrometry imaging; MCD-minimal-change disease;
MGN-membranous glomerulonephritis; MN-membranous nephropathy; N-nephrosclerosis;
RAS-renin-angiotensin system; SD-standard deviation; UAE-urinary albumin excretion;

Vasculitis-vasculitis-induced kidney disease



Abstract

Abstract

Capillary electrophoresis coupled to mass-spectrometry (CE-MS) and matrix-assisted laser
desorption ionization imaging mass-spectrometry (MALDI-MSI) emerged as highly reproducible
techniques to discover potential naturally occurring peptide biomarkers in urine and fresh-frozen
renal tissue samples. These biomarkers were established for the non-invasive diagnosis and

prognosis of renal diseases.

The first part of the PhD thesis in investigation of the performance of an established urinary
proteome-based classifier (“CKD273”) depicting progression in different CKD stages and the
relevance of changes in individual urinary peptides for the pathophysiology of CKD by the
analysis of urine proteome profiles. Out of 2,672 samples included in the study, 394 individuals
displayed a decline in eGFR of >5ml/min/1.73m? per year (defined as progressively diseased). In
early CKD stages the “CKD273”-classifier performed significantly better than the clinical marker
“albuminuria” in detecting progressors, while albuminuria performed better in patients at late
stages of CKD. At early CKD stages, collagen fragments were highly excreted in urine, while at
moderate and late stage of CKD, markers of inflammatory process and functional loss (such as

alpha-1-antitrypsin, CD99 antigen, antitrombin 111, serum albumin etc.) were more abundant.

Secondly, MALDI-MSI was applied to bioptic renal tissue from patients with focal segmental
glomerulosclerosis (n=6), IgA nephropathy, (n=6) and membranous glomerulonephritis (n=7), and
from controls (n=4) to define molecular signatures of primary glomerulonephritis. Signal of m/z
4,048 present in MALDI-MS imaging was identified as a-l-antitrypsin (Al1AT). By
immunohistochemistry it was shown that ALAT was localized to the podocytes within sclerotic
glomeruli. This suggested that A1AT could be a marker of podocyte-stress correlating with
development of focal segmental glomerulosclerosis. Additionally, correlation of MALDI-MSI
findings with CE-MS findings of urinary peptidomics identified the same A1AT peptide as up-
regulated in CKD patients.

In the final part of the thesis assessment of urinary biomarkers for different aetiologies of CKD
was investigated by the identification of peptides contained in 1,180 urine samples analysed via
CE-MS. For 7 type of CKDs, potential biomarkers were defined and combined into classifiers.
Validation of these classifiers in an independent cohort showed accuracy ranging from 0.77 to 0.95
for discrimination of one CKD etiology from the other. Sequence analysis of the biomarkers

provided link to pathophysiology of CKD.
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Abstract in German

Die direkt mit einer Flugzeit-Massenspektrometrie (CE-MS) gekoppelte Kapillarelektrophorese
sowie die bildgebende matrix-unterstutzte Laser Desorption/lonisation Massenspektrometrie
(MALDI-IMS) haben sich als hoch-reproduzierbare Techniken zur Identifizierung von
potentiellen  natirlich  vorkommenden Peptidbiomarkern in  Urin  beziehungsweise
Nierengewebeproben erwiesen. Diese Biomarker wurden fur die nicht-invasive Diagnose und
Prognose von Nierenerkrankungen etabliert.

Im ersten Teil der Dissertation habe ich die Leistung des auf dem Urinproteom-basierenden
Biomarkermodells “CKD273“ untersucht, das zur Klassifizierung von chronischen
Nierenerkrankungen (CKD) etabliert worden ist. Dabei wurde die VVorhersage der Progression der
CKD in verschiedenen Krankheitsstadien durch die Klassifikation von Urinproteomprofilen
beurteilt. Weiterhin wurde die Bedeutung von Verdnderungen einzelner Peptide flr das
Verstandnis des pathophysiologischen Mechanismus der CKD Progression beurteilt. Fir diese
Beurteilungen wurde das Urinproteom von 2.672 Patienten mit verschiedenen CKD Stadien
untersucht. Von diesen Patienten zeigten 394 einen Rickgang der geschatzten glomerularen
Filtrationsrate (eGFR) von >5 ml/min/1,73m? pro Jahr und wurden daher als progressiv Erkrankte
eingestuft. In friihen CKD-Stadien zeigte der “CKD273“-Klassifier im Vergleich zum bekannten
klinischen Marker Albuminurie eine bessere prognostische Leistung bei der Identifikation von
progressiv Erkrankten. Im Gegensatz dazu zeigte in spaten Stadien der CKD die Albuminurie die
bessere prognostische Leistung. Darlber hinaus lieferte die Entdeckung einer erhohten
Ausscheidungsrate von Kollagenfragmenten im Urin in einem frihen Stadium der CKD und von
Markern entzlindlicher Prozesse und eines Funktionsverlusts (z.B. alpha-1-Antitrypsin,
Antithrombin I11, Serumalbumin, usw.) Hinweise auf den pathophysiologischen Mechanismus der

Progression.

Im zweiten Teil der Dissertation wurde MALDI-IMS auf Nierengewebebiopsien angewandt, um
molekulare Signaturen einer priméren Glomerulonephritis zu definieren. Die Biopsien stammten
von Patienten mit einer fokal segmentalen Glomerulosklerose, IgA-Nephropathie, und
membrandser Glomerulonephritis sowie von gesunden Kontroll-Probanden. Ein Massenpeak mit
einem m/z-Verhéltnis von 4.048 wurde als a-1-Antitrypsin (A1AT) identifiziert. Die
Immunhistochemie zeigte, dass das a-1-Antitrypsin in Podozyten der sklerotischen Glomeruli
lokalisiert ist. a-1-Antitrypsin kann somit als Marker fir zellul&ren Stress der Podozyten bei der
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Entwicklung einer fokalen segmentalen Glomerulosklerose dienen. CE-MS-basierende
peptidomische Untersuchungen bestéatigten die verstarkte Ausscheidung desselben A1AT

Peptidfragments im Urin von CKD-Patienten und somit die MALDI-IMS Ergebnisse.

Im dritten Teil der Dissertation sollten spezifische Biomarker fiir verschiedene Atiologien der
CKD identifiziert werden. Um dieses Ziel zu erreichen, analysierte ich die auf CE-MS basierenden
Peptidome von 1.180 Urinproben. Fiir sieben verschiedene CKD Atiologien, der Unterscheidung
von CKD Atiologien Messgenauigkeiten von 0,77-0,95. Dies zeigte, dass man mittels
Urinpeptidomanalyse zwischen verschiedenen CKD-Atiologien unterscheiden kann. Die
Sequenzanalyse der Biomarker ergab zudem Erkenntnisse zur Pathophysiologie der CKD

Atiologien.
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1. Introduction

In the post genomic era, the concept of peptidomics refers to the low molecular weight
biomolecules, ranging from 0.5 to 15 kDa [1] and aims at the comprehensive network of small
polypeptides as link between proteins and metabolites. Peptides are considered as biological
molecules such as cytokines, growth factors, inhibitors, activators or substrates of a pathway,
hormones, and neuropeptides [2;3] originated from larger precursors and involved directly or
indirectly in the communication between cells. Peptides are small molecules derived from in vivo
cleaved enzymes resulting as the products of natural proteolysis. Particularly, different
concentrations of peptides among compartments (such as tissue, cells, and body fluids) alter their
diffusion or secretion to other compartments reflecting specific biological processes.

Since the last decade, advanced mass-spectrometric technologies allow analysis and identification
of proteins and peptides. This contributes to the emerging of clinical proteomics and peptidomics
to be used as diagnostic and prognostic tools for several diseases. In particular, capillary
electrophoresis coupled to mass-spectrometry (CE-MS) [4] and MALDI-MS imaging (MALDI-
MSI) [5] have been emerged as high reproducible techniques analysing naturally occurring
peptides in urine samples and fresh-frozen renal tissue, respectively. Currently, these techniques
are highly applicable for discovery and validation of potential peptide-based biomarkers of renal
diseases. For instance, in the year 2010 Good et al. [6] used CE-MS to develop a classifier
composed of 273 urinary peptides (“CKD273-classifier) to diagnosis of chronic kidney disease
(CKD). The study included 379 healthy subjects and 230 patients suffering from various kidney
diseases. The validity of the “CKD273”-classifier was confirmed in several studies for diagnosis
and prognosis of CKD [7-10].

