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Single-cell Spatial Proteomics of Chronic Kidney Disease Tissue Samples 

School of Applied Biology and Biotechnology 

Biomedical Systems Laboratory, School of Mechanical Engineering, National Technical 
University of Athens 

 

ABSTRACT 

Chronic kidney disease (CKD) constitutes a multifactorial systemic disease that covers a wide 
range of renal pathological conditions, with multiple initial causes and subsequent 
mechanisms. Since CKD diagnostics lack accurate prognostic and diagnostic markers, the CKD 
research should focus on system-wide approaches and the investigation of its underlying 
molecular paths. In the current research, the Multiple Iterative Labeling by Antibody 
Neodeposition (MILAN) protocol was optimized and applied in formalin-fixed paraffin-
embedded (FFPE) kidney tissue samples. In addition, a set of 20 CKD-related proteins was 
tested in samples from healthy and CKD renal tissue including G2 and G3 CKD stages. 
Furthermore, a new method of image processing was employed, using open-source software 
that permitted the investigation of the proteins’ spatial distribution in different renal 
compartments. The changes in the relative expression of 15 proteins between the healthy and 
CKD condition was evaluated as statistically significant and was following previous findings. 
Some of them were decreased in the initial CKD stage G2 and increased in the advanced CKD 
Stage G3. The expression of other proteins was more rapidly reversed in the glomeruli than the 
renal tubules between the two CKD stages. The results verified the involvement of several 
proteins in the regulation of cell proliferation, tissue inflammation, glomerular filtration, and 
fibrosis. The molecular pathways that were generally represented from this set of proteins are 
the AGE-RAGE and the TGFβ signalling pathways, which have already been connected to the 
CKD progression. In conclusion, this research inserted a novel method in CKD research with a 
great perspective for the future. Nevertheless, further research is required for the detailed 
investigation of the underlying mechanisms of CKD. 

Scientific area:  

Human Systemic Diseases 

Keywords: 

Chronic Kidney Disease, Multiplex Immunofluorescence, Proteomic Analysis, Spatial analysis, 
Single-cell analysis, Image processing 
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Μελέτη της Χρόνιας Νόσου των νεφρών μέσω πρωτεομικής τοπολογικής και single-cell 
ανάλυσης ιστολογικών δειγμάτων 

Τμήμα Βιοτεχνολογίας 

Εργαστήριο Βιοϊατρικών Συστημάτων, Σχολή Μηχανολόγων Μηχανικών, Εθνικό Μετσόβιο 
Πολυτεχνείο 

 

ΠΕΡΙΛΗΨΗ 

Η χρόνια νόσος των νεφρών αποτελεί μία πολυπαραγοντική συστημική ασθένεια που 
περιλαμβάνει ένα εύρος παθολογικών καταστάσεων των νεφρών, με πολλαπλές 
αρχικές αιτιολογίες και υποκείμενους μηχανισμούς. Η έγκαιρη διάγνωσή της, απαιτεί 
ακριβείς προγνωστικούς και διαγνωστικούς δείκτες, γι αυτό η έρευνα στρέφεται 
πλέον σε συστημικές προσεγγίσεις και τη διερεύνηση των μοριακών μηχανισμών της 
ασθένειας. Στην παρούσα εργασία, βελτιστοποιήθηκε και εφαρμόστηκε το 
πρωτόκολλο πολυπλεκτικού ανοσοφθορισμού Μultiple Iterative Labeling by Antibody 
Neodeposition (MILAN) σε τομές ιστών νεφρών μονιμοποιημένες σε φορμαλίνη και 
παραφίνη, από υγιή άτομα και ασθενείς των σταδίων 2 και 3 της νόσου. Έπειτα, 
αναπτύχθηκε μια σειρά βημάτων επεξεργασίας των εικόνων με χρήση προγραμμάτων 
ελεύθερου λογισμικού, η οποία ανέδειξε πληροφορίες ως προς την έκφραση και τη 
χωρική τους κατανομή σε διαφορετικές νεφρικές περιοχές. Συνολικά, ελέγχθηκε η 
ταυτόχρονη έκφραση και τοπολογική κατανομή 20 πρωτεϊνών που σχετίζονται με την 
ασθένεια. Σε 15 από αυτές βρέθηκε στατιστικά σημαντική διαφορετική έκφραση 
μεταξύ των δειγμάτων από υγιείς και ασθενείς επιβεβαιώνοντας προηγούμενα 
σχετικά βιβλιογραφικά δεδομένα. Ορισμένες πρωτεΐνες, εμφάνισαν μειωμένη 
έκφραση στο στάδιο 2 και αυξημένη έκφραση στο στάδιο 3 της ασθένειας κυρίως στα 
σπειράματα.  Οι πρωτεΐνες αυτές έχουν συσχετιστεί με κυτταρικές διαδικασίες όπως 
συμμετοχή στη ρύθμιση του πολλαπλασιασμού των κυττάρων, τη ρύθμιση της 
φλεγμονώδους αντίδρασης του ιστού, τη σπειραματική διήθηση και τη νεφρική ίνωση. 
Επίσης, επιβεβαιώθηκε η σημαντικότητα των σηματοδοτικών μονοπατιών AGE-
RAGE και TGFβ, τα οποία έχουν σχετιστεί με την ασθένεια και σε προηγούμενες 
μελέτες. Η παρούσα εργασία εισήγαγε μια καινοτόμα ερευνητική προσέγγιση με 
υψηλές δυνατότητες εξέλιξης στην έρευνα για τη χρόνια νόσο των νεφρών. Ωστόσο, 
απαιτείται μελλοντικά περαιτέρω μελέτη για την πληρέστερη διερεύνηση των 
υποκείμενων μηχανισμών της χρόνιας νεφρικής νόσου. 

 

Επιστημονικη περιοχή: 

Συστημικές Ασθένειες Ανθρώπου 

Λέξεις Κλειδιά: 

Χρόνια Νόσος των νεφρών, Ιστολογική μελέτη, Πολυπλεκτικός Ανοσοφθορισμός, 
Πρωτεομική Ανάλυση, Τοπολογική Ανάλυση, single-cell ανάλυση, ανάλυση εικόνας 
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I. Introduction 
 

i) Chronic Kidney Disease 
 

Chronic Kidney Disease (CKD) is a term related to a wide spectrum of pathological states of the 
kidney, roughly characterized by the progressive damage of kidney and/or partial loss of kidney 
function, persistent for 3 months at least, that affects the patients’ general health condition 
(Zoccali et al., 2017), (“KDIGO 2017 Clinical Practice Guideline Update for the Diagnosis, 
Evaluation, Prevention, and Treatment of Chronic Kidney Disease–Mineral and Bone Disorder 
(CKD-MBD),” 2017). The final stage of CKD, irrelevant to the initial cause and CKD-type, is renal 
failure and it is described by the term End-Stage Renal Disease (ESRD).  
 

Epidemiological Data 
 

CKD is considered a common disease worldwide. The percentage of the world’s population 
affected by CKD is estimated to 10% and only in Europe and the United States the number of CKD 
patients that progress to ESRD is increasing by 5-10% every year. Millions of people die every 
year due to a lack of early diagnosis methods, inadequate care, and limited access to renal 
replacement therapies (International Society of Nephrology (ISN), McCullough et. al., 2019). 

CKD was the 12th cause of mortality in 2017 with 1.23 million deaths according to the 
Institute for Health Metrics and Evaluation, increased by 41.5% since 1990. Further, CKD resulted 
in 35,8 million disability-adjusted life-years (DALYs) in 2017 (Bikbov et al., 2020). 

However, according to Hill et al., (2016), the numbers of CKD prevalence in different 
countries show high variability owing to different CKD assessment criteria, mostly in low- and 
middle- income countries, in which the accessibility to CKD treatment is restricted and these 
cases are not registered. As a result, CKD prevalence could be over- or underestimated and 
further research is required to get an accurate epidemiological overview of Chronic Kidney 
Disease worldwide (Romagnani et al., 2017, Glassock et al., 2017, Stanifer et al., 2016, Saran et 
al., 2017). 

 

Diagnosis and CKD classification 
 

The Kidney Disease Improving Global Outcomes (KDIGO) initiative defines several CKD stages 
to describe the progression of the disease based on the glomerular filtration rate (GFR), the 
albuminuria levels and the possible initial cause (“KDIGO 2017 Clinical Practice Guideline 
Update for the Diagnosis, Evaluation, Prevention, and Treatment of Chronic Kidney Disease–
Mineral and Bone Disorder (CKD-MBD)”, 2017, Figure 1). 

GFR: 
GFR indicates the efficacy of renal excretory function as a meter of the flow of plasma from the 
glomerulus into Bowman’s space over a specified period. About 1 litre per minute of oxygenated 
blood reaches glomeruli via the afferent arteriole and exiting through the efferent arteriole. 
Plasma is the only blood component that can cross glomeruli and contains organic and 
inorganic solutes that can be freely filtered in Bowman’s space. In the healthy state, the renal 
plasma flow (RPF) is approximately 600 to 720 ml per minute and GFR is approximately 120 ml 
per min (Kaufman et al., 2020, Fattah et al., 2019, Asmar et al., 2019, Yavuz et al., 2019). Although 
GFR is only one of the components of excretory function, it is considered a general indicator of 
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kidney function as numerous CKD structural or functional abnormalities are mirrored to the 
GFR decrease (Levin et al., 2013). 

Renal excretory function depends on the total number of nephrons, the structural and 
functional units of the kidney, and single nephron’s effectiveness in the filtration procedure. As 
a result, GFR is described by the equation:  

GFR(total) = GFR(single-nephron) x number of nephrons (expressed in ml/min/1.73 m2) 
that clarifies that GFR can be unaltered when the total number of nephrons increases their 
efficiency whereas the decrease in GFR(total), that characterizes CKD, is due to loss of functional 
nephrons (Romagnani et al., 2017). GFR could either be estimated (eGFR) or measured (mGFR). 
The GFR-based CKD stages are classified as G1-G5. The CKD starting GFR value is 90 
ml/min/1.73 m2 and follows a decreasing trend in parallel with kidney dysfunction up to 15 
ml/min/1.73 m2 that characterizes ESRD. 

 

Albuminuria: 
Albuminuria is the pathological condition that refers to the presence of excessive albumin in 
the urine. In the healthy state, albumin, a major plasma protein, is barely found in urine, 
whereas in kidney diseases its presence is notably increased. Albuminuria is a type of 
proteinuria; nonetheless, CKD clinical assessment emphasizes on albuminuria rather than 
proteinuria because albumin is the predominant urinary protein, and its quantity is highly 
correlated to the glomerular injury and risk of cardiovascular disease. These proteins are not 
excreted in terms of physiology but the evaluation of their presence has been established to be 
expressed in relation with the urinary loss rate: albumin/protein excretion rate (AER/PER). The 
values given constitute a ratio of albumin/protein to serum creatinine (expressed in mg/g). The 
value of 10 mg/g in 24 hours is considered normal. In CKD patients this value increases from 10 
to 30 mg/g (CKD A1 stage). In advanced CKD this value can reach 300 mg/g (A2 stage) or get over 
it (A3 stage). 

 

Figure 1 CKD stages according to GFR and albuminuria levels, indicating the risk of CKD progression (Levin et al., 
2013) 
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Initial Cause: 
Additional to KDIGO basic classification and risk assessment of CKD patients, the connection to 
existing contributing factors and the investigation of the primary causes is highly 
recommended. The clinical management of CKD patients is undoubtedly a complicated and 
demanding task as it requires the consideration of the patients’ complete clinical image. 
(“KDIGO 2017 Clinical Practice Guideline Update for the Diagnosis, Evaluation, Prevention, and 
Treatment of Chronic Kidney Disease–Mineral and Bone Disorder-CKD-MBD”, 2017).  

Age and gender are the basic factors that should be taken into consideration. People older 
than 65 years old are more vulnerable to develop CKD, however, if younger people get affected 
with CKD, they deal with a higher risk of progression to ESRD. Besides, CKD is more frequent in 
female patients but male patients are prone to relapse to ESRD (Hill et al., 2016). Furthermore, 
preterm birth of babies with birth weight less than 2.5 kg has been associated with the 
development of CKD later in life due to incomplete kidney development (Brenner et al., 1988, The 
Low Birth Weight and Nephron Number Working Group, 2017, Hirano et al., 2016, Ruggajo et al., 
2016). Nephrons are generated between 3 and 9 months of gestation and no new nephrons can 
be created after birth. So, the restricted number of nephrons in people of preterm birth and the 
augmented function of the available nephrons to compensate for the organism’s requirements, 
increase the risk of early kidney damage and dysfunction that lead to CKD.  

About the subjacent diseases that are associated with kidney deterioration, it is a fact that 
they differ between higher- to middle-income countries’ population and middle- to lower-
income countries’ populations (LMICs). In the first case, CKD is linked to diabetes mellitus and 
hypertension. Patients with diabetes mellitus are predisposed to microvascular diseases 
which are also correlated to CKD. In LMICs, the possible underlying pathological condition 
involves infectious diseases, glomerulonephritis (glomeruli inflammation) and improper use 
of remedies that may contain nephrotoxins, nonsteroidal anti-inflammatory drugs (NSAIDs) 
and other substances that could be proven toxic to the nephrons (Jha et al., 2013, Stanifer et al., 
2017). It is also possible, though, that in LMICs, diabetes and obesity will become the major risk 
factor of CKD in the next few years (Charlton et al., 2014, Khalsa et al., 2016, Bertram et al., 2011, 
Hostetter et al., 1981). 

There are also genetic and environmental factors that lead to CKD and they have been 
identified in specific populations of the world such as the Aboriginal Australians, African 
Americans, and others (Komenda et al., 2016). Endemic environmental causes related to 
climate and daily agricultural routine, have also been correlated with CKD in agricultural 
populations in many regions of the world (Gifford et al., 2017, Glaser et al., 2016, Jayasumana et 
al., 2016). 
 

CKD Pathophysiology 
 

Fundamental renal function: renal reserve 
In humans, the average number of nephrons per kidney is estimated at around 950.000. They 
are formed between the 3rd and 9th month of gestation (Bertram et al., 2011). After birth, no new 
nephrons can be generated and the existing nephrons increase in size to compensate the 
organism's needs. The fundamental renal function is called “renal reserve” and relies on the 
capability of nephrons to increase the single-nephron GFR without structural changes to deal 
with temporary increment in filtration rate, as required in the daily food intake (Hostetter et al., 
1981). 

Nephron Hypertrophy 
However, in persistent increments in body mass, like in pregnancy and obesity, or cases of 
reduction of the total number of nephrons due to ageing, injury, donation, etc., a reparative 
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mechanism is activated that enlarges the glomerular tuft, Bowman’s capsule and the proximal 
tubule leading to nephron hypertrophy. 

The mechanism involves the expression of transforming growth factor-a (TGF-a) and 
epithelial growth factor receptor (EGFR) due to glomerular hypertension (increased filtration 
force) and glomerular hyperfiltration (Ruggenenti et al., 2012, Laouari et al., 2011). The 
expression of these factors promotes nephron hypertrophy but reduces glomerular 
hypertension because of the expansion of the filtration surface (Helal et al., 2012). Nephron 
hypertrophy maintains the augmented single-nephron GFR that further attenuates the 
nephron capacity and results in nephron loss. Besides, beyond a certain level, augments the 
shear stress on podocytes and evokes various pathological conditions, such as podocyte 
detachment, focal segmental glomerulosclerosis (FSGS), global glomerulosclerosis, and 
nephron atrophy. (Benghanem Gharbi et al., 2016, Ruggenenti et al., 2012, Helal et al., 2012, Denic 
et al., 2017, Hodgin et al., 2015, Kriz and Lemley, 1999, Kriz and Lemley, 2015). 

Glomerulal Hyperfiltration 
Glomerular hyperfiltration is a state characterized by excessive production of pro-urine by the 
glomerular filtration process. The causes of glomerular hyperfiltration vary including afferent 
arteriolar vasodilation as seen in patients with diabetes and/or by efferent arteriolar 
vasoconstriction owing to activation of the renin-angiotensin-aldosterone system (RAS 
system), thus leading to glomerular hypertension. Glomerular hypertrophy and glomerular 
hyperfiltration might be both a cause and a consequence of renal injury (Cachat et al., 2015, Helal 
et al., 2012). 

Wound-healing responses lead to renal fibrosis 
In conditions of nephron loss or general renal injury, the organism reacts with general wound-
healing responses that usually lead to interstitial fibrosis. Fibrosis is the final common pathway 
for most renal diseases resulting in ESRD, describing a generalized decay of the renal tissue. 
The principle mechanism of fibrosis is the Epithelial to Mesenchymal Transition (EMT) of tubular 
epithelial cells which are transformed into mesenchymal fibroblasts migrating to adjacent 
interstitial parenchyma along with the persistent cytokine exposure and the accumulation of 
inflammatory cells. Interstitial fibrosis can bring the remnant nephrons in a steady condition, in 
which though, they are in risk of secondary injury (anaerobic metabolism, intracellular acidosis 
and endoplasmic reticulum stress) or further deteriorate them because of progression to renal 
ischemia (Ruggenenti et al., 2012, Schnaper, 2017, Kaissling et al., 2013, Peired et al., 2013). 