CKD is defined as a heterogeneous disease generally characterized by abnormalities in kidney
structure and function lasting for more than three months [11]. Between the 1988-1994 and the
2003-2006, the National Health and Nutrition Examination Survey and National Health and
Nutrition Examination Survey studies reported that the prevalence of CKD in people aged 60 years
and older increased from 18.8 to 24.5%, whereas for people between age of 20-39 vyears, it
remained below 0.5%. The definition of a specific type of kidney disease is dependent on genetic
factors, environmental influences and/or demographical characteristics. Several types of CKDs,
such as focal segmental glomerulosclerosis, IgA nephropathy, membranous glomerulonephritis,
minimal-change disease, membranous nephropathy, diabetic nephropathy, nephrosclerosis, lupus

nephritis and vasculitis-induced kidney disease, are presently diagnosed by kidney biopsies.
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However, due to the invasiveness of this method, alternative procedures to define several CKDs
are required.

CKD progression is detected using marker of kidney function such as assessing decline in
estimated glomerular filtration rate (eGFR) [12] and/or increase of urinary albumin excretion [13].
According to guidelines of “Clinical Practice Guideline for Diabetes and CKD” (KDOQI
2012)[11], on the basis of the eGFR, CKD is classified into five stages: stage 1 (eGFR>90
ml/min/1.73 m?), stage 2 (€GFR 60-89 ml/ min/1.73 m?), stage 3 (eGFR 30-59 ml/min/1.73 m?),
stage 4 (eGFR 15-29 ml/min/1.73 m?) and stage 5 (eGFR<15 ml/min/1.73 m?). Based on urinary
albumin excretion, three CKD-stages are defined: stage 1 (albuminuria<30mg/24h)
(normoalbuminuria), stage 2 (albuminuria>30mg/24h) (microalbuminuria) and stage 3
(albuminuria>300mg/24h) (macroalbuminuria) [11].

Despite the clinical performance of these markers, albuminuria sometimes does not display high
accuracy for the selection of individuals at high risk that would benefit most from timely
therapeutic interventions [14] [15] [16] [17]. A significant reduction of eGFR is associated with
structural kidney damage. However, eGFR is considered to be a marker of advanced disease [18],
when clinical guidance could be limited.

Therefore, there is an urgent need for new biomarkers detecting pre-clinical pathophysiological
alterations at an early stage of the disease to guide individual therapeutic interventions for
prevention of disease progression. Following this, the first part of the PhD thesis (Publication 1)
was focused on investigation of the performance of a previous established urinary proteome
classifier named “CKD273”-classifier compared to urinary albumin excretion (UAE) in predicting
the progression of CKD at different disease stages. Changes in individual urinary peptides for each
stage of disease were also investigated for improved understanding of pathophysiology of CKD
using the urinary proteome data of 2,672 CKD patients. The second part of the thesis referred to
Publication 2 was focused on the possibility to assess different aetiologies of CKD, such as
membranous glomerulonephritis (MGN), focal segmental glomerulosclerosis (FSGS), and IgA
nephropathy by the identification of peptides and proteins contained in bioptic fresh frozen renal
tissue analysed via MALDI-MS imaging. Potential urinary biomarkers for membranous
glomerulonephritis (MGN), focal segmental glomerulosclerosis (FSGS), and IgA nephropathy,
minimal-change disease (MCD), membranous nephropathy (MN), diabetic nephropathy (DN),
hypertensive nephrosclerosis (N), lupus nephritis (LN) and vasculitis-induced kidney disease
(vasculitis) were also defined in Publication 3 using the urinary proteome data of 1,180 patients

displayed the aforementioned CKD etiologies.
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2. Methods

All detailed information on samples preparation, collection, and analysis are reported in

Publication 1, 2 and 3, respectively.

2.1 Patient cohort and sample preparation

For prognosis of CKD and for differential diagnosis of CKD assessment, all of the CKD patient
data were extracted from the Human Urinary Proteome database [19;20]. Stages of CKD were
defined based on eGFR calculated from serum creatinine by the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation [21]. For prognosis of CKD 2,672 data of
patients suffering from CKD were used. For diffential diagnosis, data of patients with focal
segmental glomerulosclerosis (FSGS, n=110, different variants), IgA-nephropathy (IgAN,
n=179), minimal-change disease (MCD, n=35), membranous nephropathy (MN, n=77), diabetic
nephropathy and nephrosclerosis (DN&N, n=576), lupus nephritis (LN, n=92) and vasculitis-
induced kidney disease (n=111) were included. A subset of datasets of 706 samples was used for
discovery and a separate group of 474 samples was used for validation. In total 1,180 data were
used.

For tissue analysis, the MALDI-imaging tissue study included only primary glomerulonephritis
classified as idiopathic (GN) according to clinical criteria. Fresh-frozen biopsies taken from
patients, who underwent renal biopsy with a histological diagnosis of focal segmental
glomerulosclerosis (FSGS, n=6), IgA Nephropathy (IgAN, n=6) and membranous
glomerulonephritis (MGN, n=7), were collected. Normal cortical biopsies (controls, n=4)
corresponded to regions of kidney obtained from radical nephrectomy during tumor treatment.
Control patients had no history of functional renal disease. Sample collection and preparation of
urine samples were addressed as in the study by Good et al. [6]. Sample collection and preparation

of renal tissues were addressed as in the study by Mainini et al. [5].

2.2 CE-MS and MALDI-MSI analysis

CE-MS analysis a P/ACE MDQ capillary electrophoresis system (Beckman Coulter, Fullerton,
CA) was coupled with a Micro-TOF MS (Bruker-Daltonic, Bremen, Germany). All additional
details are reported in [22;23]. For normalization caused by analytical variances and differences

in urine dilution, MS signal intensities were normalized relative to 29 internal standard peptides
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generally present in at least 90% of all urine samples with small relative standard deviation (SD)
[24].

For MALDI-MSI analysis of tissue samples, all mass spectra were acquired in linear positive mode
in the mass range of 3,000 to 20,000 m/z using an UltrafleXtreme (Bruker Daltonic Bremen,
Germany) External calibration was performed using a mixture of standard proteins within the mass

range of 5,500 to 17,000 m/z (ProtMix I, Bruker-Daltonic Bremen, Germany).

2.3 MS/MS analysis sequences

MS/MS mass spectra were acquired in positive ion mode using an Orbitrap Velos FTMS (Thermo-
Finnigan, Bremen, Germany) as described by Ziirbig et al. [25]. Data files were searched against
the UniProt human non-redundant database using Proteome Discoverer 1.2 (Thermo-Finnigan,
Bremen, Germany), using the SEQUEST database. Relevant settings were: no fixed modifications
allowed, oxidation of methionine and proline were allowed as variable modifications. The
minimum precursor mass was set to 790 Da, maximum precursor mass of 6,000 Da with a
minimum peak count of 10. The high confident peptides were defined by cross-correlation (Xcorr)
>1.9. Precursor mass tolerance was 10 ppm and fragment mass tolerance was 0.05 Da. For
MALDI-MS/MS, representative mass spectra were acquired in reflectron positive mode in the
mass range of 700 to 4,500 m/z. Precursor ions were selected and fragmented using the laser-
induced dissociation (LID) and an MS/MS spectra obtained from the accumulation of ~10,0000
laser shots. External calibration was performed using a mixture of standard peptides within the
mass range of 750 to 3,500 m/z (PepMix I, Bruker Daltonics, Bremen, Germany). All MS/MS
spectra were searched against the Swiss-Prot database with the Mascot 2.4 search engine (Matrix
Science, London, UK).

2.4 “CKD273”-classifier analysis and statistical analysis

The “CKD273”-classifier is an SVM-based classification model, where classification is performed
by determining the Euclidian distance (defined as the SVM classification score) of the 273-
dimensional vector to a 272-dimensional maximal margin hyperplane, as previously described by
Good et al. [6] Rapid progression was defined as described in the “Kidney Disease Improving
Global Outcomes 2012” CKD guidelines as a sustained decline in eGFR of 5 ml/min per 1.73 m?
per year or more [11]. To assess the value of urinary albumin excretion (mg/24h) and CKD273 at
different disease stages, the cohort was stratified by baseline eGFR (Chronic Kidney Disease in
Epidemiology Collaboration formula) [21] >80, 79-70, 69-60, 59-50, 49-40, 39-30, and <29
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mL/min/1.73m?. The sensitivity, specificity, Box-Whisker, logistic regression and area under the
curve (AUC) were calculated using ROC analysis with MedCalc software (version 12.1.0.0,
http://www.medcalc.be; MedCalc Software, Mariakerke, Belgium). For biomarker discovery,
non-parametric Wilcoxon rank sum test was used to calculate the p-values of individual peptides.
The false discovery rate adjustments of Benjamini-Hochberg were employed to correct for
multiple testing [26]. An adjusted P-value of 0.05 was selected as significance level.

2.5 Immunohistochemistry (IHC) with alpha-1-antitrypsin (A1AT) antibody

For tissue samples analysis, a series of formalin-fixed paraffin-embedded (FFPE) renal biopsies
taken from patients with IgAN and FSGS were tested for IHC analysis. This validation group
included IgAN with wide sclerosis (n=4), IgAN with a prevalent mesangioproliferative pattern
without sclerosis (n=4) and FSGS (n=6). For each specimen, 3um thick sections were cut from
FFPE blocks. After deparaffinization and rehydration, slides underwent endogenous peroxidase
blockage and an antigen retrieval process via EnVision Flex (Dako, Glostrup, Denmark). Finally,
Autostainer Link 48 (Dako, Glostrup, Denmark) was used to apply the primary antibody directed
against A1AT (polyclonal rabbit, Dako, Glostrup, Denmark).

11
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3. Results

3.1 Publication 1: Pontillo C, Lotte Jacobs, Staessen JA, Schanstra JP, Rossing P, Heerspink

HJL, Siwy J, Mullen W, Vlahou A, Mischak H, Vanholder R, Zirbig P, Jankowski J. A urinary
proteome-based classifier for the early detection of decline in glomerular filtration. Nephrol Dial
Transplant. 2016 Jul 6. pii: gfw239

Firstly, we investigated the possibility of assessment of CKD progression at different stages of the
disease by the use of urinary-based classifier “CKD273”[6] compared to clinical parameter of
urinary albumin extraction rate (UAE). The study included 2,672 subjects with mean (xSD) follow
up time of 3.3+1.1. Peptide-profiles of those patients were obtained via CE-MS and extracted from
Human Proteome Database [19;20]. Out of 2,672 subjects, 394 were classified as progressors
towards CKD displaying an eGFR decline>5mL/min/1.73m? per year [11]. The remaining 2,278
subjects were defined as non-progressors during the follow wup time (eGFR
decline<5mL/min/1.73m? per year). According to “The National Kidney foundation”[11], CKD
can be defined by five stages based on eGFR. When stratification of the patients in the current
cohort according to the official CKD stages was applied, we observed a discrepancy in the
distribution of the patients (59.6% of the subjects was in CKD stage 2). Therefore, in order to
obtain a stronger homogeneity of the patients and higher resolution for the assessment of CKD
stages, it was adopted a different method to stratify the patients, according to the following eGFR
strata: >80, 79-70, 69-60, 59-50, 49-40, 39-30, and <29 mL/min/1.73m?2. With this stratification
the group with the highest number of patients (eGFR>80 ml/min/1.73m?) represented 37.1% and
the group with the lowest number of patients (e€GFR 40-49 ml/min/1.73m?) represented 3.6% of
the total cohort. Although the proportion of patients per group was not identical, its distribution
was significantly improved compared to using classical CKD stages. As next step, we compared
UAE and CKD273-classifier for the prognosis of progression of CKD in each eGFR strata.
Progressors/cases were defined as having a decline in eGFR of >5ml/min/1.73m? per year [11]. In
the groups of patients with eGFR >80 and 70-79 ml/min/1.73m2 the proteome-based classifier
displayed an AUC significantly higher (P<0.005) than albuminuria. In the groups of patients with
eGFR between 60-69 and 50-59 ml/min/1.73m2 the AUCs of the two markers had no significant
differences (P>0.005). At late CKD stages (eGFR ranging from 40-49 and <29 ml/min/1.73m?),
albuminuria was significantly better than “CKD273”-classifier, but not in the group of patients
with eGFR 30-39 ml/min/1.73m? where the proteome-based classifier displayed again similar

performance than albuminuria (P>0.005). These results are graphically depicted in Figure 1.
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Figure 1. Comparison of the ROC-analyses for prognosis of CKD at in each eGFR stratum. The “CKD273”-
classifier (red curve) performs better at early CKD stages, while UAE (blue curve) has higher AUCs at late CKD
stages.

In our cohort, the variability of the albuminuria values irrespective of the patients being
progressors or not and irrespective of the eGFR stratum, was higher than the “CKD273” scores.
In addition, the “CKD273” scores were gradually increasing with decreasing eGFR, while the
values of albuminuria were increased in the moderately advanced stages for progressors. Secondly,
individual urinary peptides not present in the classifier were investigated in relation to CKD
progression for underlying possible mechanisms of disease-pathophysiology. Due to the high
complexity of CKD as heterogeneous disease, many urinary peptides can be associated with
different eGFR strata. Using the non-parametric Wilcoxon test, we performed de novo statistical
analysis to identify which urinary peptides were associated with single eGFR strata. In order to
avoid introducing bias among the seven eGFR groups (due to the different number of patients
present in each group) we focused on the ten most significant peptides based on significance. As
reported in Figure 2, the results of the analysis suggested the presence of peptides associated to

three types of protein function: structural changes (red colour), inflammatory process (green
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colour) and loss of kidney function (blue colour). At early stages of CKD (eGFR 70 to >80
ml/min/1.73m?), several collagen fragments were reported as the most abundant peptides found in
the urine of patients. At moderately advanced disease (€GFR 40 to 69 ml/min/1.73m?), peptides
of inflammatory processes derived from alpha-1-antitrypsin, CD99 antigen, antitrombin III,
polymeric immunoglobulin receptor, basement membrane-specific heparan sulfate proteoglycan
core protein, Ig gamma-1 chain C region, kininogen-1 proteins were reported. In the late CKD
stages (eGFR <39ml/min/1.73m?) fragments derived from serum albumin, alpha-2-HS-
glycoprotein, beta-2-microglobulin, vitamin D-binding protein, serum amyloid A-1 protein were

present in urine of the subjects used in the study.

z
g 10 10
g0 10 8
= 7
8 5 5
= 4 4 4 4
£ l ‘ 3 2
W
: R PO [ O
= B0 Boo BHEL o < 022 Be
z >80 70-79 60-69 50-59 40-49 30-39 <29
¢GFR, ml/min/1.73m?
Function Protein name
collagen alpha-1(I) chain, collagen alpha-1(IIT) chain, collagen alpha-1(X)
chain, collagen alpha-2(I) chain, collagen alpha-2(V) chain, collagen alpha-
Bl Structural changes 6(IV) chain, collagen alpha-1(IT) chain, collagen alpha-1(VIIT) chain,
uromodulin, fibrinogen alpha chain
alpha-1-antitrypsin,CD99 antigen, antitrombin III, polymeric immunoglobulin
- Inflammatory processes receptor, basement membrane-specific heparan sulfate proteoglycan core
protein, Ig gamma-1 chain C region, kininogen-1
- . serum albumin, alpha-2-HS-glycoprotein, beta-2-microglobulin, vitamin D-
Functional loss o . . .
binding protein, serum amyloid A-1 protein

Figure 2. Number and protein origin of most significant urinary peptides in each eGFR stratum. Peptides of
structural changes are in fuchsia; peptides of inflammatory processes are coloured in green; peptides indicate
functional loss are in blue.