Glomerular and Podocytes injury 
The first part of the nephron consisting of a network of capillaries and the Bowman’s capsule  is 
called “glomerulus”. Around the capillaries, podocytes form foot processes (“pedicels”)  that 
extend across the whole capillaries’ surface and create spaces, known as filtration slits or slit 
diaphragms (Reiser and Altintas, 2016). The main cell-surface proteins of the slit diaphragm are 
nephrin and podocin that form a complex. Blood gets filtered through these slits, as they 
constitute one of the main components of the glomerular blood filtration barrier.  Therefore, a 
podocyte injury or a filtration slits’ damage directly leads to impaired kidney function (Martin 
and Jones, 2018, Vivarelli et al., 2017). Podocyte injury is considered a major reason for the 
pathogenesis of proteinuria and glomerulosclerosis and is observed in many pathological 
states of CKD (Lal and Patrakka, 2018, Asanuma, 2015, Reiser and Sever, 2013).  

Genetic factors as the primary cause of CKD 
The most prevalent genetic abnormalities associated with CKD are the congenital anomalies of 
the kidney and urinary tract (CAKUT). People with such congenital abnormalities appear with 
weak epithelial integrity, irregular function, a load of unfiltered metabolic waste and 
glycoproteins that lead to a low number of functional nephrons, kidney hypodysplasia, 
nephrocalcinosis and generation of cysts (Oliveira et al., 2016, Trautmann et al., 2015, Eckardt et 
al., 2015, Nicolaou et al., 2015, Cain et al., 2010, Uy and Reidy, 2015). There have been also found 
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specific gene variants that raise the possibility of CKD, such as uromodulin (UMOD) and 
apolipoprotein (APOL1). APOL1 influence autophagy and endosomal function and advance 
nephron loss and glomerulosclerosis in CKD patients (Köttgen et al., 2009, Kruzel-Davila et al., 
2017). 

 

Pathological conditions associated with CKD development 
 

Diabetes  
Hyperglycaemia in patients with diabetes drives the sodium/glucose cotransporter 2 
(SGLT2)-related reabsorption of sodium in the proximal tubules that disables the tubule-
glomerular feedback and triggers the RAS system at the macula densa of the renal tubules. 
As a consequence, the afferent arteriole is expanded stably and the efferent arteriole is 
constricted ending up to single- and total-GFR increase (Anders et al., 2016, Vallon, 2015, 
van Bommel et al., 2017). 

Acute Kidney Injury (AKI) 
Acute Kidney Injury can occur due to pre-, intra- or post-renal dysfunction. The main 
consequence of such an injury is nephron loss. The subsequent storage of toxins and other 
metabolic waste creates uraemic pathology and can be harmful to other organs, as well 
(Bellomo et al., 2012). 

 

Systemic Complications of CKD 
 

CKD leads to severe systemic complications. In the first stages of CKD, patients present with 
low serum 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D3 and high levels of serum 
parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23). These hormones are 
fundamental in mineral homeostasis and bone integrity, so CKD patients are prone to develop 
mineral bone disorder (Portale et al., 2014). In addition, fluid and electrolyte abnormalities, such 
as hypervolemia and hyperkalemia are common in CKD patients due to the imbalanced 
exchange of Na+ and K+ in the distal tubules. The accumulation of serum bicarbonate also 
reduces the minerals in bones, and muscles are damaged leading to metabolic acidosis. 
Another inevitable consequence is the excessive loss of blood along with the low production of 
erythropoietin and the restricted absorption of iron by hepcidin that results in anaemia. 
Moreover, the accumulation of uric acid in blood leads to hyperuricemia and uremia. The uremic 
acid affects also lipid particles in the blood and together with imbalanced lipid metabolism, 
dyslipidemia can occur. 

Many of the factors mentioned above, contribute to the increase of arterial hypertension 
and the endocrine dysfunction. The most severe consequence though, that usually develops, is 
cardiovascular disease (CVD). CVD involves various atherosclerotic processes, vascular wall 
degeneration, systolic/ diastolic dysfunction, and can end up to ischemia that can be proven 
fatal.  

 

End-Stage Renal Disease (ESRD) 
 

The final pathological condition of CKD, known as ESRD, is defined by excessive renal fibrosis: 
glomerular sclerosis and interstitial fibrosis. The procedure that leads to ESRD involves 
numerous mechanisms such as extracellular matrix formation, cytokine secretion, energy 
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metabolism, podocyte injury, cell proliferation and differentiation, endoplasmic reticulum 
stress, autophagy, infiltration of inflammatory cells and activation of fibroblasts (Humphreys, 
2018). 

 

Molecular Mechanisms of CKD 
 

CKD is a multifactorial disease that covers a broad range of renal pathological conditions. As a 
consequence, numerous molecular mechanisms are associated with CKD, concerning pre-
renal, intrinsic renal, or post-renal processes. Some of them are mentioned below. 

 

o MAPK pathway (p38 Mitogen-Activated Protein Kinase pathway):  

MAPK pathway is an intracellular signal transduction pathway that has been associated with 
CKD progression and is regarded to play an essential role in inflammation, apoptosis, and 
tubulointerstitial fibrosis (Ma et al., 2014). MAPK pathway is involved in the production of 
proinflammatory and profibrotic mediators and the fibrosis-related extracellular matrix 
synthesis, in which the contribution of p38a isoform is regarded as the most important mediator 
(Sugiyama et al., 2012, Yang et al., 2014). According to Lee et al., (2019), MAPK activation 
increases along with JNK pathway activation after the development of renal fibrosis, mainly in 
the tubular and the interstitial area, and possibly interacts with TGF-β pathway. The degree of 
renal fibrosis advances in parallel with p38 activity as its inhibition has been found to suppress 
TGF-β-related fibrosis. Apoptosis signal-regulating kinase 1 (ASK1) is regarded as a possible 
upstream MAPK activator (Lin et al., 2015). 
 

• TGF-β/Smad pathway (Transforming Growth Factor β/ Smad pathway) 

Transforming growth factor-β (TGF-β) signalling cascade is significant in renal fibrosis 
development (Kalluri and Neilson, 2003, Liu, 2010, Loeffler and Wolf, 2014). TGF-β intracellular 
signalling is initiated when TGF-β binds to its specific receptors and activates downstream 
signalling pathways, including both SMAD-dependent and SMAD-independent pathways (Ding 
and Choi, 2014, Kalluri and Neilson, 2003, Loeffler and Wolf, 2014, Zavadil et al., 2004). Receptor-
regulated SMADs (R-SMADs) activated by TGF-β receptor type 1, forms a complex with SMAD4 
and translocates into the nucleus, where it regulates target genes encoding proteins involved 
in the fibrotic process (Kalluri and Neilson, 2003, Loeffler and Wolf, 2014, Zavadil et al., 2004). 
Specifically, TGFβ-1 is considered the main modulator of the EMT mechanism through the Smad 
pathway, and probably by cooperation with hypoxia-inducible factors (HIFs) such as  
Hepatocyte Growth Factor (HGF) and Bone Morphogenetic Factor-7 (BMF-7) that are known 
fibrosis inhibitors (Seo et al., 2016).  
 

 

• MAPK/ERK pathway (Mitogen-Activated Protein Kinase/ Extracellular 
signal-regulated Kinase pathway): 

MAPK/ERK pathway has been associated to congenital kidney diseases as it participates in the 
early renal differentiation, defining the final size, shape, and nephron number of the kidney as 
well as the nephrogenesis (Boucherat et al., 2015, Ihermann-Hella et al., 2018, Newbern et al., 
2008).  Its activation derives from the glial cell line-derived neurotrophic factor (GDNF)-
induced RET signaling and fibroblast growth factor (FGF) signaling, whose binding to their 
cognate receptors causes receptor tyrosine kinase (RTK) dimerization, autophosphorylation, 
and activation of intracellular signaling cascades, including the MAPK/ERK pathway 
(Costantini, 2010, Walker et al., 2016).  
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o RAS system pathway: 

RAS system (Renin-angiotensin system) regulates blood pressure and fluid balance in the 
organism and it is well associated with the development of CKD  by mechanisms relevant or 
irrelevant to blood-pressure (Cao et al., 2013, 2015, Crowley and Coffman, 2012, Ibrahim et al., 
2013, Lima Santos et al., 2012, Rüster and Wolf, 2011, Sparks et al., 2014, Zhou et al., 2015a). The 
main components of the RAS system include the angiotensinogen (AGT), renin, angiotensin-
converting enzyme (ACE) and angiotensin II (Ang II) type 1 and type 2 receptors (AT1 and AT2). 
AGT is transformed into the active enzyme Ang II from the renin and ACT enzymes activity and 
afterwards, binds to the receptor AT1 and AT2 to mediate biological functions, such as 
vasoconstriction, endothelial dysfunction, atherosclerosis, inflammation, fibrosis, and 
apoptosis (Axelsson et al., 2015, Hsu et al., 2011, Lanz et al., 2010, Srinivasa et al., 2015).  

Numerous factors regulate the RAS system including hyperglycemia, high-salt, albumin 
overload, reduced availability of nitric oxide, increased uremic toxin, and oxidative stress 
signalling (Cao et al., 2015, 2013, 2011, Saito et al., 2014). Klotho anti-ageing protein is required for 
RAS activation, as well (Zhou et al., 2015b). In proximal tubules, ROS generation and p38 MAPK 
activation induce AGT expression (Hsieh et al., 2002).  Albumin (ALB) acts as a RAS activator, as 
well, via interaction with endocytic receptor megalin/cubilin and a protein kinase C and NADPH 
oxidase-dependent pathway (Cao et al., 2011). Other oxidation proteins contribute to RAS 
components activity through the class B scavenger receptor of CD36 and activation of protein 
kinase C-a, NADPH oxidase, NF-kB/AP-1 signalling, Stat3 and cyclooxygenase-2 pathway (Cao 
et al., 2013, Saito et al., 2014, F. Wang et al., 2014).  

Regarding CKD, renal Ang II synthesis is augmented after kidney injury and its binding to 
AT1 evokes multiple harmful effects, including elevated intraglomerular pressure, water and 
solute retention, cell proliferation and hypertrophy, inflammatory responses in glomerular and 
tubulointerstitial compartments, insulin resistance, and renal fibrosis (Axelsson et al., 2015, 
Dikalov and Nazarewicz, 2013, Srinivasa et al., 2015). Also, in patients with diabetes-related 
CKD, hyperglycemia drives the sodium/glucose cotransporter 2 (SGLT2)-related reabsorption 
of sodium in the proximal tubules that disables tubule-glomerular feedback and triggers the 
RAS system at the macula densa of the renal tubules. 

The role of Ang II and its mechanistic target of rapamycin (mTOR) signalling is important 
in podocyte hypertrophy and glomerular hyperfiltration. Angiotensin II propels 
vasoconstriction and aldosterone secretion. Aldosterone restrains the expression of nephrin, 
a podocyte protein located in the slit diaphragm important to the maintenance of the glomerular 
filtration barrier (Benigni et al., 2004). Angiotensin II may be also responsible for the glomerular 
FSGS lesions through the absence of podocytes replacement and the clinical assessment of 
proteinuria (Rizzo et al., 2013, Clark et al., 2011, Abbate et al., 2006, Ruggenenti et al., 2012). In 
podocytes, Ang II induces cell apoptosis by a mechanism involving TGF-β1 (Yuan et al., 2012). Ang 
II-TGF-β1 actions may be a positive-feedback-loop process. 

Besides, renin directly participates in mesangial hypertrophy, glomerulosclerosis renal 
fibrosis through binding to its membrane receptor PRR, that is mainly localized in the 
mesangium of glomeruli and the collecting duct via stimulation of TGF-β1 and an Ang II-
independent matrix gene expression (Huang et al., 2006, Zhang et al., 2012). 
 
 

• RAS system-PI3K/Akt/NF-κΒ pathway: 

Ang II contributes to podocytes injury via the PI3K/Akt/NFκΒ pathway, the CASP9 upregulation 
and the involvement of nephrin and podocin proteins, as well  (Cardoso et al., 2018, Yang et al., 
2017, Yu, 2016, L. Zhang et al., 2016, Zhao et al., 2018, Wang et al., 2019). It is known that the PI3K 
pathway activates the Akt pathway leading to resistance of podocytes to apoptosis (Ren and You 
Yu, 2016,   Wang et al., 2014, Yu-Shengyou and Li, 2013, Zhang et al., 2018). NFκΒ and CASP9 are 
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critical molecules to the apoptotic process (Druskovic et al., 2006, Markó et al., 2016, Silva et al., 
2011, Sun et al., 2018) and Akt regulates both of them in this direction (Liu et al., 2009, Tang et al., 
2016). On the other hand, nephrin suppresses cell death but it is also a PI3K subunit and as such, 
it is capable of activating Akt (Huber et al., 2001, Liu et al., 2018, Yang et al., 2016, Zhu et al., 2008). 
Nephrin can also influence Akt activation by its upstream position. Concerning the above, Ang II 
seems to promote podocyte apoptosis by hindering the activation of PI3K/Akt/NFκB pathway 
partially due to nephrin downregulation and CASP9 upregulation.  

Finally, there is evidence that Ang II participates in the interstitial fibrosis, by regulating 
the epithelial-mesenchymal transition of tubular epithelial cells via inactivation of the PI3K/Akt 
pathway (Lin et al., 2013, Yang et al., 2004). 
 

• Wnt/β-catenin signaling and RAS system 

Wnt/β-catenin signalling is an upstream RAS system regulator. It regulates cell proliferation 
and EMT (epithelial-mesenchymal transition) during embryogenesis and is silenced in the adult 
kidney (Angers and Moon, 2009, Clevers and Nusse, 2012, MacDonald et al., 2009). However, in 
CKD condition Wnt/β-catenin pathway is reactivated and participates in renal fibrosis (Seo et 
al., 2016). In CKD kidneys, Wnts get activated and bind to numerous receptors promoting a series 
of downstream intracellular signaling events with final the dephosphorylation of b-catenin 
(Cox et al., 2010, Dai et al., 2009, Hwang et al., 2009, Wang et al., 2014). This renders stabilization 
and nuclear translocation of b-catenin, where it activates transcription factors of the T-cell 
factor (TCF) and lymphoid enhancer-binding factor (LEF) families to stimulate the transcription 
of RAS genes among others (Rao and Kühl, 2010).  
 

o RAP pathway-MAGI2 (Ras Proximate pathway-Membrane-Associated 
Guanylate kinase Inverted 2): 

RAP1 is a small GTPase of the RAS-like small GTP-binding protein superfamily that regulates 
cell adhesion, migration, proliferation, and cell survival in the kidney (Boettner and Van Aelst, 
2009). RAP1 is also essential to signal transduction in podocytes. RAP1 activity depends on the 
balance between the active guanosinetriphosphate (GTP)–bound form and the inactive 
guanosinediphosphate–bound form. This balance is tightly regulated by upstream factors 
including guanine nucleotide exchange factors (GEFs), which turn on signaling by catalyzing the 
exchange of guanosine diphosphate to GTP, and GTPase activating proteins, which terminate 
signaling by hydrolyzing GTP to guanosinediphosphate (Kooistra et al., 2007). MAGI2 belongs to 
the MAGUK family of scaffolding proteins, exclusively expressed at the slit diaphragm of the 
podocytes, that forms a complex with the Rap1 guanine nucleotide exchange factor (RapGEF2) 
and is required for the RAP1 activation and the Rap1-mediated downstream signaling (Ihara et 
al., 2012, Lehtonen et al., 2005, Zhu et al., 2019). The complex MAGI2-RapGEF2 has been proven 
essential to normal podocyte function (Balbas et al., 2014, Ihara et al., 2014, Lefebvre et al., 2015, 
Shirata et al., 2017). In the case of MAGI2 mutation, there is spontaneous glomerulosclerosis, 
abnormalities of podocytes cellular morphology, dramatic loss of the actin cytoskeletal 
organization that will lead to podocyte injury and mediate FSGS. MAGI2 expression is one of the 
most dramatically downregulated of all podocyte-expressed genes in parallel with Rap1 in 
human proteinuric kidney diseases, including diabetic nephropathy and idiopathic FSGS (Potla 
et al., 2014). 