3.2 Publication 2: Smith A, L'Imperio V, De Sio G, Ferrario F, Scalia C, Dell'’Antonio G,

Pieruzzi F, Pontillo C, Filip S, Markoska K, Granata A, Spasovski G, Jankowski J, Capasso G,
Pagni F, Magni F. a-1-Antitrypsin detected by MALDI imaging in the study of glomerulonephritis:
Its relevance in chronic kidney disease progression, Proteomics. 2016 16(11-12):1759-66.
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The study was focused on the investigation of fresh-frozen renal biopsies taken from patients with
a histological diagnosis affected by glomerulonephritis (GN) of focal segmental
glomerulosclerosis (FSGS) (n=6), IgA nephropathy (IgAN) (n=6), and membranous
glomerulonephritis (MGN) (n=7). MALDI-MSI profiles of the aforementioned patients were
compared to normal cortical biopsies of patients with no history of renal diseases (controls, n=4).
The comparison of MALDI-MSI between pool of samples from all patients with all the three
glomerulonephritis (GNs) and control group showed three signals at m/z 4,025, 4,085 and 4,963
which displayed a significant higher intensity (AUC>0.8, P<0.05) compared to controls. Due to
the fact that several sub-diagnosis of renal disease were used, as next step specific protein profiles
from FSGS, IgAN and MGN were compared each other. Signals at m/z 4,025, 4,085 were
significantly higher in FSGS patients rather than in patients affected by IgAN and MGN
(AUC=0.84 and 0.82, respectively). On the other hand, mass spectrum of IgAN patients
highlighted the presence of two signals at m/z 4,964 and 5,072 with higher intensity compared to
spectrum obtained from FSGS patients. When comparing spectrum of IJAN to MGN patients, two
signals (at m/z 5,072 and 6,180) were reported with higher intensity in IgAN patients. As next
step, the proteomic findings were also correlated to the histological images, highlighting that IgAN
spectrum (in common with the spectra of FSGS patients) were related to a group of three sections
of sclerotic glomeruli. Inspection of virtual microdissections of those specific glomeruli, showed
a similar distribution between IgAN and FSGS patients. In general, microdissections of glomeruli
confirmed similarity of IgAN and FSGS that were observed in protein profiles analysed by
MALDI-MSI. Peptide signals at m/z 4,025 and 4,085 were able to distinguish sclerotic glomeruli
among the three CKD etiologies. Therefore, these particular signals were sequenced via MALDI-
TOF/TOF. The signal at m/z 4,025 was identified as tryptic peptide of al-antitrypsin (A1AT)
protein having the following sequence: IPPEVKFNKPFVFLMIEQ NTKSPLFMGKVVNPTQK.
Immunohistochemistry of A1AT on renal biopsies confirmed the positive presence of this protein
in sclerotic regions of IgJAN and FSGS. Moreover, staining of A1AT showed infiltration of ALAT
in the cytoplasm of podocytes, while the podocytes of mesangioproliferative renal biopsies pattern
of IgAN and normal glomeruli displayed negative staining for ALAT. These results are shown in
Figure 3. Of note, fragments of A1AT are also present in the proteome-based “CKD273”-
classifier. Five of these fragments partially overlapped with the ALAT fragment identified in tissue
samples. In total 18 fragments of A1AT are present in the proteome-based classifier, showing an
up-regulation of this protein in patients with CKD compared to control group (absence of renal
disease). To further correlate tissue findings with peptidomic data, urinary ALAT fragments were

also found to be correlated with CKD progression in Schanstra et al [8]. Among them, four
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fragments partially overlapped with the A1AT fragment identified in study. Moreover, identical
tryptic fragment of ALAT was also identified in a different sample cohort with increased
abundance in the urine of patients classified as CKD progressors compared to non-progressors

(ratio progressors/non-progressors = 5.3, p = 0.02).

A1AT (m/z 4048) Trichrome stained

FSGS

IgAN

IgAN with
sclerotic
glomeruli

Figure 3. a-1-antitrypsin identified via MALDI-MSI and CE-MS for glomerulonephritis and diagnosis of CKD,
respectively. (Left) The molecular distribution of m/z 4,048 (ALAT) in sections of bioptic renal tissue, obtained using
MALDI-MSI, (center) trichrome-stained image of the identical sections used for MALDI-MS imaging and (right)
immunohistochemical staining with the anti- A1AT antibody from a validation set of patients. The collection of
images is derived from patients with FSGS (top), IgAN (middle), and IgAN with sclerotic glomeruli (bottom).
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3.3 Publication 3: Siwy J, Ziirbig P, Argiles A, Beige J, Haubitz M, Jankowski J, Julian B A,
Linde P G, Marx D, Mischak H, Mullen W, Novak J, Ortiz A, Persson F, Pontillo C, Rossing P,

Rupprecht H, Schanstra J P, Vlahou A, Vanholder R, Non-invasive diagnosis of chronic kidney

diseases using urinary proteome analysis Nephrology Dialysis Transplantation, 2016 doi:
10.1093/ndt/gfw337

In the current study, we explored the potential of urinary peptides analysed via CE-MS to define
different types of CKDs for non-invasive diagnosis as possible alternative to renal biopsies. The
cohort included 1,180 datasets [19] of subjects displaying eight etiologies of CKD, such as focal
segmental glomerulosclerosis (FSGS), IgA nephropathy (IgAN), minimal-change disease (MCD),
membranous nephropathy (MN), diabetic nephropathy (DN), hypertensive nephrosclerosis (N),
lupus nephritis (LN) and vasculitis-induced kidney disease (vasculitis). Number of patients for
each group are reported in the material and methods section. However, datasets from N and DN
were pooled together as certain evidence of the presence of these diseases was not confirmed by
renal biopsies. Using the non-parametric Wilcoxon test, 287 urinary peptides disease-specific were
defined for FSGS, 291 for MCD, 311 for MN, 172 for LN, 509 for vasculitis-induced kidney
disease 116 for IgAN and 619 for DN&N. Those specific biomarkers were assembled into seven
different peptide-based classifiers targeted for each specific CKD etiology. The AUCs of the ROC-
analyses of all classifiers ranged from 0.77 to 0.95 applying the aforementioned classifiers into an
independent cohort composed by 474 subjects (in which each CKD etiology was compared with
all the other types of CKD).

Figure 4 reported ROC-curves of all the different CKD etiologies. 488 peptide-sequences were
obtained via CE- and LC-MS/MS, which represent 42% of the total amount of the defined urinary
biomarkers. Out of 488 biomarkers; 328 were significantly increased or decreased with only one
CKD etiology. Next, we aimed to investigate the abundance and fold-changes of the individual
peptides among the different CKDs. For this purpose, only peptides with a fold-change of at least
2 were accepted. Moreover, to allow comparison among the different CKD groups, peptides
displaying the same regulation (increasing or decreasing) were combined together. In the case of
DN&N, 5 different hemoglobin peptide fragments were significantly decreased in the DN&N
group in comparison to other CKD etiologies. Down-regulation of small proline-rich protein 3 and
leucine-rich repeat-containing protein 25 and up-regulation of clusterin and apolipoprotein
fragments (both with the same p-value) were observed. For FSGS, we reported up-regulation of
collagen fragments and down-regulation of fibrinogen, polymeric immunoglobulin receptor and

Golgi-associated olfactory signaling regulator. For IgAN up-regulation of hemoglobin (in contrast
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to the DN&N group), leucin-rich repeat-containing protein 25, small proline-rich protein
fragments and sodium/potassium transporting ATPase were increased. For the LN cohort, up-
regulated collagen, uromodulin, and protein S100-A9 fragments and down-regulated of clusterin
fragments were reported. In the MCD group, we observed up-regulated fragments of collagen,
uromodulin and apolipoprotein C-1V. However, collagen fragments and two fragments of beta-2-
microglobulin were also reported as down-regulated. In the MN group, we observed up-regulated
fragments of cystatin-A, biorientation of chromosomes in cell division protein 1, uromodulin and
plasminogen. In the vasculitis group, the lowest p-values were observed for the up-regulated

hemoglobin, sodium/potassium-transporter ATPase, collagen and small proline-rich protein 3.

FSG DN & N IgAN MCD
100 100
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Figure 4. ROC-analysis of the classification results for each developed classifier applied to independent samples from
the validation set, for each type of CKD. 95% interval of confidence is reported in black colour per each type of CKD.
In the figure: DN-diabetic nephropathy; FSG-focal segmental glomerulosclerosis; GN-glomerulonephritis; IgAN-IgA
nephropathy; LN-lupus; MCD-minimal-change disease; MGN-membranous glomerulonephritis; MN-membranous
nephropathy; N-nephrosclerosis; Vasculitis-vasculitis-induced kidney disease.
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4.Discussion

The possibility of non-invasive diagnosis and prognosis of chronic kidney diseases was assessed
in this thesis, investigating peptidome profiles of CKD patients. As first aim, it was explored the
ability of using a previous established peptide-based classifier (“CKD273”-classifier) [6] for
prognosis of CKDs. In this study, a new approach for defining early progression of CKD was
established exploring urinary “CKD273”-classifier [6] and de novo urinary peptides associated
with different eGFR stratum. A recent study has shown the relevance of early intervention in CKD
(diabetic nephropathy) using RAS inhibitors, which is more beneficial in delaying end-stage renal
disease than intervention at later stages [27]. Therefore, optimization of biomarkers towards
specific eGFR stratum and in early CKD stages was studied. The results showed that while at early
CKD stages the “CKD273”-classifier outperformed albuminuria in the detection of fast
progressors (eGFR decline >5ml/min/1.73m? per year) [11], albuminuria performed better in CKD
patients with late stage disease. Interestingly, in the eGFR-groups between <80 and 40-49
ml/min/1.73m? the scores of the “CKD273”-classifier were constant irrespective of patients being
cases or control, while albuminuria displayed increasing values in this eGFR baseline range, but
starting from a low value of baseline eGFR (<50 ml/min/1.73m?). The reason why the performance
of the proteome classifier is more constant in the classification of patients might be related to the
fact that 273 different peptides are combined together and they are able to better depict the
complexity of a heterogeneous disease, such as CKD. However, due to the fact that performance
of both albuminuria and “CKD273”-classifier in certain eGFR stratum were not optimal, we have
investigated the top ten abundant individual urinary associated with single eGFR groups (>80, 79-
70, 69-60, 59-50, 49-40, 39-30, <29 mL/min/1.73m?).

As showed in the Publication 1, we were able to potentially link individual urinary
peptides to the patho-physiology of CKD progression. At early CKD stage (eGFR >80-70
ml/min/1.73m?), several collagen peptides were present suggesting changes in extracellular matrix
(ECM) turnover. Collagen type I and 111 are known to be deposited in early stages of renal fibrosis
[28] [29]. During fibrosis, the formation of scar tissue in the interstitial space is the result of the
excessive accumulation of ECM components, which is connected to alterations of
metalloproteases (MMPSs) and their inhibitors responsible for maintaining the equilibrium between
formation and degradation of ECM proteins [30]. The excretion of collagen peptides in urine of
samples with early CKD stage might explain the good performance of the “CKD273-classifier at
this stages. Indeed, “CKD273”-classifier is composed of 202 out 273 collagen fragments and acts

as biomarker of ECM remodeling, identifying molecular processes occurring in the early phases
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of fibrogenesis. Another protein found to be associated with early disease stages was uromodulin.
Literature searching suggested that excretion of uromodulin indicates early medullary dysfunction
in diabetes mellitus type I [31] and is associated in the development of ECM by early leakage from
the tubular lumen to the tubular intersitium, inducing inflammation and fibrosis [32]. At
moderately advanced disease (eGFR:69-40ml/min/1.73m?), peptides associated with
inflammatory process were highlighted, such as alpha-1-antitrypsin (A1AT). This protein was
found to be highly present in acute kidney injury [33]. In our study, we suggested an alternative
function of A1AT in urine at moderate advanced disease stages as mediator of inflammatory
processes in the kidney, which can induce progression of disease to more severe CKD stages. At
late stage disease (eGFR <39 ml/min/1.73m?) the glomerular damage results in the loss of filtration
barrier with the appearance of blood proteins like serum albumin, vitamin D-binding protein,
transthyretin, serum amyloid A-1 protein, and alpha-1-antitrypsin in the urine. However, at this
late stage damage to the glomeruli in the kidney may be irreversible and therapy could not be
curative.

Despite the fact that the clinical use of those individual urinary peptides as new potential
biomarkers still needs to be validated in additional studies, we could have evidence of the presence
of A1AT fragments in renal fresh frozen biopsies of patients with focal segmental
glomerulosclerosis (FSGS), IgA nephropathy (IgAN) and membranous glomerulonephritis
(MGN), as shown in Publication 2. Using MALDI-MSI the signal at m/z 4,048 was identified as
a peptide fragment of ALAT (IPPEVKFNKPFVFLMIEQ NTKSPLFMGKVVNPTQK). The
immunohistochemistry staining against this protein demonstrated localization of ALAT in the
cytoplasm of podocytes present in sclerotic glomeruli. This protein could be related with
“podocyte stress theory”[34] [35] [36]. Smaller fragments of the peptide derived from the ALAT
protein that we have identified in Publication 2 were reported in urine samples of patients with
glomerulonephritis [6]. In particular, several fragments of A1AT are already reported in the
“CKD273”-classifier [6] used in Publication 1. 18 different fragments of this protein are present
in the “CKD273”-classifier. All of them were upregulated in CKD patients in comparison to the
control groups. Five of these fragments partially overlapped with the ALAT fragment we identified
in tissue samples. Moreover, urinary ALAT fragments were also found to be correlated with CKD
progression in Schanstra et al. [8]. Among them, four fragments partially overlapped with the
A1AT fragment identified in tissue. The combined findings from tissue MALDI-MSI and urinary
peptidomics related to A1AT suggested relation between the presence of glomerulosclerosis and
the aforementioned podocyte changes with early signs of CKD disease progression [37]. However,

in order to correlate tissue findings with urinary peptidomics results, variability derived from the
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use of different techniques (CE-MS and MALDI-MSI) should be carefully and further interpreted.
Moreover, the consistency between tissue analysis and urinary results should be further
investigated by studying both biopsies from renal tissue and urinary profiles from same patients
within an appropriate cohort to investigate specific markers of several CKD aetiologies.

The possibility of diagnosis of different CKD etiologies by the analysis of urine samples
via CE-MS, was also investigated as reported in Publication 3. Potential urinary biomarkers
associated with focal segmental glomerulosclerosis (FSGS), IgA nephropathy (IgAN), minimal-
change disease (MCD), membranous nephropathy (MN), diabetic nephropathy (DN), hypertensive
nephrosclerosis (N), lupus nephritis (LN) and vasculitis-induced kidney disease (vasculitis) were
highlighted. We decided to assess these diseases by the analysis of urinary peptides because their
diagnosis, generally based on proteinuria and other micro-vascular complications, may not always
be correct [38]. Therefore, our scope was to differentiate these several categories of renal diseases
that currently are diagnosed by biopsy and that require specific therapeutic interventions. Although
the classifiers defined in the Publication 3 were composed of multiple peptides specific for a
single CKD etiology, certain similarities in the individual biomarkers between some CKD
etiologies could be observed. In general, significant changes in abundance of many collagen
fragments were observed in almost all investigated CKD diseases. Clusterin fragments were
reported up-regulated in patients with DN and N, comparing with other CKD etiologies. This
results is confirmed in the literature by Chu et al. that showed urinary clusterin is able to
discriminate DN from healthy controls [39]. In FSGS, IgAN, LN and MCD groups all clusterin
fragments were down-regulated. Our findings are supported by many studies that studied MN,
FSGS children with nephrotic syndrome and systemic lupus erythematosus (SLE), in which serum
and urinary clusterin were reported to be down-regulated [40;41]. Hemoglobin fragments were
down regulated in DN and N patients but up-regulated in IgAN and vasculitis groups, as expected
in patients with haematuria. In our study, we reported high similarity of urinary peptides excretion
between the IJAN and ANCA-associated groups in comparison to other CKD etiologies. This can
be explained by the fact that both diseases display usually a prominent glomerular inflammation
[42] [43]. MCD and FSGS groups shared a decreased abundance of fibrinogen peptides. MCD and
FSGS are primary podocytopathies and thus may display similarity in the pathophiology that lead
to severe injury with loss of podocytes in FSGS. LN group was characterized by the S100-A9
fragment, which was the most specific peptides compared to other CKD etiologies. This is a
calcium- and zinc-binding protein that is involved in the regulation of inflammatory processes and

immune response. A significantly higher level of this protein together with protein S100A8 in
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serum samples of patients with systemic lupus erythematosus compared to healthy controls was
already observed by Soyfoo et al [44].