The other isoform of RAP protein, RAP1b, plays a different role in the diseased kidney. In 
Diabetic Nephropathy the mitochondrial electron transport system is overloaded in the 
proximal tubular cells due to the constant uptake of glucose metabolic intermediaries. As a 
consequence, intracellular oxidative stress is enhanced and tubular cells are prone to damage 
(Kanwar et al., 2008). Moreover, the mitochondrial-mediated pathway leading to apoptosis is 
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one of the most severe cell death signaling pathways that cause the release of mCyto C and 
activation of caspases 9 and 3, accelerating the apoptotic process (Yang and Cortopassi, 1998).  

In these cases, RAP1b has been observed as severely decreased.   According to Xiao et al., 
(2014), the mechanism involves the downregulation of PGC-1a via the ERK1/2–C/EBP-b 
pathway and the phosphorylation of Drp-1 protein. As a result, there is an imbalance between 
mitochondrial fission and fusion proteins, which is followed by a series of events leading to ROS 
overproduction and apoptosis of tubular cells. The fact that RAP1b overproduction reverses this 
process, indicates that the role of RAP1b is protective regarding the mitochondrial function of 
proximal tubules.  
 

o mTOR pathway (mammalian Target οf Rapamycin pathway): 

The mTOR pathway has a central role in the regulation of cell metabolism, growth, and 
proliferation. mTOR pathway is activated by growth factors and cytokines via the PI3K/Akt 
pathway and the formation of phosphatidylinositol (3,4,5) triphosphate (PIP3) and the 3-
phosphoinositide-dependent protein kinase-1 (PDK1) (Fantus et al., 2016). 

In the kidney, the mTOR pathway contributes to renal homeostasis, metabolism, and 
autophagy. In renal diseases, it may participate in the development of glomerular diseases, 
polycystic kidney disease (PKD), acute kidney injury (AKI), and kidney transplant rejection. In 
CKD, mTOR pathway enhances the development of interstitial fibrosis and the expression of 
fibrosis-related genes (Bonegio et al., 2005, Jain et al., 2001, Jolicoeur et al., 2003, Krämer et al., 
2008, Rangan and Coombes, 2007, Wu et al., 2006). 

 

o HIF-1 pathway (Hypoxia-induced Factors pathway): 

Hypoxia-induced Factors are transcription factors responsible for gene expression in hypoxia, 
a pathological condition characterized by the insufficient supply of oxygen in cells (Matsumoto 
et al., 2004, Ohashi et al., 2002, Semenza, 2001). When an organ deals with limited availability of 
oxygen, cells increase the expression of HIFs, that regulate the transcription of a great range of 
genes, including erythropoietin (EPO), vascular endothelial growth factor (VEGF), and glucose 
transporter-1 (GLUT1) to restore tissue homeostasis by stimulating various adaptive 
mechanisms (Haase, 2006, Wenger et al., 2005). 

Kidneys are prone to show hypoxia due to the high oxygen demand of the renal tubules, 
mostly in pathological conditions like CKD (Fu et al., 2016, Higgins et al., 2007, Hirakawa et al., 
2017). Hypoxia accelerates CKD progression by hindering the tubular epithelial cell growth and 
impelling dedifferentiation, extracellular matrix transition, dedifferentiation, inflammation, 
and apoptosis. HIFs’ role in this process is ambiguous. Concerning cell death, HIFs are 
protective via interaction with Bcl-2 family genes, p53, and mitochondrial enzymes (Sendoel 
and Hengartner, 2014). HIFs also, inhibit mesenchymal stem cell proliferation via the 
upregulation of cell cycle inhibitor p27 and inflammation via downregulation of NF-κB and other 
pro-inflammatory factors. On the other hand, HIFs promote tubular and glomerular cell 
proliferation through the regulation of tissue repair genes, such as erythropoietin (EPO) and 
SDF-1 (Johnson et al., 2006). Finally, their role in fibrosis can be protective or deleterious, as 
they interact with fibrogenic genes and pro-fibrotic signalling pathways such as TGF-β, NF-κB, 
Notch, and PI3K/Akt pathways and they influence epigenetic factors and the EMT process (Liu 
et al., 2017).  

 

o TNFa-FGF23 pathway (Tumor Necrosis Factor-Fibroblast Growth Factor 23 
pathway): 

In CKD, mineral metabolism gets severely imbalanced and ends up as a factor of morbidity and 
mortality (Block et al., 2004, Isakova et al., 2011). In early CKD stages, FGF23 increase has been 
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associated with phosphate and vitamin D3 homeostasis maintenance (Gutiérrez, 2010, Quarles, 
2012). However, high FGF23 levels are connected to mortality independently to phosphate 
levels (Gutiérrez et al., 2008). FGF23 binds to the aKlotho protein FGF receptors and restrain 
phosphate reabsorption while decreases the Vitamin D3 levels (Hu et al., 2013, Urakawa et al., 
2006). FGF23 activity is regulated by many factors, such as parathyroid hormone (PTH), insulin, 
aldosterone, erythropoietin, adipokines, and calcitriol (Bär et al., 2018, Daryadel et al., 2018, Hu 
et al., 2013, Kuro-O and Moe, 2017, Zhang et al., 2016).   

Also, there is evidence that FGF23 is an important factor in the inflammation process, as 
it has been positively correlated to IL-6, IL-12, CCL5, and TNF (Mendoza et al., 2012, Wallquist et 
al., 2018). Finally, there is a positive correlation between FGF23, inflammation, and hypoxia, as 
there is HIF-1-mediated FGF23 upregulation that depends on IL-1β and erythropoietin 
(Clinkenbeard et al., 2017, Daryadel et al., 2018, David et al., 2016, Flamme et al., 2017). TNF 
(plasma tumour necrosis factor) is increased in CKD and contributes to the disease 
progression (Amdur et al., 2016, Feng et al., 2018, Mendoza et al., 2012). According to Egli-
Spichtig et al., (2019), TNF is crucial in FGF23 stimulation in renal and other inflammatory 
diseases. TNF-α receptors are increased in CKD, as well. TNFR2 contributes to cell 
proliferation and cell survival with a potential role in the antiapoptotic and inflammatory 
process (Mizoguchi et al., 2002, Piva et al., 2006, Ramesh and Reeves, 2002). Lee et al., (2017) 
showed that NF-κΒ activates TNFR2 and that TNF-α inhibits NF-κB upstream regulator IκB and 
activates NF-κB. Therefore, TNF-a-induced kidney injury is possibly mediated via a TNFR2-NF-
κB complex. This mechanism stimulates the expression of Apolipoprotein-A4, which has been 
found associated with many renal diseases (Boes et al., 2006, Graversen et al., 2008, Lee et al., 
2017).  

 

o IL-17 pathway (Interleukin-17 pathway):  

IL-17a is the main effector of Th17 cells. The past few years, it has been shown that IL-17 plays an 
important role in hypertension diseases and CKD participating mainly in the inflammation 
process via stimulation of pro-inflammatory cytokines, chemokines, adhesion molecules, and 
matrix metalloproteases (Cortvrindt et al., 2017, McMaster et al., 2015, von Vietinghoff and Ley, 
2010). 

In CKD IL-17 activates the tubular epithelial cells, vascular smooth muscle cells, 
endothelial cells, and fibroblasts to release a large array of proinflammatory mediators, 
including chemokines, such as MCP-1, RANTES, CXCL1, IL6, TNF-a, CCL2, CXCL10, TGF-β, and 
CXCL8, which, in turn, may recruit inflammatory cells such as T cells and macrophages (Gaffen, 
2009, Pietrowski et al., 2011, Van Kooten et al., 1998, Zhang et al., 2013).  According to Orejudo et 
al., (2019), MCP-1 is considered the main mediator of IL-17 signalling in renal inflammation. Τhe 
inflammatory responses of IL-17 involve ROS production, modulation of nitric oxide levels, and 
activation of protein kinases, including RhoA/Rho-kinase, the MAPK cascade and the 
regulation of Smad-Akt pathways (Karbach et al., 2014, Pietrowski et al., 2011, Wu et al., 2016, 
Xing et al., 2013, Zhang et al., 2013). 

IL-17 could be protective against fibrosis because of a decrease in metalloproteinase-2 
via kallikrein-kinin-system-regulated process or direct interaction between IL-17 and 
kallikrein-1 in the kidney (Ramani et al., 2016). Other activities of IL-17 include the expression 
and activity of sodium transporters along the nephron and increase in blood pressure 
(Norlander et al., 2016, Orejudo et al., 2019). 

 

o JAK/STAT pathway (Janus kinase/signal transducer and transcriptional 
activator pathway): 

The JAK/STAT signaling pathway is a central molecular pathway mediating fundamental 
cellular processes including cell growth, proliferation, differentiation, migration, apoptosis, 
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and immunomodulation. It consists of numerous cytokines and growth factors focused on cell 
signalling transduction. Therefore, it is essential in the process of growth, development, and 
homeostasis, including hematopoiesis, immune cell development, stem cell maintenance, and 
organism growth (Sun et al., 2020).  

JAK/STAT is a crucial signalling pathway in CKD development and progression, mainly in 
Diabetic Nephropathy (Brosius and He, 2015, Ghoreschi et al., 2009, Matsui and Meldrum, 2012, 
Villarino et al., 2017). In injured kidney cells, there is a higher expression of JAKs 1,2,3 and STATs 
1,3 in glomeruli and the tubule-interstitial compartment and the JAK/STAT pathway stimulates 
excessive cell proliferation, enhanced production of TGF-β1, collagen IV, and fibronectin, 
contributing to the glomerulosclerosis and other renal pathological conditions (Berthier et al., 
2009, Bienaimé et al., 2016, Chuang and He, 2010, Marrero et al., 2006, Nechemia-Arbely et al., 
2008, Wang et al., 2002). 

STAT3 appears to be a key molecule of the JAK/STAT pathway in CKD. STAT3 is found to be 
localized primarily in epithelial cells of collecting ducts and interstitial cells in normal and CKD 
kidneys (Kuratsune et al., 2007). Its expression has been associated with increased deposition 
of extracellular matrix proteins driving the progression of renal fibrosis (Pang et al., 2010). 
 

o Hippo-Salvador pathway: 

The Hippo-Salvador signalling pathway constitutes a kinase cascade implicated in the 
regulation of organ size, cell proliferation, cell death, tissue regeneration, and tumorigenesis 
(Pan, 2010, Zhao et al., 2011). The Hippo signalling pathway has been shown to interact with the 
TGF-β and Wnt/β-catenin signalling pathways, through a variety of mechanisms to regulate 
fibrosis in CKD (Attisano and Wrana, 2013, Azzolin et al., 2014, Seo et al., 2016, Varelas et al., 2010, 
2008, Wrighton et al., 2008).  

 

o AGE-RAGE pathway: 
AGEs (Advanced glycation end products) constitute molecules formed by the nonenzymatic 
reaction of reducing sugars with proteins and amino acids via the glycation process. They can 
be harmful because they include modification of functional domains of proteins leading to 
protein inactivation or dysfunction. In the case of increased AGEs formation, the tissue deals 
with dicarbonyl stress, which is considered crucial to CKD development (Giacco et al., 2014). The 
key component in the dicarbonyl stress is the restricted expression of the Glo1 enzyme of the 
cytosolic glyoxalase system in response to hypoxia-inducible factor-1a and inflammatory 
signalling conflicting with transcription factor Nrf2 and the increased proteolysis. The 
overexpression of the AGEs receptor (RAGE) has been connected with glomerular 
hypertrophy, increased albuminuria, mesangial expansion, advanced glomerulosclerosis, and 
increased serum creatinine (Rabbani and Thornalley, 2018, Yamamoto et al., 2001).  

The signal transduction of the AGE-RAGE pathway is induced by the formation of a 
complex between RAGE and heparan sulfate, regulated by the AGE-modified albumin, the high-
mobility group protein 1 (HMGB1), and the S100 proteins (Xu et al., 2013). Its downstream targets 
include the extracellular regulated kinase-1 and -2 and p38 MAPK pathway linked to endothelial 
permeability, inflammation, extracellular matrix expansion, and renal fibrosis (Borbiev et al., 
2004, Feliers and Kasinath, 2011, Stambe et al., 2004, Yang et al., 2014). On the other hand, RAGE 
downregulation has been associated with decreased podocyte production of monocyte 
chemoattractant protein-1 (MCP-1), decreased monocyte recruitment, glomerulosclerosis, 
extracellular matrix accumulation, albuminuria, and decline in renal function (Che et al., 2010, 
Chow et al., 2006, Gu et al., 2006, Rabbani and Thornalley, 2018, Wendt et al., 2003). 

A major AGE is serum albumin (ALB) that undergoes glycation and produces the AGE 
glycoalbumin. In the normal kidney, ALB inhibits the TNFa-induced VCAM1 production and 



18 
 

protects against inflammation. In CKD, though ALB is significantly reduced partly due to 
glycation. 
 

CKD Diagnosis Problems and Deadlocks 
 

CKD is asymptomatic in its early stages and can be detected only when the injury is advanced. 
Current CKD diagnostics involves the measurement of eGFR and proteinuria. eGFR 
assessment requires the estimation of serum creatinine (sCr) in the plasma, which is 
concentrated in plasma in case of renal malfunction, otherwise is secreted in the urine. The 
international guidelines (Risk-Injury-Failure-Loss-End-Stage Kidney Disease (RIFLE), Acute 
Kidney Injury Network (AKIN), or Kidney Disease, Improving Global Outcomes (KDIGO) 
annotate that an observable increase in sCr, even a small one,  indicate the presence of renal 
injury, known as Acute Kidney Injury (AKI) and represent the initial condition of a CKD patient 
(Bellomo et al., 2012, Kellum et al., 2012, Kiryluk et al., 2018, Mehta et al., 2007). AKI symptoms 
are usually transient and kidney function returns to normal. When these symptoms persist for 
more than 3 months, the renal pathological condition is characterized as CKD. 

Besides the broad usage of sCr in CKD diagnosis, sCr remains a less accurate marker, as 
sCr levels in the plasma may rise due to irrelevant to CKD reasons or stay unaltered in the initial 
kidney damage and become observable when the renal mass is decreased about 50%. 
Therefore, sCr-based diagnosis lacks specificity and sensitivity or leads to late diagnosis. 
Finally, given that CKD is a multifactorial, complex, and heterogeneous disease, its prognosis, 
early diagnosis, and targeted treatment require information about the initial aetiology, that sCr 
cannot offer. 

Nowadays, a definite diagnosis requires a renal biopsy but there are additional difficulties 
in this procedure (L’Imperio et al., 2016, Prikryl et al., 2017), the most serious being the fact that 
biopsy is an invasive process and that there is an absence of molecular biomarkers indicative 
of the aetiology and the spatial characteristics of the renal damage (Kiryluk et al., 2018).  

In the past few years, researchers have turned their focus on less-invasive methods and 
samples easily available, such as urine and blood, in which the analysis relies on “second 
generation” biomarkers (L’Imperio et al., 2016). The so-called “second generation” biomarkers 
involve gene expression in tissue and presence of proteins in urine that can be more specific 
and predictive of the system imbalance (Fassett et al., 2011). Some of them are the neutrophil 
gelatinase-associated lipocalin (NGAL), and kidney injury molecule-1 (KIM-1), that enhance 
diagnosis specificity but they still fail to differentiate the subjacent causes of CKD and 
determine the CKD subcategories (Fassett et al., 2011, Xu et al., 2017). The main reason for this 
failure is that complex diseases as CKD, cannot be identified by changes in single molecules and 
they need the identification of coordinated changes in functionally correlated molecules. The 
identification of such changes requires a systemic approach to the disease and deep knowledge 
of the underlying mechanisms. This approach can lead to the molecular-based classification of 
renal diseases and research worldwide has already started to invest in it.  

 

 

ii) Contemporary Approaches in CKD Research and 
Diagnostics 
 

Systems Biology in CKD research 
 



19 
 

The field of Systems Biology focuses on a holistic description of the systems, opposing to the 
“traditional” approach that focuses on the study of single elements. So, the study of the CKD 
proteome through systems biology methodologies is considered a promising way to study the 
CKD underlying mechanisms. CKD proteomics can contribute to the identification of the early 
pathological modifications and the molecular changes related to disease progression. 
 

Immunostaining in CKD research and diagnostics 
 

Immunostaining refers to protein detection via selective antibody binding to specific antigens. 
It is used as a basic diagnostic method in pathology and has been established as a common tool 
in several fields of life sciences research, as well.  The process of detection involves the use of 
antibodies towards antigens of interest upon a tissue section, live cells or fixed cells and 
staining with a chromogen (Immunohistochemistry-IHC) or a fluorophore 
(Immunofluorescence-IF). The main difference between IF and IHC is the use of light, which is 
absorbed in IHC and emitted in IF (Bolognesi et al., 2017). IF methods are divided into two main 
categories: direct and indirect. In the direct IF, the primary antibodies that detect the protein of 
interest are already conjugated with a fluorochrome. Indirect IF relies on the use of secondary 
antibodies that are specific to the species in which the primary antibody has been raised in and 
carry the fluorophore. 