In conclusions, urine and renal bioptic samples were analysed for the identification of
putative biomarkers relative to CKD progression and different CKD etiologies. Each of these
studies allows a quite comprehensive information on the pathology of CKD. Based on the result
of this thesis, it is expected that this approach will be helpful for management of patients at risk of
advanced renal failure by allowing a more targeted early intervention. Moreover, the use of clinical
proteomics for non-invasive diagnosis of several CKD etiologies can be of guidance for disease
evaluation and/or treatment, when validated in further studies including a larger number of

patients.
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Idiopathic glomerulonephritis (GN), such as membranous glomerulonephritis, focal segmental
glomerulosclerosis (FSGS), and IgA nephropathy (IgAN), represent the most frequent primary
glomerular kidney diseases (GKDs) worldwide. Although the renal biopsy currently remains the
gold standard for the routine diagnosis of idiopathic GN, the invasiveness and diagnostic diffi-
culty related with this procedure highlight the strong need for new diagnostic and prognostic
biomarkers to be translated into less invasive diagnostic tools. MALDI-MS imaging MALDI-
MSI was applied to fresh-frozen bioptic renal tissue from patients with a histological diagnosis
of FSGS (n = 6), IgAN, (n = 6) and membranous glomerulonephritis (n = 7), and from con-
trols (n = 4) in order to detect specific molecular signatures of primary glomerulonephritis.
MALDI-MSI was able to generate molecular signatures capable to distinguish between normal
kidney and pathological GN, with specific signals (m/z 4025, 4048, and 4963) representing
potential indicators of chronic kidney disease development. Moreover, specific disease-related
signatures (m/z 4025 and 4048 for FSGS, m/z 4963 and 5072 for IgAN) were detected. Of
these signals, m/z 4048 was identified as a-1-antitrypsin and was shown to be localized to the
podocytes within sclerotic glomeruli by immunohistochemistry. a-1-Antitrypsin could be one
of the markers of podocyte stress that is correlated with the development of FSGS due to both
an excessive loss and a hypertrophy of podocytes.
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Significance of the study

The body of work enclosed in this manuscript presents
MALDI imaging as tool useful for detecting molecular signa-
tures of glomerulonephritis and highlights the added value
of correlating in situ proteomic information with urinary
proteomics when attempting to identify translatable disease
markers. Such molecular signatures could potentially assist
in the routine diagnosis of idiopathic glomerulonephritis,
where there is a need for less-invasive markers due to the
potential complications and diagnostic difficulty associated
with the renal biopsy. Specifically, the study employs MS
imaging and immunohistochemistry to identify and validate

1 Introduction

Glomerular kidney disease (GKD) represents the third lead-
ing cause of end-stage renal disease in Western countries
[1]. Clinicians classify GKD in primary and secondary forms
based on etiopathogenetic criteria. The former includes id-
iopathic glomerulonephritis (GN), such as membranous
glomerulonephritis (MGN), focal segmental glomeruloscle-
rosis (FSGS), and IgA nephropathy (IgAN), which repre-
sent the most frequent primary GKDs worldwide [2, 3]. Cur-
rently, the renal biopsy remains the gold standard for rou-
tine diagnosis [4]. However, the availability of pathological
renal tissue also provides a great opportunity for the re-
search of new diagnostic and prognostic markers that are
potentially transferable into less invasive diagnostic tools if
they are also detectable in biological fluids such as urine
or serum. For this purpose, proteomic approaches are cur-
rently very promising and, among them, MALDI-MS imag-
ing (MALDI-MSI) represents a potential technology that
can be employed for biomarker discovery, providing the
capability to match traditional morphological data related
with pathology to proteomic information. Recent feasibil-
ity studies showed the possible application of MALDI-MSI
in this field, showing the existence of alterations in the
tissue protein profiles of MGN and minimal change dis-
ease patients [5]. Interestingly, these modifications were ob-
served not only in tissue areas with evident pathological al-
terations, but also in regions with morphologically normal
appearance, thus highlighting the potentiality of MALDI-
MSI in nephropathology. In this complex background, we
analyzed fresh-frozen tissue from heterogeneous forms of
primary GN (FSGS, IgA, and MGN) by MALDI-MSI in
order to investigate the potential application of this tech-
nique in GNs more deeply and explore the identification
of possible new indicators of chronic kidney disease (CKD)
progression.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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one particular protein, a-1-antitrypsin (A1AT), which was
found to be localized in the podocytes of sclerotic glomeruli.
This finding suggests that AIAT may be implicated in the de-
velopment of sclerotic lesions and could represent a marker
of podocyte stress, an early sign of glomerulonephritis pro-
gression. Several fragments of this protein were also detected
in urine and were shown to be overexpressed in the urine
of patients who progressed to the latter stages of chronic
kidney disease. Therefore, A1AT may represent a poten-
tial noninvasive proteomic indicator of the progression of
glomerulonephritis.

2 Materials and methods
2.1 Materials

Conductive indium tin oxide glass slides, Protein Calibra-
tion Standard I and Peptide Calibration Standard I were
purchased from Bruker Daltonik GmbH (Bremen, Ger-
many). Sinapinic acid (SA), a-cyano-4-hydroxycinnamic acid
(CHCA), HPLC grade acetonitrile, ethanol, and TFA were
purchased from Sigma-Aldrich Chemie (Buchs, Switzer-
land). Tissue-Tek® O.C.T. Compound was obtained from
Sakura” Finetek (Alphen aan den Rijn, Netherlands). Alpha-1
antitrypsin (A1AT) polyclonal rabbit Ab was purchased from
Dako (Glostrup, Denmark).

2.2 Tissue samples

The study included only primary GNs classified as idiopathic
according to the strong clinical criteria presented in (Table
1). Fresh-frozen biopsies taken from patients, who under-
went renal biopsy with a histological diagnosis of FSGS (n =
6), IgAN (n = 6), and MGN (n = 7), were collected. Normal
cortical biopsies (controls, n = 4) corresponded to regions
of kidney obtained from radical nephrectomy during tumour
treatment. Control patients had no history of functional renal
disease. The study was approved by the local Ethical Boards.
Renal specimens were embedded in Tissue-Tek optimal cut-
ting temperature within 30 min of biopsy execution or surgi-
cal procedure.

2.3 Sample preparation

For each specimen, two 4-pm-thick sections were cut and
thaw mounted on the same conductive indium tin oxide glass
slide (Bruker Daltonik GmbH) and stabilised for 30 min in
a conventional dry oven at 85°C (Tecnovetro s.r.l., Monza,
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Table 1. Clinical criteria used to determine the primitivity of MGN, FSGS and IgAN patients

Criteria

MGN - Antinuclear antibodies (ANA) below a titer of 1:80
- Negativity for anti-double stranded DNA antibodies
- Absence of histological signs of lupus membranous nephritis (type V lupus nephritis)
- Negative HBV and HCV serology
- Negativity for malignancy
FSGS - Serological negativity to HIV1, SV40, CMV, EBV, parvovirus B19
- No history of systemic hypertension
- No renal dysgenesia/abnormalities
- No history of drug abuse
IgAN - Clinical presentation inconsistent for Henoch-Schoenlein purpura
- Negative serology for HCV infection

Italy). The slides were then stored at —80°C until the day of
analysis. Glass slides were thawed by desiccation for 30 min
and then washed in a graded series of ethanol (70, 90, and
95%). Following the washes, they were again dried for 10 min
via desiccation. SA was deposited on the slide through a sub-
limation apparatus (plate diameter 10 cm, S.B.L. Apparecchi
Scientifici, Vimodrone, Italy) with 500 mg of SA at 145°C
and 90 mTorr for 30 min [5]. Sublimation was followed
by automated spraying of the SA (10 mg/mL in 60%/0.2%
v/v acetonitrile/TFA) using the ImagePrep (Bruker Daltonik
GmbH) to attain the desired matrix thickness. For the identi-
fication process, a-cyano-4-hydroxycinnamic acid (7 mg/mL
in 50%/0.1% v/v acetonitrile/TFA) was deposited onto con-
secutive sections sectioned from the previously used renal
specimens using the ImagePrep automated sprayer. The ma-
trix was removed from the tissue by washing with a 50%/0.1%
v/v acetonitrile/TFA solution. The resulting solution was con-
centrated using a HETO vacuum concentrator (Thermo Sci-
entific, A. De Mou, Milano, Italy) for 30 min, to a final vol-
ume of 20 p.L. A volume of 0.8 p.L was spotted onto a Ground
Steel MALDI Target Plate (Bruker Daltonik GmbH), allowed
to dry, and then followed by an equal volume of 7 mg/mL
a-cyano-4-hydroxycinnamic acid.

2.4 Mass spectrometric analysis

For MALDI-MSI analysis, all mass spectra were acquired in
linear positive mode in the mass range of 3000-20 000 m/z
using an UltrafleXtreme (Bruker Daltonik GmbH) MALDI-
TOF/TOF MS equipped with a Smartbeam laser operating
at 2 kHz frequency. External calibration was performed us-
ing a mixture of standard proteins within the mass range
of 5500-17 000 m/z (ProtMix I, Bruker Daltonics). Images
were acquired with a laser diameter of 50 wm and a rastering
of 50 pm. For MALDI-MS/MS, representative mass spectra
were acquired in reflectron positive mode in the mass range of
700-4500 m/z. Precursor ions were selected and fragmented
using the laser-induced dissociation and LIFT™ technology
and an MS/MS spectra obtained from the accumulation of

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

~100 000 laser shots. External calibration was performed us-
ing a mixture of standard peptides within the mass range of
750-3500 m/z (PepMix I, Bruker Daltonics).

2.5 Histological evaluation

Following MALDI-MSI analysis, the matrix was removed with
increasing concentrations of ethanol (70 and 100%) and the
slides were stained using trichrome. The slides were then con-
verted to digital format using a ScanScope CS digital scanner
(Aperio, Park Center Dr., Vista, CA, USA) and pathological
glomerular areas of interest (regions of interest) were high-
lighted by a pathologist, which included all of the glomeruli
and regions manifesting in pathological alterations related
to the disease. This allowed for the direct overlap of im-
ages and the integration of proteomic and pathological in-
formation. The study only compared the profiles glomerular
tufts while tubulointerstitial features were not considered for
the purpose of the current investigation; specific segmental
glomerular areas of fibrosis were included. Globally sclerotic
areas were excluded.

2.6 Data analysis

FlexImaging 3.0 (Bruker Daltonics) data, containing spec-
tra of each entire measurement region, were imported into
SCiLS Lab 2014 software (http://scils.de/; Bremen, Germany)
after the acquisition. SCiLS was used to perform a series of
preprocessing steps on the loaded spectra: baseline subtrac-
tion (TopHat algorithm) and normalization (total ion current
algorithm). A series of further steps was performed in or-
der to generate an average (avg.) spectrum representative
of the whole measurement region and of the primary GN
subclasses: peak picking (orthogonal matching pursuit al-
gorithm), peak alignment (to align the detected ions with
peak maxima), and spatial denoising (http://scils.de/; SCIiLS
Lab; 8.8 Spatial Denoising). PCA was also performed to re-
duce the high complexity of the data. Finally, ROC analysis
was performed, with an AUC of >0.8 being required, as an

www.proteomics-journal.com


http://scils.de/;
http://scils.de/;

4 A. Smith et al.

additional criteria to the p < 0.05, for a peak to be consid-
ered as statistically significant. For MALDI-MS/MS spectra,
baseline subtraction and smoothing were performed using
FlexAnalysis 3.4 (Bruker Daltonics). All MS/MS spectra were
searched against the Swiss-Prot database (Release 2015_05
of Apr 29, 2015) with the Mascot 2.4 search engine (Matrix
Science, London, UK). Mass tolerances were set at 2.5-3 Da
for MS and 1.4 Da for MS/MS. No enzymes or any fixed post-
translational modifications were set in the search parameters.

2.7 Immunohistochemistry with A1AT antibody

In order to confirm the proteomic identification data, a fur-
ther series of formalin-fixed paraffin-embedded (FFPE) re-
nal biopsies taken from patients with IgAN and FSGS were
tested for IHC analysis. This validation group included IgAN
with wide sclerosis (n = 4), IgAN with a prevalent mesan-
gioproliferative pattern without sclerosis (n = 4), and FSGS
(n = 6). For each specimen, 3 pm thick sections were cut
from FFPE blocks. After deparaffinization and rehydration,
slides underwent endogenous peroxidase blockage and an
antigen retrieval process via EnVision Flex (DAKO). Finally,
Autostainer Link 48 (Dako) was used to apply the primary
antibody directed against A1AT (polyclonal rabbit, Dako).

3 Results
3.1 Proteomic signatures of primary GN

Initially, the average mass spectra of the entire cohort of pa-
tients affected by GN was built within the 3000 to 15 000 m/z
mass range. Several of the signals (m/z) present in the spec-
tra had a statistically significant higher intensity (p < 0.05
and AUC > 0.8) in primary GN, most specifically signals at

Proteomics 2016, XX, 1-8

m/z 4025, 4048, and 4963, compared with controls (Fig. 1).
Moreover, when the specific protein profiles of FSGS, IgAN,
and MGN were compared, several signals showed different
intensity (Fig. 2A-C). Among them, the intensity of the two
signals at m/z 4025 and 4048 was significantly higher in FSGS
in comparison to IgAN and MGN (AUC values of 0.84 and
0.82, respectively, Fig. 2A—C). Additionally, the specific pro-
tein profile of IgAN showed two signals at m/z 4963 and 5072
with a higher intensity when compared to FSGS, and a higher
intensity of signals at m/z 5072 and 6180 when compared to
MGN (Fig. 2A—C). Unsupervised PCA was performed on the
entire dataset in order to further highlight any proteomic
differences between FSGS, MGN, and IgAN, (Fig. 3A). In
general, the spectra related to FSGS and IgAN presented dis-
tinct distributions, except for one IgAN case (Fig. 3A). The
coregistration of the proteomic findings with the histological
image highlighted that the group of spectra present in this
IgAN patient, which were in common with the spectra from
the FSGS cohort, were localized to a distinct group of three
sclerotic glomeruli. Therefore, we proceeded with virtual mi-
crodissection in order to export spectra from these particular
glomeruli and PCA was again performed (Fig. 3B). The spec-
tra exported from these sclerotic glomeruli found within this
IgAN patient showed a similar distribution to the entire FSGS
cohort in the PCA score chart. In fact, they also showed simi-
lar protein profiles, thus strengthening the initial observation
that MALDI-MSI has the capability to distinguish individual
lesions or subregions of tissue even within an individual form
of the studied primary GN. Interestingly, the same IgAN pa-
tient identified as more comparable with the FSGS cohort
following the PCA presented a similar level of intensity of the
two target signals (m/z 4025 and 4048) previously detected
as upregulated in FSGS patients (Fig. 2E). Upon viewing
the spatial localization of these two signals, they were again
correlated with the previously histologically identified scle-
rotic regions (Fig. 4). Furthermore, these ions also shared
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Figure 1. Average protein pro-
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and from patients with primary
glomerulonephritis (bottom) in the
3-15 000 m/z mass range.
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Figure 2. (A-C) Average protein profiles of patients with FSGS (A), IgAN (B), and MGN (C) in the 3-15 000 m/z mass range with differentiating
peaks (AUC > 0.8) denoted by an asterik. (D-F) Relative intensity of m/z 4048 (A1AT) in FSGS (D), IgAN and IgAN with sclerotic glomeruli
(E; green and blue, respectively) and MGN and MGN with sclerotic glomeruli (F; fuchsia and black, respectively). (G) The average relative
intensity for the three further differentiating peaks (m/z 4963, 5072, and 6180) in FSGS, IgAN, and MGN.

a specific sclerosis-related localization within FSGS biopsies
(Fig. 4). More interestingly, there was also an individual pa-
tient within the MGN group that showed a higher intensity
of these signals when compared to the other MGN patients
(Fig. 2F). These signals were again well correlated with scle-
rotic areas within the tissue of this patient.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Identification of A1AT

The two signals at m/z 4025 and 4048 had the capa-
bility to discriminate sclerotic glomeruli within different
forms of primary GN. Therefore, their identity was inves-
tigated by acquiring MS/MS spectra by MALDI-TOF/TOF.
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ing the distribution of spectra from
FSGS (red) and IgAN (green) pa-
tients along with the distribution
of spectra virtually microdissected
from sclerotic glomeruli within an
IgAN patient (blue).