The routine process in formalin-fixed paraffin-embedded (FFPE) tissue samples allowed 
only one stain per section so far. In the past few years though, the interest has been focused on 
multiplexing, a term that defines the application of several antibodies in the same FFPE tissue 
samples (Bolognesi et al., 2017). The number of antibodies that can be applied per round is 
defined by the number of the different secondary antibodies available. Due to the restricted 
number of species that can be used to produce antibodies, multiplexing calls for repetition of 
the experimental rounds, that require an intermediate treatment of the tissue. In this 
intermediate step, the antibodies used in the previous rounds should be inactivated, so a new 
set of antibodies can then be applied. The intermediate step can be: 

 
a) Inactivation of directly conjugated primary antibodies after each round (Adams et al., 

2016, Gerdes et al., 2013, Lin et al., 2015, Schubert et al., 2006) 

Antibody inactivation has been performed by exposure to ultraviolet (UV) light (Schubert et al., 
2006), alkaline solutions (Lin et al., 2015), or sodium borohydride (NaBH4) (Adams et al., 2016). 
However, this approach reveals numerous disadvantages. The cost and waste of the 
antibodies, the specificity required, the restriction or damage of the antigens, the limited 
number of staining can be considered some of them. Finally, the restriction that steric 
hindrance may evoke has not been examined yet (Clarke et al., 2014, Gerdes et al., 2013, Remark 
et al., 2016, Schubert et al., 2014, 2006). 

b) Restriction of access to previous antibody layer (Lechago et al., 1979) 

Insoluble and hydrophobic precipitates such as diaminobenzidine (DAB) when applied in a 
stained tissue section, hinder the contact between the two layers of antibodies according to the 
precipitate concentration. Also, Fab monomeric fragments were used in high concentrations 
some years ago for the same reason but this option is considered unwise due to the high cost 
and the dubious efficacy (Lu and Partridge, 1998, Negoescu et al., 1994, Nielsen et al., 1987).  

c) Antibody removal from the tissue after image acquisition (Gendusa et al., 2014, Glass et 
al., 2009, Kim et al., 2012, J.-R. Lin et al., 2015, Pirici et al., 2009, Tramu et al., 1978, 
Zrazhevskiy and Gao, 2013) 
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Considerable effort has been made to investigating methods for effective antibody removal and 
the ability to restain the same tissue. Mild boiling in an antigen retrieval solution has been tested 
but regarded insufficient (Gendusa et al., 2014, Tornehave et al., 2000, Tóth and Mezey, 2007). 
Other substances that have been used on this purpose include an acidic glycine buffer 
(Zrazhevskiy and Gao, 2013), strong chemicals (Tramu et al., 1978), proteases (Lin et al., 2015) 
and a mixture of strong reducing agents and a detergent (Gendusa et al., 2014, Kim et al., 2012).  

Antibody removal can be performed in both IHC and IF methods, each one with different 
restricting factors that can offer around ten staining rounds in each tissue section, (Gendusa et 
al., 2014, Kim et al., 2012, Pirici et al., 2009). In multiplexing IHC alcohol-soluble precipitates and 
sequential single-colour rounds are required. Multiplexing IF, though, can take advantage of 
spectral deconvolution to use more than the standard four colours (4’6-diamidino-2-
phenylindole dihydrochloride-DAPI, fluorescein isothiocyanate-FITC, tetramethylrhodamine 
isothiocyanate-TRITC, Cy5) (Mansfield, 2014, Stack et al., 2014). In the past few years, 
multiplexing in the same tissue or cell gains more and more attention and numerous protocols 
have been developed for this purpose. 
 

Multiplex IHC and IF methods 
 

Multiepitope-ligand cartography (MELC) is a multiplexed IHC method based on sequential 
rounds of antibody staining and photobleaching of each layer of fluorophores. The procedure is 
fully automated creating maps that depict protein organization and interactome networks. 
However, some of its disadvantages include the long duration of the process and the expensive 
robotic set up that requires. It is a fact, though, that hundreds of different proteins can be 
detected in every sample (Murphy, 2006, Schubert, 2003, Schubert et al., 2006, Zhou and 
Veenstra, 2006). 

Glass et al., (2009) developed a technique called SIMPLE (Sequential Immunoperoxidase 
labelling and erasing method). SIMPLE requires fixed samples that get counterstained and an 
image is acquired. Afterwards, there is an AR step to remove the counterstain, and staining is 
performed with alcohol-soluble red peroxidase substrate 3-amino-9-ethylcarbazole (AEC). 
An image of the stained sample is acquired, as well. The AEC precipitate is removed by washing 
in 95% ethanol, and the antibody is removed in an elution solution. This process is repeated, and 
a final single composite image with pseudocolours can be generated. However, it is limited to 
the testing of five antibody labels per section. 

Multiplexed fluorescence microscopy method (MxIF) was introduced in 2013 (Gerdes et 
al., 2013) for the quantitative analysis of multiple markers. FFPE tissue samples are directly 
immunostained and fluorophores are inactivated through alkaline oxidation chemistry, which 
quickly eliminates cyanine-based dye fluorescence (US patent 7,741,045). Stained and 
background images are acquired in every cycle and the experimental procedure is repeated for 
all the antibodies available. Then, the images are processed and analyzed. This technique offers 
the analysis of numerous different proteins in single tissue samples (Gerdes et al., 2013). 

Cyclic Immunofluorescence (CycIF) shares the same principles with MxIF but with the 
use of standard reagents and open-source software. Fluorophore inactivation is performed by 
oxidation (with hydrogen peroxide), alkaline pH, and light, and a final washing step. Several 4-
channel rounds can be performed. An innovation of CycIF is that it can be combined with live-
cell imaging. t-CycIF is an extension of CycIF applicable to fixed tissues, developed in 2018. It is 
considered an easily accessible and applicable method to a wide variety of contexts (Gaglia et 
al., 2020, Lin et al., 2015, Lin et al., 2018, 2016). 

Lim et al., (2018), developed a protocol for multiplex Immunofluorescence incorporating 
tyramide signal amplification in an automated Leica Bond Max diagnostic tissue stainer to 
produce high-quality 7-colour mIF slides. 
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iii) Multiple Iterative Labeling by Antibody Neodeposition (MILAN) 
 

MILAN is an Immunofluorescence (IF) protocol of four main steps: dewaxing of the FFPE tissue 
sections, antigen retrieval, sequential staining with primary and secondary antibodies 
incubation, and removal of the antibodies via disulfide cleavage. Staining and stripping can be 
repeated as many times as the tissue quality allows. The images obtained per slide are then 
digitally processed. Image pre-processing involves image registration, autofluorescence 
subtraction, and the combination of every antibody staining in a final image. In the final 
composite image, the expression of all proteins is combined and can be further quantified and 
analyzed in spatial and single-cell levels upon the tissue. 

 

Dewaxing and Antigen Retrieval (AR): 

A tissue section contains thousands of crosslinked proteins, sugars, and nucleic acids with 
methylene bridges (Fox et al., 1985). The FFPE samples are tissue samples that have been 
dehydrated with a graded alcohol series, partially extracted by terpenic solvents and 
embedded in paraffin. This process causes the masking of many epitopes, meaning that 
numerous conformational changes have been made due to loss of water and the contact 
between active formalin-induced binding sites, resulting in an irreversible, high-energy 
misfolding of the proteins (Boi et al., 2016, Fowler et al., 2007). This effect can be reversed by 
enzymatic action or a process involving high temperature and calcium presence, known as 
antigen retrieval (AR) after paraffin extraction through dewaxing and gradual rehydration (Shi 
et al., 1991, Shin et al., 1991). 

AR processes rely mostly on the duration of heat exposure and the chemical composition 
of the AR  solution buffer (Boenisch, 2005). The AR buffer is based on the typical Laemmli buffer 
that selectively breaks disulfide bonds and denatures the proteins while making them soluble 
(Laemmli, 1970). In the MILAN AR step, the Laemmli buffer is somehow modified, containing 
SDS of 0.5% concentration and 2-ME in half of the Laemmli’s buffer concentration (Scalia et al., 
2016).  

The AR process is temperature-dependent and results in the optimal maintenance of 
tissue integrity and antigen unmasking. The only epitopes that fail to get unmasked are epitopes 
with very strong bonds that require energy similar to that of protein and tissue degradation 
(Fowler et al., 2007, Scalia et al., 2016). 
 

Stripping: 

Primary antibodies survive in harsh conditions such as low pH, temperatures above 60oC, and 
various chaotropic agents. Their retention upon the tissue becomes even stronger when they 
are paired with secondary antibodies due to an increased affinity of the primary antibody or 
augmented stability of the antibody chain complexed with the antigen, the binding of one 
molecule of secondary antibody to neighbouring primary antibodies, or the local 
macromolecular crowding effect of neighbouring Ig molecules (Ellis, 2001, Gendusa et al., 2014, 
Oda, 2004).  Therefore, an efficient antibody removal requires the destruction of the 
intramolecular disulfide bridges. 

Antibodies removal in MILAN is based on the 2-mercaptoethanol/ Sodium Dodecyl 
Sulfate (2ME/SDS) method that changes the chemical structure of primary and secondary 
antibodies by altering the thermodynamic equilibrium of the disulfide bonds of the antibodies. 
2ME is a strong reducing agent with a selective action on disulfide bonds making the 
thermodynamic equilibrium to move towards the unbound form. SDS is a detergent that 
facilitates the disconnection of the Ig heavy chains. The combination of these agents in 
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temperature sufficient for the tissue solubilization ends up removing the paratope from the 
epitope even in case of high-affinity between them and irrelevant to the content on disulfide 
bonds (Gendusa et al., 2014, Gupta et al., 2016, Scalia et al., 2016). This process is efficient for 
proteins of molecular weight greater than 25 kDa. Proteins with smaller molecular weight, 
cross-linked in the tissue usually fail to be removed.  

Besides, 2ME/SDS treatment may act as an additional antigen unmasking agent in 
combination with AR and it is observed to reduce the levels of tissue autofluorescence (AF) due 
to a quenching effect or disassociation of small soluble AF compounds that are not very steadily 
cross-linked in the tissue and getting removed gradually across striping repetitions (Gendusa 
et al., 2014).  

The 2ME/SDS protocol, combined with disaccharide protection does not affect the 
antigens after extensive repetitions of staining and stripping rounds and is proven more 
reproducible than other buffers tested, such as glycine/SDS buffer, a buffer of high molar urea 
or a KMnO4/ H2SO4 elution buffer (Bolognesi et al., 2017, Gendusa et al., 2014, Glass et al., 2009, 
Pirici et al., 2009). The only restriction factor in the method reproducibility is the tissue damage 
after coverslip removal (Gendusa et al., 2014). 

 
Staining: 

MILAN protocol proposes indirect immunostaining with pairs of primary and secondary 
antibodies. The choice of the secondary antibodies fluorophores is such to avoid overlay of their 
emission spectra according to the slide scanner filters combination and the visualization of one 
not to affect the visualization of the others (Buscone et al., 2014, Gendusa et al., 2014, 
Sternberger and Joseph, 2017). Also, given that secondary antibodies are species-specific, it is 
crucial to avoid cross-reaction between primary and secondary antibodies, when they are used 
simultaneously or in sequence (Mason et al., 2000). The concentration of primary antibodies 
should be between 1-2  ug/ml and that of secondary 5 ug/ml (Bolognesi et al., 2017). 

 

Protection from drying: 

Non-freezable water constitutes a small amount of protein-associated water that does not 
freeze directly to maintain the physical and enzymatic properties of proteins. Drying of the 
tissue would remove this residual water and destroy the properties of the protein defined by the 
protein tertiary structure and vanish its immunoreactivity (Crowe et al., 1990). Accordingly, 
dehydration affects antibody staining and stripping and the reproducibility of a protocol or the 
diagnostic reliability of individual preparations (Bussolati and Leonardo, 2008, Dabbs, 2013, Lin 
and Prichard, 2015, Taylor et al., 2013). 

However, sugars act in the same way as water and are considered “water substitutes” in 
the absence of non-freezable water. Hydrogen bonding between the -OH groups on the 
disaccharide and the polar groups on the protein preserve the conformation of the protein 
(Crowe et al., 1990, Liao et al., 2002). Therefore, sugars and particularly disaccharides, are 
required during the dehydration process and storage for the protection of antigens’ 
immunoreactivity as they protect the whole Ig including the paratope (Carpenter and Crowe, 
1989). Their effect depends on their concentration and is transient as removal of the sugar or 
prolonged storage at room temperature evokes epitope re-masking (Dráber et al., 1995). 

In the MILAN protocol, sucrose is preferable to lactose in the storage solution, as lactose 
is less soluble in alcohol and water, it undergoes crystallization upon drying, and interacts with 
lysine residues and causing glycation (Andya et al., 1999, Whittier, 1925).  
 

iv) MILAN in CKD research 
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Beyond the efficacy of multiplexing methods in the proteomic analysis, there are many 
obstacles in their wide application, such as high costs of antibodies and instruments, low 
throughput, and deficiency of specialized facilities (Bolognesi et al., 2017). However, MILAN is 
remarkably advantageous compared to other IF protocols.  

Firstly, the materials required are common in every laboratory and of low cost. The 
materials include routinely used FFPE tissue sections, primary and secondary antibodies 
largely available, basic chemicals, and widely available fluorescent slide scanners.  

Beyond this, the groundbreaking efficiency of the protocol in antibodies removal allows 
numerous rounds of staining and stripping with the antigens to remain unaffected. So, a great 
number of antibodies can be tested. Even antibodies that interact and create steric hindrance 
can be tested in two separate cycles. In addition, mistakes in the staining procedure can be 
surpassed by stripping and restaining with the same antibody. This way, the protocol allows 
staining with up to 50 different antibodies. So, the FFPE tissue sections can be widely reclaimed, 
which is very significant in cases of very few samples available. Besides, the repetitive use of 
the materials reduces considerably the cost and multiplies the data obtained (Cattoretti et al., 
2019).  

Furthermore, the images can be processed with open-source image analysis software 
freely available to all researchers. Image processing of every tissue can reveal information for 
spatial tissue analysis, in situ characterization of different groups of cells, and/or reach the 
single-cell level.  

Finally, this protocol may be an important aid in the daily clinical assessment of CKD 
tissue samples allowing the test of numerous antibodies in the very same slide preventing the 
waste of tissue slides, whenever there is a limited amount of tissue or slides. MILAN also offers 
the advantage of the experimental repetition to cross-validate the antibodies' expression 
(Gendusa et al., 2014).  

In CKD research, MILAN protocol can be used to gather information on CKD proteome and 
enlighten the underlying mechanisms of the disease. The fact that the same tissue can be 
stripped and restained up to 50 times could reveal information about the spatial characteristics 
of the disease and reach the single-cell level. 
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II. Aim of the research 
 

The current research aimed at the optimization of the multiplex immunofluorescence protocol 
MILAN in kidney samples. Alfterwards, a set of CKD-related proteins was applied in healthy and 
CKD tissue samples in order to examine whether there is a difference in their relative 
expression between the two states and different CKD stages. Further, a new image processing 
pipeline was applied to evaluate differences in the proteins' spatial distribution in the renal 
tissue. This information was combined to reveal correlations of the proteins with molecular 
pathways, which are already linked to the CKD progression. Finally, it was tested whether the 
current experimental procedure can reveal information regarding the 9 renal cell types and the 
perspective for a single-cell-level analysis in CKD. 
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III. Materials & Methods 
 

i) Immunofluorescence protocol – MILAN 
 

Experimental procedure: 
 

The experimental procedure was based on the multiplex Immunofluorescence protocol 
entitled MILAN (Multiple Iterative Labeling by Antibody Neodeposition), developed by Cattoretti 
et al., (2019). MILAN was applied to FFPE kidney tissue samples, after the standardization of the 
protocol in the laboratory conditions and equipment. Every round consists of four main steps: 
dewaxing, antigen retrieval, staining, and stripping (Figure 2). 

 

Figure 2 The experimental procedure. 

 

1. Dewaxing:  
FFPE tissue slides were placed for ten minutes successively in two mailers with 20ml 
of Xylene for paraffin extraction. Then, the slides were transferred in mailers with 
gradually reduced alcohol concentration: 99%, 95%, 70%. In each one of them, slides 
remained for ten minutes so the tissue section was gradually rehydrated. The last part 
of rehydration involved a ten-minute immersion of the slides in a mailer with distilled 
H2O. 
 

2. Antigen Retrieval: 
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When tissue rehydration was completed, the glass slides, placed horizontally inside a 
glass beaker with 800ml of 10mM EDTA-Tris buffer (1:100) pH 8 were inserted into a 
microwave oven. The power was set to 100% for 10 minutes and then the power was 
reduced to 20% for 30 minutes. Afterwards, the slides should remain in environmental 
conditions to cool until the liquid temperature reached 50oC or below to allow antigen 
refolding. The temperature was being watched by a kitchen thermometer. Then, the 
slides could be transferred to the washing buffer (TBS-Ts). 

The washing buffer contained Tris that buffers the solution, salt to attenuate 
molecular interactions not required, Tween-20 to reduce surface tension and hydrate 
the tissue and sucrose to avoid tissue dehydration. 
 

3. IF Staining with primary and secondary antibodies: 
In every round, two unconjugated primary antibodies of different host species were 
selected and diluted in antibody diluent. The final concentration was figured out for each 
antibody independently and ranged between 1-3 ug/ml. The secondary antibodies (Alexa 
Fluor 488, R-Phycoerythrine) were species-specific and were chosen based on their 
excitation and emission spectra to follow the features of the microscope. In the case of 
biotinylated primary antibodies, streptavidin (SAPE) was used for their detection. The 
final concentration of the secondary antibodies and streptavidin is specified to 5 ug/ml 
as in higher concentration has been noticed that there is no signal increase due to self-
quenching (Cattoretti et al., 2019). 

Glass slides were placed horizontally in light-shielded chambers. In each slide, a 
20-40 ul-droplet of every diluted primary antibody was specifically applied on top of the 
tissue section. The droplets came from a stock in which antibodies were diluted in 
double concentration than the one required. The chambers were further placed inside 
an insulating foam rubber box with iceboxes to keep the temperature around 4oC, 
ensure the light shield needed for the IF protocol, and the horizontal placement of the 
slides to avoid any antibody solution slipping.  

The primary antibodies stayed upon the tissue for an overnight incubation and 
then the slides were washed with TBS-Ts buffer for 10 minutes twice. Afterwards, 20-
40 ul droplets of secondary antibodies were applied upon the tissue section for one hour 
in the same conditions. Slides were washed with TBS-Ts twice for 10 minutes to get rid 
of the excess of the secondary antibodies and reduce the secondary antibody 
aggregations, which may have been formed. Finally, the same quantity of Streptavidin 
(SAPE) and DAPI was applied in the tissue section for 30 and 15 minutes respectively to 
amplify the R-PE signal and stain the nuclei. Finally, the slides were washed again twice 
in TBS-Ts for 10 minutes. 

 
4. Stripping: 

Glass slides were placed in Tris-buffer pH 7.5 for 10 minutes to remove the 
disaccharides from the mounting fluid, used for image acquisition, and then they were 
transferred to pre-heated slide mailers with stripping buffer at 56oC inside a water-
bath. 

Stripping buffer contained 20 ml 10% w/v SDS with 12.5 ml 0.5 M Tris-HCl, pH 6.8, 
and 67.5 ml ultra-pure water. Under a fume hood, 0.8 ml 2-ME was added to the solution. 

The slides remained inside the water-bath for 40 minutes and then they were 
washed in washing buffer for 1 hour at least with several changes of the buffer in the first 
15 minutes. 
 
In the first round of every slide, stripping was additionally performed after AR. This step 

is not included in the basic MILAN protocol. However, during the procedure of protocol 
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standardization in our lab equipment, it was found that Stripping reduces the levels of tissue 
autofluorescence.  

From that point on, 10 rounds of staining and stripping went on with different sets of 
antibodies. Every experimental step was followed by image acquisition to monitor the condition 
of the tissue and the success of the experimental step. 

 

Image Acquisition: 
Glass slides were mounted with mounting fluid and covered by a coverslip for observation and 
image acquisition. The mounting fluid was wisely selected among others, to prevent antigen 
refolding (Bolognesi et al., 2017).  

Image acquisition performed after every experimental step, with JuLI Stage high-content 
screener (x10 lens) in brightfield (“BRIGHT”) and three fluorescence channels: “GFP”, “RFP”, 
“DAPI”. RFP channel excites at 525/50 nm and emits light at 580LP, GFP channel excites at 
466/40 nm, and emits at 525/50 nm and DAPI channel excites at 390/40 nm and emits at 452/45 
nm.  

With regards to the fluorescent channels, images were acquired in the highest value of 
LED power (value = 10) and the lowest D-Phase (value = 1) and in two different Exposure times 
(140 and 250 msec). Brightness was chosen specifically for each channel: DAPI value = 12, GFP 
value = 22, RFP value = 30. In the BRIGHT channel, one image per experimental step was 
acquired in Exposure time = 15 msec, Brightness = 6, LED Power = 3, and D-Phase = 1. 

After image acquisition, glass slides were placed vertically to the direction of the slide 
holder positions inside a container with TBS-Ts washing buffer so as the coverslip to be 
removed gently without the risk of scratching the tissue. 
 

Storage: 
The slides could be stored at any step in the storage buffer at 4oC for up to 3 days. In case of a 
larger period of not use, they were transferred at -20oC in storage buffer. 

 

FFPE tissue slides: 
The experimental procedure was repeated in two groups of FFPE kidney tissue samples. The 
first one included samples from healthy kidney tissue and the other one samples from patients 
with CKD. The latter included samples from two CKD patients. The first patient was 55 years old 
with GFR at 85 ml/min that is characterized as CKD Stage G2 GFR and the second patient was 75 
years old with GFR at 60ml/min, who just progressed in CKD Stage G3. The FFPE slides were 
offered by Rafael Kramann’s laboratory, RWTH Aachen University.  

 

Buffers-Chemicals: 
Buffers were created according to MILAN protocol with the chemicals mentioned below: 

▪ Tris ultrapure (ApplichemPanreac, A1086,1000) 
▪ Tween 20 (ApplichemPanreac, A4974,0500) 
▪ Sodium chloride (ApplichemPanreac, A2942,0500) 
▪ Sucrose (Sigma, S9378) 
▪ NaN3 (MP biomedicals, 26628-22-8) 
▪ Trehalose (MP biomedicals, 6138-23-4) 
▪ Glycerol (EMD Millipore, 356350) 
▪ n-propyl gallate (MP biomedicals, 121-79-9) 
▪ BSA (VWR, 421501J) 
▪ PBS (Gibco, 10010015) 
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▪ SDS (ApplichemPanreac, A1112,0500) 
▪ HCl (ApplichemPanreac, 131020,1212) 
▪ 2-mercaptoethanol (Santa Cruz Biotechnology, 202966) 
▪ Hoechst (Thermo Fisher Scientific, 33042) 

 

Primary Antibodies: 
The primary antibodies that were tested, are mentioned in the table below. 

 

# Name Supplier Catalog # Host Species 
Cst 
(mg/ml) 

Cf 
(ug/ml) 

1 GAPDH  HyTest 5G4_4G5 Mouse 5.6 1 

2 TMEM174 Cusabio 
CSB-
PA023755LA01HU Rabbit 4 2 

3 PODXL Cusabio CSB-PA13447A0Rb Rabbit 3 2 

4 AREG R&D Systems BAF262 Goat-biotin 0.136 2 

5 NOX4 Cusabio 
CSB-
PA015961LA01HU Rabbit 0.0035 2 

6 PDGFRA 
Thermofisher 
Scientific 14-1401-82 Rat 0.5 2 

7 CMBL Cusabio 
CSB-
PA846604LA01HU Rabbit 0.5 2 

8 CDH11 
LifeSpan 
Biosciences LS-C149887  Mouse 0.1 2 

9 ROMK1  Cusabio 
CSB-
PA012047LA01HU Rabbit 3 2 

10 SMOC2 R&D Systems BAF5140 Sheep-biotin 0.05 2 

11 AKT1 
Cell Signaling 
Technology 4060S Rabbit 1.6 2 

12 MMP9 R&D Systems DY911 Mouse 1 2 

13 MK12  
Cell Signaling 
Technology 8690BP Rabbit 1.9 2 

14 TSP2 R&D Systems BAF1635 Goat-biotin 0.05 2 

15 JUN 
Cell Signaling 
Technology 9165BF Rabbit 1.6 2 

16 ANXA2 R&D Systems DYC-3928-2 Mouse 0.75 2 

17 IFI44 Cusabio 
CSB-
PA011014LA01HU Rabbit 3 2 

18 ALB HyTest 4T24_14E7 Mouse 0.00487 2 

19 NETO2 Cusabio 
CSB-
PA818759LA01HU Rabbit 2 2 

20 LYN R&D Systems DYC3936 Mouse 1 2 

 

Secondary Antibodies: 
 

 Name Supplier Catalog # 
Host 
Species Reactivity Cst Cf 

1 
Alexa Fluor 488 
IgG 

ThermoFisher 
Scientific A32731 Goat anti-Rabbit 1 mg/ml 5 ug/ml 

2 R-Phycoerythrin Santa Cruz sc-516141 Goat anti-Mouse 1 mg/ml 5 ug/ml 
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Selection of fluorophores based on microscope channels excitation and emission 
spectra 
 

The selection of fluorophores was made via ThermoFisher Scientific’s Fluorescence Spectra 
Viewer, based on the fluorescent channels of the JuliStageTM high-content screener. 
JuliStageTM provides the following fluorescence channels: an RFP channel with spectra Ex. 
525/50 |  Em. 580/LP, a GFP channel with spectra Ex. 466/40 | Em. 525/50 and a DAPI channel 
with spectra Ex. 390/40 | Em. 452/45. R-Phycoerythrin (PE) was chosen as a fluorophore for the 
secondary antibodies for the RFP channel, and AlexaFluor 488 was considered an appropriate 
secondary antibody for the GFP channel.  

 

a) Alexa Fluor 488 – JuLI Stage channels 
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Figure 3 Excitation and emission spectra of Alexa Fluor 488 and JuLI Stage channels. The GFP channel covers  10-
75% of the excitation spectrum of Alexa Fluor 488 and their emission spectra coincide 100%. The RFP channel excites 
Alexa Fluor, as well, but it cannot emit it. The excitation and emission spectra of the DAPI channel and Alexa Fluor 
488 are completely distinct. 

Figure 1 shows the excitation and emission spectra of Alexa Fluor 488 and JuLI Stage GFP, RFP, 
and DAPI channels. The GFP channel of JuLI Stage excites Alexa Fluor between 10-75% of its 
relative intensity and emits 100% of its fluorescence. Alexa Fluor 488 can be excited by the RFP 
channel, as well, but it gets emitted, only by the small percentage of 10%. Regarding the DAPI 
channel, Alexa Fluor spectra are completely separated. Alexa Fluor 488 was considered a 
suitable fluorophore for the GFP channel of JuLI Stage in immunofluorescence protocols. 
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b) R-Phycoerythrine (R-PE)– JuLI Stage channels 

 

 

 

 

Figure 4 Excitation and emission spectra of the R-Phycoerythrine (R-PE) and JuLI Stage channels. RFP channel 
covers around 80% of the excitation spectrum of R-PE and their emission spectra coincide 100%. GFP excites R-PE 
around 45% but it cannot emit it. DAPI channel excites R-PE around 10% but their emission spectra do not coincide at 
all. 
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Figure 2 shows the excitation and emission spectra of R-PE in comparison with the JuLI Stage 
channels spectra. R-PE gets excited around 20-45% of its relative intensity in GFP and DAPI 
channels but it cannot be emitted. In the RFP channel, R-PE gets excited around 90% and is 
emitted in its whole spectrum. So, the use of R-PE was considered sufficient for the RFP 
channel. 

 

c) Kidney autofluorescence spectra coincide with JuLI Stage channels spectra 

 

Renal tissue yields high autofluorescence (AF) levels which produce considerable noise in the 
application of immunofluorescence protocols. The renal AF include the spectra Ex.  543/5 | Em. 
630/70 for the red channel, and Ex. 458/5 | Em. 545/65 for the green channel . 

 

 

 

Figure 5 Excitation and emission spectra of renal autofluorescence (AF) and JuLI Stage channels spectra.Both GFP 
and RFP channels excite and emit the renal AF. 

Renal tissue excited between 455.5-460.5 and/or 541,5-545,5 nm, emits autofluorescence 
between 512.5-577.5 and/or 595-665nm, respectively (Zhang et al., 2018). These ranges 
completely overlay with the excitation and emission spectra of the GFP and RFP channels. So, 
renal AF will be present in the images obtained with the GFP and RFP channel and it should be 
subtracted during the image processing. 
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ii) Image Processing 
 

Images from three different areas per slide were acquired in every experimental round in GFP, 
RFP, and DAPI channels via JuLI Stage high-content screener. The areas of the first round were 
defined as reference images and were captured across the rest of the experimental rounds.  

Image analysis was performed with the open-source software ImageJ (Schindelin et 
al., 2012) and QuPath (Bankhead et al., 2017). The first part of the analysis was performed with 
ImageJ, wherein images from all rounds were combined in one final composite image. 
 

FIJI software Analysis 
 

The images acquired from every slide after 10 rounds of the experimental procedure were 
processed with FIJI software. FIJI software offers a great variety of tools for image processing, 
such as images registration, cropping, illumination correction, etc. To automate the procedure, 
a script was written in Jython programming language in ImageJ editor that could be further 
applied in all areas sequentially. The commands included in the script are described below:  

 
▪ Alignment of GFP, RFP and DAPI images per round, via Elastix plugin (Klein et al., 

2010, Shamonin et al., 2013, Tischer, 2019) 
▪ Alignment of all images per channel, via MultiStackReg plugin (Miura, 2019, 

Thévenaz et al., 1998) 
▪ Cropping of black margins in all images per channel 
▪ Illumination correction of all images per channel, via BaSiC plugin (Peng et al., 

2017) 
▪ Subtraction of stripping from staining in pairs for all images and channels 
▪ Combination of all subtracted images in one stack and deletion of all DAPI 

images except for DAPI image of the first round 
▪ Cropping of black margins in the final stack 
▪ Application of a different LUT in every image of the final stack 
▪ Creation of a composite image depicting the expression of all makers upon the 

tissue 

 

Using this script, the images were firstly registered and cropped in equal dimensions (Fig. 6).  
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Figure 6 Composite image of 10 images before and after registration. Image registration was performed with the 
Elastix FIJI plugin. Right: a composite image of unregistered images. Left: a composite image after image registration 
and cropping in equal dimensions. 

 

Then, in every pair of staining-stripping images, the stripping image was subtracted from the 
staining image to remove the intensity that corresponds to the tissue autofluorescence (Fig 7).  

 

 

Figure 7 Subtraction of Autofluorescence. The autofluorescence removal resulted from the subtraction of stripping 
image (B) from the staining image (A) with the FIJI tool  Image Calculator. A. Staining image with CMBL protein. B. 
Stripping image. C. Result of image subtraction. 

 

Finally, the images were gathered in a stack that included 20 images of antibodies staining and 
the DAPI image of the first round. In these stacks, a different colour (LUT) was applied in every 
channel corresponding to a different antibody staining (Fig. 8).  
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Figure 8 Application of different LUTs in each antibody staining. A-B. JUN staining in grayscale (A) and after LUT 
application (B). C-D MK12 staining in grayscale (C) and after LUT application (D). 

 

Finally, all of the images were projected in one final composite image (Fig. 9).  

 

 

Figure 9 The final stack is converted to the final composite image. All the images with the different colors of the final 
stack are combined in a final image. 
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QuPath software Analysis 
 

The final stack contained images with different LUTs, one for every marker, and was transferred 
to QuPath software (Bankhead et al., 2017). QuPath software is specific for pathology images 
analysis and it was used to detect tissue areas and quantify the markers’ expression upon them. 

The final images were transferred to QuPath software (Fig. 10) and channels were 
renamed according to the antibodies and assigned as classifiers. In addition, images were 
preprocessed for histogram adjustment to remove the underlying noise. 
 

 

Figure 10 Composite image of different antibodies staining in Healthy and CKD tissue samples. Composite images 
after FIJI processing were transferred to QuPath software. The images include the antibodies: LYN, CDH11, IFI44, 
MK12, ROMK1, CMBL, NOX4, TMEM174, and DAPI. 

 

Afterwards, cell detection was performed via the «dsb2018_heavy_augment» Stardist model 

(Schmidt et al., 2018) that has been incorporated in QuPath and tissue areas of interest were 

manually annotated and labelled as proximal/distal tubules, glomeruli, or others.The label 

“Others” was used for areas with dubious identification. Then, the cells were classified 

according to the presence of each antibody-marker in each one of them (Fig. 11).  

 

 

Figure 11 QuPath analysis. A. The images were annotated for characteristic tissue areas such as tubules and 
glomeruli, B. Cell detection via the Stardist plugin, C. Classification of cells according to the marker-classifier 
intensity level. 
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The results of cell classification were exported in a results table, which contained information 

about the tissue area in which every cell is located and statistical measurements for all the 

markers present in the cell. This table was used for further statistical analysis.  