The peptide fragments in the resulting spectrum were
searched against the Swiss-Prot database with the Mascot
2.4 search engine. The signal at m/z 4048 was identified as
a peptide fragment of A1AT (IPPEVKFNKPFVFLMIEQNTXK-
SPLFMGKVVNPTQK) with a Mascot score of 77. The IHC
staining for A1AT on renal biopsies showed a diffuse pos-
itivity among sclerotic areas of FSGS and IgAN and scant

positivity/negativity among IgAN with a prevalent mesan-
gioproliferative pattern and controls. Interestingly, in renal
biopsies classified as “sclerotic,” there was also a strong
positivity to A1AT in the cytoplasm of podocytes (Fig. 4).
On the contrary, the podocytes present in the renal biop-
sies with a mesangioproliferative pattern of IgAN and nor-
mal glomeruli were completely negative, suggesting that

Figure 4. (Left) The molecular distribution of
m/z 4048 (A1AT) in sections of bioptic renal
tissue, obtained using MALDI-MSI, (center)

MALDI-MS Imaging
A1AT (m/z 4048) Trichrome stained Anti-ALAT arlti.body
FSGS
IgAN
IgAN with
sclerotic
glomeruli

trichrome-stained image of the identical sec-
tions used for MALDI-MS imaging and (right)
immunohistochemical staining with the anti-
A1AT antibody from a validation set of pa-
tients. The collection of images is derived
from patients with FSGS (top), IgAN (middle),

and IgAN with sclerotic glomeruli (bottom).
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intraepithelial deposits of A1AT are consistent with a dys-
function of podocytes.

4 Discussion

MALDI-MSI could be the ideal tool for a new approach in in-
vestigating GN, both for diagnostic and prognostic purposes.
This technique has been reported to be capable of providing
specific proteomic profiles for the physiological counterpart
and for pathological glomeruli [5]. It can define nosological
entities, such as IgAN and FSGS, through their distinctive
signatures and could be potentially useful in the biological
comprehension of these lesions, supporting the existence of
specific molecular alterations. The characterization of the pro-
teomic phenotype of glomeruli is mainly related to the pos-
sible clinical development of biomarkers for the prognostic
stratification of patients with CKD progression. MALDI-MSI
is the newest and most promising imaging method for com-
bining protein/peptide expression with distinct localization
inside tissue. In this study, we provide additional evidence
of the capability of this technology to discriminate normal
kidney from pathological GN, based on specific signals (m/z
4025, 4048, and 4963; Fig. 1) that may represent indicators
of CKD development. Moreover, specific disease-related sig-
natures (m/z 4025 and 4048 for FSGS, m/z 4963 and 5072
for IgAN, Fig. 2) were also found. MALDI-MSI showed a
common proteomic profile overlap between IgAN and FSGS
in sclerotic glomerular regions (Fig. 3). In particular, two
specific ions at m/z 4025 and at m/z 4048 were of higher in-
tensity in the sclerotic areas of all FSGS patients as well as in
the single IgA patient that presented sclerotic lesions (Fig. 4).
The signal at m/z 4048 was identified by MALDI-TOF/TOF
as the resulting peptide fragments belonged to the A1AT pro-
tein. A1AT is a major serine proteinase inhibitor (serpin)
found in human plasma. It is a glycoprotein with a broad
range of activities, including the downregulation of neu-
trophil elastase during the inflammatory processes. Kwak
et al. recently evaluated this protein expression in renal
biopsies [6], while other authors independently described its
overexcretion in the urine of some patients with primary GNs,
most specifically FSGS, IgAN, and minimal change disease
[7-9]. The IHC staining against A1AT demonstrated its lo-
calization in the cytoplasm of podocytes present in sclerotic
glomeruli. This represented an intriguing finding related
with possible epithelial dysfunction and consequent insuf-
ficient degradation of the extracellular matrix. In this setting,
many studies correlated the development of FSGS both with
an excessive loss [10] and a hypertrophy of podocytes [11] and
A1AT could be one of the markers of podocyte stress, in addi-
tion to nephrin, Wilms tumor antigen 1 (WT1), the glomeru-
lar epithelial protein 1 (GLEPP1), and thymosin beta-4 [12].
Additionally, the identification of A1AT fragment(s) in
urine samples taken from GN patients has been reported
[13, 14]. Smaller fragments of the peptide derived from the
A1AT protein that we have identified in tissue were also pre-
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viously detected in urine samples taken from CKD patients.
In 2010, Good et al. investigated the urinary peptidome of
230 patients with renal disease and compared them to 379
healthy controls. The authors detected 273 urinary peptides
found to be significantly different between cases and controls.
Using support vector machines, those potential biomarkers
were integrated into a single classifier, called “the CKD 273
classifier,” which was validated in several studies for the di-
agnosis and prognosis of CKD. For three of the detected dif-
ferentiating ions (m/z 4963, 5072, and 6180), peaks of similar
molecular weight were detected in the CKD 273 classifier
(personal communication). However, focusing on A1AT, 18
different fragments of this protein were present in the CKD
273 classifier. All of them were upregulated in CKD patients
in comparison to the control groups. Five of these fragments
partially overlapped with the A1AT fragment we identified in
tissue samples. Moreover, urinary A1AT fragments were also
found to be correlated with CKD progression in Schanstra
et al. The authors of this study performed de novo corre-
lation analysis to investigate which urinary peptides were
highly associated with CKD progression (high progression
patients were defined on the basis of a decline in percentage
of estimated glomerular filtration rate (% eGFR) slope/year
>—5%). Thirty-five urinary fragments of A1AT were found
to be correlated with baseline eGFR and % eGFR slope/year.
Among them, four fragments partially overlapped with the
A1AT fragment that we identified in tissue. Moreover, the
same A1AT fragment was found to be uprepresented in the
urine of another cohort of patients classified as CKD progres-
sors with respect to nonprogressors (data not shown). In this
setting, the combined findings from tissue MALDI-MSI and
urinary peptidomics provide further agreement with stud-
ies that describe the presence of glomerulosclerosis and the
aforementioned podocyte changes [10, 11] as early signs of
disease progression [15, 16]. Thus, the consistency between
tissue and urinary results suggests that A1AT should be fur-
ther investigated as a putative noninvasive biomarker of CKD
progression by studying both bioptic renal tissue and urine
from the same patients within a very well-defined cohort
that is based upon carefully selected etiologies (FSGN, IgAN,
etc.).

In conclusion, this study shows a promising application
of MALDI-MSI in the discovery of biomarkers for the assess-
ment of CKD progression. MALDI-MSI not only facilitates
the analysis of fresh-frozen specimens but also FFPE tis-
sue, making retrospective studies possible [17]. More specif-
ically, this technology could translate molecular knowledge
obtained directly in tissue into routine clinical practice, such
as the successful application of the CKD 273 classifier that is
based on CE-MS tools.

Furthermore, the localization of A1AT within the sclerotic
glomeruli, as highlighted by IHC, reveals that this protein
could be related with the so-called “podocyte stress theory”
[18-20] and the emerging fibrogenic role of different biomark-
ers in glomerulosclerosis [11,12]. Due to some limitations of
our study related with the small number of cases analyzed,
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further similar studies are needed for a definitive confirma-
tion of this hypothesis and to validate the role of A1AT in
GKDs.
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