 

iii) Statistical Analysis 
 

The total intensity of each protein in every cell of the areas of interest was exported, thus protein 
expression for every area was quantified as median±SEM of total intensity. One-way ANOVA 
was performed for the statistical comparison of protein expression, using GraphPad Prism 
8.4.3 software.  

t-distributed stochastic neighbour embedding (t-SNE) algorithm was employed for 
visualization of the cells’ populations in the R programming language. t-SNE is an unsupervised 
nonlinear dimensionality reduction method,  for visualizing high dimensional data in a low 2-
dimensional space. The n-dimensional plot is constructed such that if two points/cells are 
close, they are most likely to be close in the higher dimensional space as well, while if two points 
are farther apart they are likely to also be farther apart in the original higher-dimensional 
space. Only the relative distances between points matter - the two axes are arbitrary and do not 
have any specific interpretation. 
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IV.  Results 
 

i. MILAN Protocol Standardization 
 

a) Renal AF in healthy and CKD kidneys 
 

Several studies have confirmed the presence of autofluorescence of the renal tissue, mainly in 

the glomeruli, the tubules, and the blood vessels . There is also evidence that renal AF increases 

in cases of renal injuries, such as Ischemic Renal Injury and renal tumours. In these 

pathological conditions, AF levels can be used to indicate the degree of renal damage (Bellini et 

al., 2008, Patil et al., 2016, Schuh et al., 2016, Tirapelli et al., 2009).  AF is increased in CKD tissue 

samples compared to the normal tissue, as well (Fig. 12). AF levels of healthy and CKD tissue 

samples were calculated by the whole image intensity after dewaxing and antigen retrieval 

(AR) for every fluorescence channel. Data are presented as mean±SEM of at least 3 biological 

replicates. 

 

  

Figure 12 Autofluorescence (AF) levels in healthy and CKD samples in GFP, RFP, and DAPI channel. Autofluorescence 
is increased in CKD tissue samples, mainly in the GFP and RFP channels. In the DAPI channel, AF is slightly increased 
compared to the healthy AF levels. 

 

b) MILAN protocol preserves tissue integrity 
 

The tissue loss across several experimental rounds of the MILAN was calculated via FIJI image 

analysis software. The images of 15 experimental rounds were registered and then the total 

number of cell nuclei stained with Hoechst 33342 was calculated. The data are presented as 

mean±SEM of at least 3 biological replicates. The reduction was not found statistically 

significant. MILAN prevents tissue damage for a minimum of 15 repetitions of the experimental 

procedure (Fig. 13). 
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Figure 13 Tissue loss across 15 experimental rounds of MILAN. The number of nuclei in the tissue after 15 repetitions 
is slightly decreased. The reduction is not statistically significant. The data obtained by FIJI software, are presented 
as mean±SEM of at least 3 biological replicates. 

 

c) Intensity evaluation across the experimental steps 
 

The verification of increased intensity only due to staining was performed by application only of 

the antibody diluent and secondary antibodies and image acquisition in increasing exposure 

times (5-250 msec) and maximum LED power. Whole image intensity was calculated using FIJI 

software after image registration and cropping in equal dimensions. The comparison of the 

slopes via linear regression fitting of the data revealed a statistically significant difference 

between staining and the rest of the experimental conditions. The data are presented as 

mean±SEM of at least 3 biological replicates. 

Maximum intensity is observed in the staining step with a significant difference from the 

following one that corresponds to the tissue intensity after the antigen retrieval in RFP and 

DAPI channels. In the GFP channel, the difference is smaller but the highest intensity is 

observed to the staining step, as well. The secondary antibodies and the Ab diluent do not 

increase the intensity that appears similar to the intensity after stripping (Fig. 14). 
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Figure 14 Intensity evaluation across the experimental conditions of MILAN protocol. Staining reveals the highest 
intensity, in which the antibody diluent and secondary antibodies do not contribute. Images were acquired after the 
application of the different experimental conditions in increasing exposure times and maximum LED power. The 
slopes comparison revealed a statistically significant difference between staining and the rest experimental 
conditions. The data are presented as mean±SEM of at least 3 biological replicates. 

 

d) An additional Stripping step after Antigen Retrieval reduces the levels of 
Autofluorescence 
 

During the protocol standardization, it was observed that an additional Stripping step, after the 

Antigen Retrieval reduces the levels of initial autofluorescence in GFP, RFP, and DAPI channel 

(Figure 7). The highest reduction is observed in the GFP channel. 
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Figure 15 Stripping after Antigen Retrieval reduces the levels of autofluorescence in GFP, RFP, and DAPI channels. 
The tissue intensity (AF) is reduced if there is an additional stripping step after antigen retrieval, mainly in the GFP 
channel. 

 

e) Antibody  Staining in Healthy and CKD tissue Samples 
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Figure 16 Antibodies staining in healthy and CKD Stage G2, G3. 
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ii) Statistical Analysis 
 

a) GAPDH expression as a positive control of the method 
 

 

Figure 17 Total intensity of GAPDH staining. GAPDH was used as a positive control of the method. Data presented as 
median±SEM of at least three biological replicates. 

 

GAPDH was chosen as a positive control of the method. GAPDH staining was performed in the 

first rounds of every experiment to ensure tissue integrity and sufficient antigen retrieval. 

GAPDH intensity levels presented low variability between the different samples, with the 

exception of CKD Stage G3 samples. This can be attributed to the general histological 

differences present as CKD advances, and especially to the lower metabolic rhythms and loss 

of the renal cells. Nonetheless, GAPDH’s high-intensity values were proved its sufficiency as a 

positive control, and slides with low GAPDH intensity level were discarded from further 

analysis.  

 

b) Protein expression in Healthy and CKD tissues 
 

Healthy Samples: 

The median intensity of every marker was calculated for the proximal/distal tubules and the 

glomeruli (Fig. 18). 
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Figure 18 Heatmap of the antibodies median intensity per tissue area in Healthy samples. 

 

The proteins tested are mostly expressed in the proximal tubules. Among them, the highest 

intensity value corresponds to CMBL, which is followed by MK12, TMEM174, NETO2, and JUN. The 

rest antibodies exhibit significant but lower intensity. In the distal tubules of healthy tissue, 

MK12 is mainly expressed. CDH11, TSP2, and ANXA2 display intermediate intensity values and 

AREG, JUN, LYN, NETO2, SMOC2 follow with the lowest intensity. In the healthy glomeruli, 

ANXA2 and PODXL display the highest expression. ALB, NOX4, LYN, and NETO2 are expressed 

in the glomeruli, as well. 

CKD Samples: 
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Figure 19 Heatmap of antibodies median intensity in CKD Stage G2 tissue samples. 

 

 

Figure 20 Heatmap of antibodies median intensity in CKD Stage G3 tissue samples 
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In the CKD samples the antibodies' presence is significantly decreased (Fig. 19-20). In the 

proximal tubules of CKD G2 Stage, TMEM174 and MK12 maintain a high median intensity, and in 

CKD Stage G3 AREG is highly elevated compared to the other samples. In the glomeruli of CKD 

stage G2, AKT1 is observed as the protein with the highest expression and in CKD Stage G3 this 

position belongs to JUN. The rest antibodies have a much lower median intensity in the 

glomeruli. In the distal tubules, the intensity value of all antibodies is importantly decreased in 

comparison to that of proximal tubules. 

 

c) Comparison of Protein expression between the Healthy and CKD samples in the 
whole tissue area 
 

Whole tissue area: 

The relative expression of proteins between the Healthy and CKD stages G2, G3 was evaluated 

using two-way ANOVA with Tukey's multiple comparisons test. 

The total median intensity was measured in the whole tissue area of the healthy and both 

CKD stages and the statistical significance of the differences between them was estimated (Fig. 

21). 

Between the healthy and both the CKD samples, 12 proteins showed a statistically 

significant difference, including ALB, SMOC2, NETO2, IFI44, JUN, AKT1, ROMK1, CMBL, and 

TMEM174. The median intensity of most of them was increased in the healthy condition except 

for NETO2 that was increased in CKD Stage 2 and TMEM174 that was increased in CKD Stage 2.  

The difference between healthy and CKD Stage 2 samples was statistically significant in 

the proteins LYN, TSP2, and AREG, as well. LYN and TSP2 exhibited higher intensity in the 

healthy condition, whereas AREG was increased in the CKD Stage 2 samples. In addition, there 

is a statistically significant difference of ANXA2 and MK12 between healthy and CKD samples of 

stage G3. Both of them showed decreased intensity in CKD stage 3. Finally, AREG, NETO2, MK12 

are differentially expressed between the two stages of CKD. TMEM174 and NETO2 are increased 

in CKD Stage 3 with a great difference from CKD Stage G2. 
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Figure 21 Evaluation of intensity differences between the Healthy and the two CKD conditions in the whole tissue 
area. The statistical importance of the difference was evaluated by ANOVA and is represented by (*) in the plot. 

 

 In specific tissue areas: 

In the proximal tubules, the protein expression appears similar to that of the whole tissue with 

a few exceptions. TSP2 and CDH11, but not AKT1, were found different between the healthy and 

both CKD stages, with increased intensity in the healthy samples. AKT1 is significantly lower on 

healthy samples compared to CKD stage G2 along with AREG, which is increased in CKD 

samples. Another exception concern the ANXA2 staining between healthy and CKD 3 samples 

and the absence of difference in MK12 intensity between the two CKD stages (Fig. 22a).    

In the distal tubules, the protein expression appears similar to that of proximal tubules. 

The main exceptions involve the different expression levels of CDH11, JUN, and TMEM174 which 

appear only between healthy and CKD Stage G3, the MK12 intensity levels between the two CKD 

Stages, and the non-significant difference of AKT1 between healthy and CKD Stage G2 samples 

(Fig. 22b). 

In the glomeruli, the antibodies stained the area similarly to the whole tissue staining. 

However, a non-significant difference is observed in IFI44, AKT1, and TMEM174 between the 

healthy and CKD stages and in LYN and TSP2 between healthy and CKD stage G2 samples. 

Contrary, TSP2 is significantly higher in the healthy state compared to CKD stage 3 (Figure 22c).  

In the tissue areas that were not easily identifiable and labelled as “Others”, the protein 

expression pattern is similar to that of the whole tissue. Αn exception appears for AKT1, which 

was only significantly different between healthy and CKD stage 2, and for LYN and TSP2, whose 

difference wan not found significant between these conditions (Fig. 22d).  
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Figure 22 Evaluation of intensity differences between healthy and CKD stages G2, G2 in specific areas of the tissue.  
The evaluation of the statistical significance was calculated using two-way ANOVA with Tukey's multiple 
comparisons test and is represented with (*) in the plot. 
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d) Spatial distribution of every marker 

 

Figure 23 Spatial distribution of every marker. The percentage of cells per tissue are in which every marker was 
present was calculated for the healthy and CKD samples. 

 

The spatial distribution of every marker was estimated by the percentage of cells per tissue 

area, in which the markers were expressed (Fig. 23).  

In the healthy proximal tubules, all the markers exhibited broad spatial distribution with 

a presence in 60-70% of cells. In the distal tubules, the markers were expressed in a lower 

percentage with some of them covering around 50% of distal tubule cells such as LYN, ALB, 

ANXA2, TSP2, MMP9, SMOC2, CDH11, AREG, and MK12 or less. In the glomeruli, PODXL, NETO2, 

ANXA2, and NOX4 are expressed in more than half of the glomerular cells. The rest markers do 

not surpass the 40% of cells and MK12 along with CMBL display a very restricted distribution 

around 10% of the total glomerular cells.  

Regarding the CKD proximal tubules, in stage 2, all the markers are found in fewer cells 

than that of healthy tissue. In stage 3, there are markers whose distribution is further 

decreased such as LYN, TSP2, ALB, NETO2, JUN, and MK12. The distribution of the rest of the 

markers is augmented comparing to that of stage 2, and it is noteworthy that the distribution of 

AREG, IFI44, ROMK1, NOX4, and PODXL is wider than that of the healthy proximal tubules. 

In the distal tubules of CKD stage G2 samples, there is a significant increase in the 

distribution of MK12 and IFI44 and the rest are expressed in fewer cells. In CKD stage G3, half of 

them are further decreased and the rest increase but do not surpass the distribution of healthy 

distal tubules. 
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In the glomeruli, in CKD Stage G2, cells of AKT1 expression found to be above the level of 

healthy glomeruli cells and the rest proteins are expressed in a smaller number of cells. In 

Stage G3, the distribution of NETO2, TMEM174, LYN, ALB, and TSP2 covers an even smaller 

percentage of cells than that of stage 2. The rest proteins cover a larger portion of cells, notably 

CDH11, IFI44, MK12, AKT1, and CMBL. 

 

e) T-Distributed Stochastic neighbour embedded (t-SNE) Cellular Clustering 
 

The data of protein expression in all cells of healthy and CKD samples were analyzed further by 

the t-SNE analysis in the R programming language. This analysis used the molecular 

characteristics of cells and showed that they constitute 9 clusters that are in accordance with 

the presence of 9 different cell types that occur in the kidney.  

 

Figure 24 Elbow method για την επιλογή του βέλτιστου αριθμού ομάδων ( clusters ). 
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Figure 25 tSNE analysis for cellular clustering in healthy and CKD samples. 

Figure 25 shows the 9 clusters, in which the cells were divided. These clusters are following the 

presence of e 9 different cell types present in the kidney. The colours in (Fig. 25a, d, g) indicate 

the tissue area in which every cell belongs to (proximal tubules, distal tubules, or glomeruli). In 

Fig. 25 (b, e, h) the colours indicate the different clusters. In Fig. 25 (c, f, i) the two initial clusters 

are combined to indicate the spatial localization and the cell types resulting from the molecular 

information of the cells tested.  
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V. Discussion 
 

MILAN is a multiplex immunofluorescence protocol. The assay was optimized for the kidney 
tissue and applied to healthy and CKD FFPE tissue samples for the investigation of molecular 
mechanisms that contribute to the development of the disease. During the standardization 
process, the fact that the antibody staining occurs only due to the specific binding of primary and 
secondary antibodies was validated. The chemicals of the antibody diluent do not contribute to 
this increase and there is not irrelevant binding of the secondary antibody upon the tissue. 
Moreover, the assay optimization revealed that a minimum of 15 sequential rounds of staining 
and stripping can be applied to FFPE tissue samples with low tissue loss.  

In addition, the existence of renal autofluorescence (AF) is confirmed through several 
studies. Natural autofluorescence is observed in the tubules, the blood vessels, the glomeruli, 
and other areas of the renal tissue. It is also verified that renal AF is augmented in cases of renal 
injuries such as cell carcinoma or ischemic pathologies. In these cases, the levels of AF have 
been proposed to indicate the degree of renal damage (Bellini et al., 2008, Patil et al., 2016, Schuh 
et al., 2016, Tirapelli et al., 2009). In this study, it was also shown that AF is higher in Chronic 
Kidney Disease than healthy samples. Given that, AF constitutes a major obstacle in the 
application of immunofluorescence protocols, though several ways have been proposed for its 
reduction mainly through chemicals. During assay development, it was observed that AF is 
lower after every stripping, so an additional stripping step was performed between the antigen 
retrieval and the first staining round. 

The choice of proteins relied on a previous bioinformatic analysis performed in the 
Biomedical Systems laboratory regarding CKD. It was required, though to cover a broad range 
of molecules and molecular paths related to CKD, as there was no available information for the 
CKD patients' clinical background. The CKD tissue samples included 2 CKD stages: Stage G2 and 
Stage G3. Therefore, a set of 20 proteins related to CKD was tested including ALB, AREG, ANXA2, 
AKT1, NETO2, TMEM174, SMOC2, NOX4, LYN, TSP2, MMP9, CDH11, CD140a, JUN, PODXL, ROMK1, 
CMBL, IFI44, GAPDH, MK12. Afterwards, the images were computationally analyzed. 

For that purpose, open-source image analysis software was used such as FIJI 
(Schindelin et al., 2012) and QuPath (Bankhead et al., 2017). In detail, a pipeline was written in 
Jython programming language in the FIJI software editor for the combination of the information 
acquired by the antibodies tested and the sequential analysis of numerous sets of images. 
Further, QuPath was used for the annotation of specific renal areas such as tubules and 
glomeruli, cell detection, and the cell classification according to the antibodies staining in each 
one of them. The results obtained by the image analysis process were statistically evaluated via 
ANOVA and t-SNE statistical methods. The statistical analysis revealed important information 
about the proteins’ expression in the kidney and contributed to the investigation of their 
involvement in chronic kidney disease. 

The intensity of the proteins tested was notably increased in the proximal tubules of 
healthy samples. Among them, CMBL indicated the highest intensity value followed by MK12, 
TMEM174, NETO2, and JUN. In the CKD G2 Stage, TMEM174 and MK12 are characterized by a high 
median intensity in proximal tubules, whereas in CKD Stage G3, AREG intensity is highly 
elevated. In the proximal tubules, the proteins ALB, SMOC2, NETO2, IFI44, JUN, ROMK1, CMBL, 
TSP2, CDH11, and TMEM174 showed a statistically significant difference between the healthy and 
both the CKD samples. The median intensity of these proteins was higher in the healthy 
condition except for NETO2 that was increased in CKD Stage G3 and TMEM174 that was 
increased in CKD Stage G2. The difference between healthy and CKD Stage 2 samples was 
statistically significant in the proteins LYN, TSP2, AKT1, and AREG, as well. LYN and TSP2 
exhibited higher intensity in the healthy condition, whereas AKT1 and AREG were increased in 
the CKD Stage 2 samples. The only protein with different expression in proximal tubules 
between healthy and CKD samples of stage G3 is ANXA2, which was decreased in CKD samples. 
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Finally, AREG, MK12, TMEM174, and NETO2 are differentially expressed in this area between the 
two stages of CKD.  

In the distal tubules of healthy tissue, MK12 had the most intense staining, while CDH11, 
TSP2, and ANXA2 displayed intermediate intensity values. In the distal tubules, the antibody 
staining is similar to that of proximal tubules. There is also a differentiated expression of CDH11, 
JUN, and TMEM174 between healthy and CKD Stage G3. MK12 intensity differs between the two 
CKD Stages, and the AKT1 difference is non-significant between healthy and CKD Stage G2 
samples. 

In the healthy glomeruli, ANXA2 and PODXL had the most intense and characteristic 
staining. On the other hand, in the CKD samples, the antibodies' intensity was significantly 
decreased. Also, AKT1 had increased intensity in the glomeruli of CKD stage G2 and JUN in the 
glomeruli of CKD stage 3 samples. In the glomeruli, a significant difference was noticed in the 
proteins: ALB, SMOC2, NETO2, JUN, ROMK1, and CMBL between the healthy and CKD stages. 
AREG is the only protein differentiated between healthy and CKD stage G2 samples. ANXA2, 
MK12, and TSP2 are differentiated between healthy and CKD stage 3. Finally, AREG, NETO2, 
MK12, and TMEM174 are differentially expressed between the two stages of CKD. 

The spatial distribution of every marker, as estimated by the percentage of cells per area 
expressing the protein, enriched the expression profile of each one of them in the healthy and 
CKD state. In the healthy proximal tubules, all the markers exhibited broad spatial distribution 
with a presence in 60-70% of cells, whereas in the distal tubules, their expression was observed 
in a lower percentage with some of them covering around 50% of distal tubule cells such as LYN, 
ALB, ANXA2, TSP2, MMP9, SMOC2, CDH11, AREG, and MK12. In the glomeruli, PODXL, NETO2, 
ANXA2, and NOX4 are expressed in more than half of the glomerular cells.  

Regarding the CKD proximal tubules, in stage 2, all the markers are found in fewer cells 
than that of healthy tissue. In stage 3, there are markers whose distribution is further 
decreased such as LYN, TSP2, ALB, NETO2, JUN, and MK12. The distribution of the rest markers 
is augmented comparing to that of stage 2 and it is noteworthy that the distribution of AREG, 
IFI44, ROMK1, NOX4, and PODXL is wider than that of the healthy proximal tubules. 

In the distal tubules of CKD stage G2 samples, there is a significant increase in the 
distribution of MK12 and IFI44 and the rest are expressed in fewer cells. In CKD stage G3, half of 
them are further decreased and the rest increase but do not surpass the distribution of healthy 
distal tubules. 

In the glomeruli, in CKD Stage G2, cells of AKT1 expression found to be above the level of 
healthy glomeruli cells and the rest of the proteins are expressed in a smaller number of cells. 
In Stage G3, the distribution of NETO2, TMEM174, LYN, ALB, and TSP2 covers an even smaller 
percentage of cells than that of stage 2. The remaining proteins cover a larger portion of cells, 
notably the proteins CDH11, IFI44, MK12, AKT1, and CMBL. 
The protein expression profiles were further processed by the tSNE algorithm which divided 
them into 9 clusters. These clusters coincide with the 9 different types of cells that occur in the 
kidney. As a result, the molecular profile of this 20-protein-set of the cells can distinguish the 
different renal cell types. With the appropriate marker-based labelling of these clusters, this 
process can be used for the cell-type classification of the markers to proceed to the next level 
of single-cell analysis. 
 

Albumin (ALB) 

Albumin (ALB) is a predominant plasma protein, synthesized in the liver and distributed in all 
tissues by the vascular system (Gatta et al., 2012). Its role is important in the maintenance of 
homeostasis and the pressure within vessels (Nicholson et al., 2000). Within serum, albumin 
binds to hormones, ions, and drugs showing anti-inflammation and antioxidant properties 
(Arques and Ambrosi, 2011, Fanali et al., 2012).  
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The reduced levels of albumin in the organism, called hypoalbuminemia can occur due to 
many causes including inadequate energy or protein intake, impaired liver synthesis, 
decreased intestinal absorption, increased tissue catabolism, and is frequently found in CKD 
and DN patients (Franch-Arcas, 2001, Menon et al., 2003, Navarro et al., 2003, Stuveling et al., 
2003). Moreover, several bioinformatic analysis revealed that ALB is a downregulated gene in 
several CKD pathologies, including tubulointerstitial fibrosis and pathologies of diseased 
glomeruli (Tajti et al., 2020, Wang et al., 2020, L.-T. Zhou et al., 2018). Regarding the typical 
symptoms of CKD, the albumin level is negatively correlated with proteinuria, cholesterol, and 
histopathological damage, including glomerular lesions, interstitial inflammation, and 
arteriolar hyalinosis. On the other hand, serum ALB  levels are positively correlated with renal 
function and haemoglobin (Zhang et al., 2019). 

ALB low levels during inflammation have been associated with the effect of IL-1, IL-6, and 
TNF-α on the hepatic synthesis (Moshage et al., 1987). In normal concentration, ALB inhibits 
TNF-a-induced expression of vascular cell adhesion molecule-1 (VCAM-1) to attenuate the 
inflammation (Zhang and Frei, 2002). On the other hand, oxidized ALB molecules appear to be 
important in the oxidative stress acceleration, inflammation, and neutrophil-mediated 
endothelial injury (Magzal et al., 2017, Michelis et al., 2013, 2010). So, hypoalbuminemia showing 
a chronic inflammatory state may accelerate the process of kidney malfunction by inducing 
oxidative stress and endothelial inflammatory injury (Kim et al., 1999, Wada and Makino, 2016).  

Moreover, hypoalbuminemia influences lipid metabolism and evokes dyslipidemia 
resulting in an additional kidney injury induced by the lipids. Finally, the patients with 
hypoalbuminemia are also prone to anaemia, which might result in anaemia-induced hypoxia 
that accelerates kidney injury (He et al., 2015). Low levels of serum albumin might help in DN 
prognosis, as patients with lower levels of serum albumin seem prone to progress to ESRD. 

In this analysis, ALB was expressed mostly in the proximal tubules and slightly in the 
glomeruli of the kidney. In CKD, its general expression is remarkably reduced in parallel with 
the CKD progression. The relative intensity was also gradually reduced from the healthy 
condition to CKD following the progression of the disease. The deviation between the healthy 
and both CKD stages was estimated as statistically significant. The spatial distribution followed 
the same gradually decreasing trend in the distal tubules and the glomeruli, whereas in the 
proximal tubules, the cellular expression was maintained up to the early CKD (Stage G2) and it 
abruptly dropped in the advanced CKD stage 3. In addition, in the cells of the rest area, the ALB 
expression was unexpectedly observed in more cells of the CKD stage 2 than the healthy cells 
and then it dropped again in the CKD Stage 3. Taking into consideration the general expression 
pattern of ALB, it is accepted that these findings coincide with the previous findings of the ALB 
downregulation during CKD. 
 

Annexin A2 (ANXA2) 

Annexin A2 (AnxA2) is a multifunctional protein that binds to phospholipids mainly regulated by 
the Ca2+ concentration. It participates in cell adhesion and transport across ion channels that 
constitute fundamental properties of a normal kidney (Alvares et al., 2013, Gassié et al., 2015, 
Markoff and Gerke, 2005, Xu et al., 2015). AnxA2 can also act as a heterotetramer. The 
heterotetramer interacts with the cytoskeleton, the membrane, and the extracellularmatrix 
(ECM) regulating various biological processes such as tissue remodelling, ECM degradation, 
angiogenesis, actin cytoskeletal dynamics, endocytosis, exocytosis, cell-cell adhesion and cell 
polarity (Hitchcock et al., 2014, Xu et al., 2015). Wang et al., (2020), performed a weighted gene 
correlation network analysis regarding the CKD tubulointerstitial fibrosis and found that AnxA2 
is one of the upregulated genes and negatively correlated with the eGFR measurement and the 
CKD Stage. 

Regarding the kidney, AnxA2 is expressed mainly in the ureteric bud and its derivatives, 
such as the collecting tubules and is rarely present in the proximal convoluted tubules of the 
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normal adult kidney. It is also expressed in the endothelial cells of arterioles and blood 
capillaries and the mesangial cells, podocytes and parietal cells of glomeruli. AnxA2 has 
specific roles in the kidney. In the collecting duct, it mediates cAMP-induced trafficking of 
aquaporin 2. Also, it participates in the Na+–K+–2Cl–recruitment and activation of NKCC2 
cotransporter, which is responsible for the urine concentration and the systemic salt 
homeostasis in the thick ascending limb of Henle’s loop (Dathe et al., 2014). 

Interestingly, AnxA2 expression was observed in renal tubules and the glomeruli. In the 
CKD condition, its expression was downregulated in all renal areas mostly in CKD stage 2 and 
then it seems to increase in CKD stage 3. Its relative intensity was reduced accordingly to the 
CKD progression but only the difference between the healthy and CKD stage 3 was found of 
statistical significance. The AnxA2 areal distribution revealed that besides the increased 
intensity levels, AnxA2 is expressed in fewer cells of the proximal/distal tubules in the onset of 
CKD and then it increases its expression levels approaching the spatial distribution of the 
healthy condition. It is noteworthy though that the early decrease in the distal tubules is 
interestingly steep and the re-increase hardly approaches the half distribution of the healthy 
condition. The importance of this observation contradicts the literature data about its main 
presence in the collecting tubules and its specific role in these structures. The general pattern 
of AnxA2, revealed in this analysis, could coincide with the upregulation of AnxA2 in CKD, as 
there is an increasing direction in CKD stages. Future research in gradually advanced CKD 
samples could enlighten this observation.  
 

Secreted modular calcium-binding protein 2 (SMOC2) 

Secreted modular calcium-binding protein 2 (SMOC2) is a member of the secreted protein 
acidic and rich in cysteine (SPARC) family of matricellular proteins. SPARC family proteins are 
secreted into the extracellular space to regulate cell-matrix interactions and cell function by 
interaction with structural matrix proteins and cell surface receptors, growth factors, 
proteases, and other bioactive effectors (Wong and Rustgi, 2013). SPARC protein has been 
associated with various types including kidney fibrosis through binding to collagen and 
mediating its gathering into aggregates (Bradshaw et al., 2009, McCurdy et al., 2010, Sasaki et 
al., 1998). SMOC2 has low expression in normal kidneys, mainly in the tubules and the glomeruli 
except for the glomeruli basement membrane, but it is highly overexpressed in the injured 
kidneys participating in the fibrotic process (Craciun et al., 2016, Maier et al., 2008). SMOC2 
activates matrix assembly signalling in the fibroblasts for their transition into myofibroblasts 
(Fibroblast-to-myofibroblast transition- FMT), such as stimulation of stress fibre formation, 
proliferation, migration, and ECM production. Myofibroblasts regulate the production of 
collagen and fibronectin, so FMT is a crucial event in the development of renal fibrosis.  

Herein, SMOC2 was found to be expressed in all tissue areas with higher distribution in 
the renal tubules and weaker expression in the glomeruli. In the CKD samples, SMOC2 
expression was reduced. The relative intensity is significantly reduced from the healthy to CKD 
but then it maintains at the same levels along with the CKD progression. SMOC2 is expressed in 
a smaller number of cells in CKD Stage 2 compared to the healthy condition with a severe 
decrease in the distal tubules. There is no significant change in its spatial distribution from CKD 
stage 2 to CKD stage 3. These findings are opposed to the expected upregulation of SMOC2 in 
CKD, but it can be explained by the CKD stages examined. SMOC2 plays a crucial role in the 
fibrotic process that has not been developed in stages G2, G3 but appears in more advanced 
CKD stages close to ESRD. 

SMOC2 is activated by the TGFβ pathway, a major pathway in fibroblast-myofibroblast 
transition (FMT) inducement and the mechanism is different from that of its cognate SPARC 
protein, as SMOC2 does not have a collagen-binding site but it possibly mediates intercellular 
signalling and cell type-specific differentiation (Pazin and Albrecht, 2009). Firstly, it stimulates 
migration and adhesion of keratinocytes through integrin (ανβ1 and ανβ6) interaction (Maier et 
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al., 2008). Also, SMOC2 regulates the VEGF and FGF-induced mitogenesis and angiogenesis on 
endothelial cells (Rocnik et al., 2006), as well as cell cycle progression via integrin-linked 
kinase activity and cyclin D1 expression of fibroblasts (Liu et al., 2008).  

Finally, SMOC2 activates FAK-P, MLC-P, and Pax-P pathway through which matricellular 
proteins are implicated in regulating integrin αβ heterodimers to promote changes in ECM 
signals into the fibroblast to form myofibroblasts (Bornstein and Sage, 2002, Grinnell, 2003, 
Mitra et al., 2005, Tomasek et al., 2002). Integrin acts as an upstream activator of SMOC2, as well 
(Gerarduzzi et al., 2017). 
 

Neuropilin And Tolloid Like 2 (NETO2) 

NETO2 is a transmembrane protein that belongs to a unique subfamily of CUB- and LDL-
containing proteins. NETO2 isoform 1 is highly expressed in renal cell carcinoma regulated by 
the SAP30 transcription factor (Snezhkina et al., 2018). NETO2 specific function is unknown but 
it is highly expressed in the nerve tissue and participates in the formation of regulatory 
complexes with KARs and NMDA receptors (Michishita et al., 2003, Oparina et al., 2012, Stöhr et 
al., 2002). NMDA (N-methyl-d-aspartate acid) and kainate (KA) receptors constitute ionotropic 
glutamate-gated receptors (GLuRs) (Hansen et al., 2018, Hollmann et al., 1989, Mayer, 2017, 
Monaghan et al., 1989, Vyklicky et al., 2014). 

The N-methyl-d-aspartate receptor (NMDAR) is a non-selective cation channel and its 
activation followed by an influx of calcium ions, stimulates numerous calcium-mediated 
intracellular cascades affecting many physiological processes of the organism (Blanke and 
VanDongen, 2009, Haddad, 2005). NMDAR is widely expressed all over the kidney (Anderson et 
al., 2010, Bozic et al., 2011, Deng et al., 2002, Leung et al., 2002, Parisi et al., 2010). Its role is 
important in renal hemodynamics and glomerular filtration when expressed in normal levels. 
However, an increased activation affects negatively its downstream signalling pathways with 
numerous pathophysiological changes. In CKD, NMDARs participate in renal fibrosis, 
Secondary Hyperparathyroidism, Acute Kidney Injury, Glomerular Disorders, Nephrotoxic 
Renal Failure (Valdivielso et al., 2020).  

Zhou et al., (2018) found that NETO2 is an upregulated gene in the diseased glomeruli and 
Tajti et al., (2020) found that it is a differentially expressed gene across numerous CKD 
pathological conditions. 

NETO2 expression was observed in the proximal tubules of a healthy kidney. It was also 
observed in the glomeruli but at a lower level. In the CKD samples, NETO2 expression was 
reduced in the whole area. NETO2 relative intensity was decreased in CKD stage 2 and the 
difference is statistically significant. This pattern coincides with its distribution in the different 
renal areas. In the tubules and the glomeruli, it is expressed on fewer cells in CKD stage 2 than 
the healthy condition. NETO2 is expected to be downregulated in renal injuries, as it participates 
in the general maintenance of kidney function and the results support this approach. 
 

Mitogen-Activated Protein Kinase 12 (MAPK12/p38γ) 

P38γ is an isoform of p38 protein of the p38 MAPK family of kinases, encoded by the MAPK12 
gene (Grossi et al., 2014). P38 family proteins are upstream activators that regulate several 
cellular processes such as apoptosis, inflammation, proliferation differentiation, and are 
activated by cytokines, cell death receptors, mitogens. They are also activated by many 
stressors: oxidative stress, hypoxia, thermal shock, and ultraviolet radiation, and this is the 
reason why they are also known as stress-activated protein kinases (SAPK) (Sabio and Davis, 
2014, Yamazaki et al., 2018). P38γ is expressed in specific tissues with the highest expression in 
the skeletal muscles (Barros et al., 2019, Escós et al., 2016, Lee and Kim, 2017). 
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P38γ regulates cardiomyocyte formation and promotes cardiac hypertrophy through the 
mTOR pathway (González-Terán et al., 2016, Ramachandra et al., 2016). It also participates in cell 
migration, metalloproteinase-2 secretion, cell proliferation through K-Ras-transformed 
fibroblasts (Cerezo-Guisado et al., 2011). Its role is crucial in the inflammatory response, as 
well, as it regulates the production cytokines and chemokines in different cells including IL-1β, 
IL-10, TNFα, IL-6 and CXCL1 (González-Terán et al., 2016, Risco et al., 2012, Zur et al., 2015). It also 
controls T-cell activation for the interferon (IFN) and IL-17 production (Criado et al., 2014). 

In CKD, there is evidence that p38γ is induced by TGFβ1 in the autophagy process along 
with the activation of the TAB1/TAK1 (TGFB-activated kinase 1/MAP3K7 binding protein 1)-
MAP2K3/MKK3 (mitogen-activated protein kinase kinase 3)-MAPK11/p38β-MAPK12/p38γ-
MAPK13/p38δ-MAPK14/p38α signalling (Kim et al., 2012, Livingston et al., 2016).  

ΜΚ12 was found mainly expressed in the renal tubules, whereas it exhibited a scarce 
expression in the glomerular cells. In CKD, its tubular expression dropped according to the 
severeness of each CKD stage and the glomerular expression increased. The relative intensity 
was reduced gradually across the CKD stages. MK12 was slightly reduced in the proximal 
tubular cells in parallel with CKD progression. In the distal tubules, MK12 indicated an increased 
distribution in the early CKD and then it dropped. The opposite was observed in the glomerular 
cells, in which its expression is very restricted. This variety in MK12 expression is reasonable, 
as it is an upstream activator that regulates numerous different cellular processes and its role 
in CKD has to be further investigated. 
 

Potassium Inwardly Rectifying Channel Subfamily J Member 1 
(ΚCNJ1/ROMK1) 

KCNJ1 (Potassium Inwardly Rectifying Channel Subfamily J Member 1 or ROMK1) is an integral 
membrane protein and inward-rectifier type potassium channel. In the kidney, ROMK channels 
are located on the apical membrane of the distal tubules and play an important role in the 
maintenance of K+ homeostasis. Their abundance changes according to the dietary intake by 
endocytosis and degradation of the channel protein (Lazrak et al., 2006). Its role is important in 
potassium recycling in the thick ascending limb of Henle’s loop and potassium secretion in the 
collecting duct. ROMK1 activity is regulated by the lectin activity of the aKlotho protein (Kuro-O, 
2019). 

ROMK1 was expressed in all renal areas. In the healthy tissue, it exhibits intense staining 
in the distal tubules, whereas in the proximal it is widely diffused with intermediate intensity 
levels. Also, it is scarcely expressed in the glomeruli. In the CKD stage 2, the pattern of 
expression changes, showing characteristically intense staining in the apical membrane of 
tubules. In CKD stage 3, there is weak staining in the tubules and increased staining in the 
glomeruli.  

Its relative intensity has been found significantly higher in the healthy tissue compared to 
the CKD stages. However, in its spatial distribution, this intense decrease is mirrored only to the 
distal tubules. In the other renal areas, ROMK1 is expressed in a smaller range of cells in the 
early stage of CKD, and then in the most severe CKD stage 3, it is spread in a larger number of 
cells reaching levels above the healthy distribution. The difference of ROMK1 expression 
observed between the distal tubules and the other renal areas is connected to its main role in 
the distal tubules for the maintenance of K+ homeostasis. 

Carboxymethylenebutenolidase (CMBL) 

Carboxymethylenebutenolidase (CMBL) is a cysteine hydrolase of the dienelactone hydrolase 
family that has high cytosolic expression in several tissues such as the liver, intestine, and 
kidney. CMBL has been characterized as the bioactivating enzyme that hydrolyzes the ester 
bond of the many prodrugs such as  Olmesartan medoxomil (OM), faropenem medoxomil, and 
lenampicillin and converts to their pharmacologically active metabolitein human liver and 
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intestine via an active Cys132 residue (Ishizuka et al., 2010). It is possible though that ALB and 
other plasma esterases contribute to this process, as well (Laeis et al., 2001, Ma et al., 2005). In 
particular, OM is a prodrug type angiotensin II type 1 receptor antagonist widely prescribed as 
an antihypertensive agent (Redon and Fabia, 2009, Scott and McCormack, 2008). The role of 
CMBL in CKD has not been investigated, yet. 

CMBL was found expressed mainly in the healthy proximal tubules of the kidney. Weak 
expression was observed in the rest renal area as well. In CKD, the glomerular expression 
appeared increased whereas the tubular expression was importantly decreased in parallel 
with the CKD progression. The difference between the healthy and the CKD conditions was 
evaluated as statistically significant. However, the spatial distribution does not coincide with 
the changes in the relative intensity. CMBL distribution is restricted to a smaller number of cells 
in the CKD stage 2 and then it increases approaching the levels of the healthy distribution. 
Finally, in the rest area, the pattern of distribution follows the opposite direction with an 
increase in the CKD stage 2 and a decrease in the advanced CKD stage 3.  
 

Trans-membrane 174 (TMEM174) 

TMEM174 (Trans-membrane 174) is a kidney-specific protein located in the endoplasmic 
reticulum. It may act as an ion channel of the ER due to its similarities with other ion channel 
proteins such as the mitochondrial magnesium ion channel MSR2 (Goytain and Quamme, 2008, 
Zsurka et al., 2001).  

TMEM174 participates in the renal cell proliferation process through the MAPK/ERK-AP1-
cJUN activity. The possible mechanism involves the increased activity of ERK kinases by 
TMEM174 overexpression. ERKs phosphorylate ELK1, which is an important TCF component and 
further promotes cfos induction through binding to the SRE site in the promoter of c-fos. The 
increased c-Fos binds to endogenous c-Jun to form a dimer complex. The increased AP-1 
(activator protein 1) further promotes the transcription of genes involved in cell proliferation, 
such as cyclin D1 (Wang et al., 2010). 

The expression profile of TMEM174 in the healthy kidney indicated enhanced expression 
in the proximal tubules and weaker but observable expression in the distal tubules and the 
glomeruli. In CKD stage 2, there is a concentrated expression in the apical membrane of tubules 
and lower expression in the glomerular cells. In advanced CKD, the expression drops in low 
levels in the whole renal area.  

The intensity alterations agree with the expression pattern described above. There is a 
significant difference between the healthy and both CKD samples and between the two CKD 
stages in the proximal tubules. On the other hand, the intensity variation in the glomeruli and 
distal tubules has been evaluated as statistically significant only between the healthy and CKD 
stage 3 and between the two CKD stages. TMEM174 spatial distribution indicates the same trend 
in the renal tubules between the healthy and CKD stage 2, whereas in CKD stage 3 the 
expression is observed in a larger number of cells with lower median intensity. In the glomeruli, 
the number of cells with TMEM174 expression is gradually reduced in parallel with CKD 
progression, which is following the expression pattern and the intensity differences. The 
general pattern of TMEM174 expression and distribution is reasonable given that in the injured 
kidney there is an imbalance in ions concentration and a hindered cell proliferation. 
 

Interferon-inducible protein 44 (IFI44 or p44) 

IFI44 (interferon-inducible protein 44 or p44) is a member of the type I interferon-inducible 
gene family. It plays a negative role in cell proliferation via its upstream PDGFR-b activator and 
promotes cell apoptosis. It is also involved in the autoimmune response and participates in the 
process of microtubule formation (Buhl et al., 2020, Hallen et al., 2007, Hu et al., 2017). In CKD 
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and mainly in the AKI, IFI44 has been observed activated in the proximal, distal, and collecting 
tubules participating in the inflammatory process (Rudman-Melnick et al., 2019). Zhou et al., 
(2018) found that IFI44 is an upregulated gene in the diseased glomeruli, whereas Wang et al., 
(2020), found its upregulation in the tubulointerstitial fibrosis, as well.  

In the healthy tissue, IFI44 was mostly expressed in the proximal tubules. The expression 
in the distal tubules and the glomeruli was observable but at low levels. In the CKD stage 2 
tissue, the expression was remarkably reduced in the tubules and unaltered in the glomeruli, 
whereas in CKD stage 3, IFI44 expression was increased in the tubules and slightly decreased 
in the glomerular space.  

The intensity values represent the same pattern and the deviation between the healthy 
and CKD stages is statistically significant in the whole area except for the glomeruli. In addition, 
the intensity levels of CKD stage 3 is greater than stage 2 but do not surpass the healthy levels. 
Regarding the spatial distribution of IFI44 in the different renal areas in the proximal tubules 
and the glomeruli, there is a restriction in CKD stage 2 and an increase in the progressed CKD. 
The opposite trends are observed in the distal tubules. These results agree with the 
upregulation of IFI44 in kidney injuries and its role in cell apoptosis and inflammation. 
 

Amphiregulin (AREG) 

AREG (amphiregulin) is a low-affinity EGFR ligand that is highly overexpressed in CKD. AREG 
has a crucial role in kidney fibrosis as integrates signals by other EGFR ligands to maintain the 
EGFR sustained activation that is considered a fundamental effector of fibrosis (Kefaloyianni et 
al., 2016, Overstreet et al., 2017, Tang et al., 2016). AREG is regulated by the YAP1 (yes associated 
protein 1) that augments the AREG transcripts when the Hippo pathway is inactive and the 
ADAM17 enzyme that releases its soluble form (Kefaloyianni et al., 2019, 2016, Meng et al., 2016, 
Zhang et al., 2009). The interaction between AREG-YAP1 is a positive feedback loop, indicating 
that AREG acts as an amplifier of its action. Moreover, AREG induce the production of profibrotic 
and proinflammatory cytokines including MCP1, MIP1a, RANTES, and TGFa, which mediate the 
macrophage accumulation that further contributes to renal fibrosis (Cao et al., 2015, Zaiss et al., 
2015). Finally, AREG triggers the Th2 and ILC2 type 2 immunity cells that have been associated 
with the progression of fibrosis (Kefaloyianni et al., 2019). In a bioinformatic analysis, performed 
by Tajti et al., (2020), AREG is found differentially expressed across numerous CKD pathological 
conditions. 

AREG was scarcely expressed in the renal tubules and glomeruli of the healthy tissue. 
However, there is an observable reduction in the CKD samples. This deviation of its relative 
intensity was estimated significant between the healthy and CKD stage 2 and between the CKD 
stages. Besides its relative intensity was higher in CKD stage 2 and AREG was expressed in a 
smaller number of cells in this condition. A higher reduction was noticed in the distal tubules 
across the CKD stages, whereas in the glomeruli its expression remained low and steady. AREG 
plays a crucial role in the development of fibrosis. Therefore its vast upregulation is expected 
in more advanced CKD stages. 
 

Thrombospondin 2 (TSP2) 

TSP2 (thrombospondin 2) is a protein produced by fibroblasts and smooth muscle cells that 
regulates the ECM organization by modulating the activity of growth factors in the pericellular 
environment and by favouring matricellular angiogenesis (Bornstein et al., 2000). TSP2 is 
regulated by many cytokines, receptors, and proteases. In the normal kidney, TSP2 has low 
expression but its expression increases in renal injury (Hugo, 2003). In CKD, TSP2 regulates 
matrix remodelling along with other matrix molecules and increases thrombogenesis (Daniel 
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et al., 2007, Hugo and Daniel, 2009). It also inhibits inflammation and TGF-b activation (Ponticelli 
and Anders, 2017). 

The expression of TSP2 in the healthy kidney was higher in the proximal tubules and low 
in the glomeruli. During the progression of CKD, TSP2 expression was significantly reduced. 
The same pattern occurs in TSP2 spatial distribution in the different renal areas. Regarding its 
relative intensity variation, it was found statistically significant between the healthy and both 
CKD stages in all areas apart from glomeruli in which it is significant only between the healthy 
and advanced CKD. The role of TSP2 in the kidney is considered protective and in cases of renal 
damage is expected to be reduced. 
 

Cadherin 11 (CDH11) 

CDH11 (cadherin 11) is a transmembrane glycoprotein that mediates cell-cell adherens 
junctions. In CKD, CDH11 participates in profibrotic intracellular signalling pathways. It 
mediates the fibroblasts migration and myofibroblasts formation and differentiation through 
the action of Rho GTPases and TGF-b activation (Nagatoya et al., 2002, Schneider et al., 2012, 
Xiao et al., 2008). 

CDH11 expression in the normal kidney appeared with an intermediate expression in the 
tubules and low expression in the glomeruli. As CKD progresses, the tubular expression was 
initially reduced and then increased, and in the glomeruli, CDH11 expression was increased 
according to the CKD stage. The intensity values were higher in the healthy condition and the 
difference from the CKD samples were found statistically significant. In the glomeruli, there 
was a slight reduction but it was not significant. The spatial distribution followed the expression 
pattern with a steep decrease in the distal tubules. 

 

JUN proto-oncogene (JUN) 

JUN is a subunit of the AP-1 (activator protein-1). In CKD, AP-1 upregulates TGFB1 to promote 
gradual kidney dysfunction. In the nucleus, AP1 specifically binds to the promoter of TGFB1 and 
recruits histone acetyltransferase and  CtBP2 to form a complex. This complex activates the 
expression of TGFB1 and promotes the production of mature TGF-β. The mature TGF-β is 
secreted to the extracellular space to initiate TGF-β signalling and phosphorylation of Smad2 
and Smad3 (Zhou et al., 2020). c-Jun along with TGFB1 also participates in the fibrotic process 
(Hewitson et al., 2017, Wernig et al., 2017, Williams et al., 2020). Wang et al., (2020) and Zhou et 
al., (2018) found that JUN constitutes a downregulated hub gene in the tubulointerstitial fibrosis 
and is strongly negatively correlated with the eGFR levels. 

JUN was highly expressed in the healthy renal tubules and scarcely in the glomeruli. 
During CKD progression, JUN expression was reduced in all renal areas. There was a 
significant intensity difference between the healthy and both CKD stages in all areas except for 
the distal tubules, in which the difference was considered significant only between the healthy 
and the advanced CKD. In its spatial distribution, a continuous drop is noticed in the early CKD, 
which is reversed in the distal tubules and the glomeruli. JUN is expected to be downregulated 
in cases of renal dysfunction. Its high drop in the distal tubules and the gradual reduction in the 
proximal may be indicative of this downregulation in CKD.  

 

AKT Serine/Threonine Kinase 1 (AKT1) 

AKT1 is widely expressed in most tissues and has been implicated in cell growth and survival. 
Regarding CKD, AKT1 participates in the CVD-related-CKD. In CVD-CKD, AKT1 levels decrease 
and FoxO is activated to cause increased insulin resistance and mediate ischemia-reperfusion 
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injury (Rota Marcello et al., 2005, Sindhu et al., 2004, Wang et al., 2019). Also, AKT1 regulates the 
Nrf2 and HMOX1 expression levels in the hypoxia-reoxygenation process in the renal epithelial 
cells (Potteti et al., 2016). Moreover, AKT1 regulates the expression of the ROMK potassium 
channel and influences the potassium homeostasis and secretion in the collecting duct. This 
regulation occurs via the PI3K-activating ligands like insulin or IGF-1 (Cheng and Huang, 2011, 
Satoh et al., 2015). Another role of AKT1 in CKD constitutes its coactivation with the P110θ to 
induce RUNX1 (runt-related transcription factor 1) expression in the renal tubules, contributing 
to the renal fibrosis (Galichon, 2018, T. Zhou et al., 2018). Finally, PAR2 inhibits autophagy via the 
PI3K/Akt/mTOR signalling pathway resulting in impairment of the inflammation in the tubular 
epithelial cells (Du et al., 2017). 

In the normal kidney, AKT1 was observed in the whole tissue area, with higher expression 
in the tubules. In CKD, its expression was increased in the glomeruli and decreased in the 
tubules. The results of its cellular distribution in these areas showed the same tendency with a 
small shift in the tubules of advanced CKD. However, the difference in its relative intensity was 
found statistically significant only in the proximal tubules between the healthy and CKD stage 2 
conditions. The role of AKT1 in CKD is considered protective as it contributes to cell growth and 
survival but it requires further research as it may regulate other cellular processes via the Akt 
signalling pathway. 
 

Matrix metallopeptidase 9 (MMP9) 

MMP9 (matrix metallopeptidase 9) is a member of the MMPs family, which participates in many 
cellular processes, including inflammation, epithelial-mesenchymal transition, cell 
proliferation, angiogenesis, and apoptosis. In the kidney, MMP9 is produced from mesangial, 
glomerular, epithelial, and endothelial cells, fibroblasts, and macrophages (Tan and Liu, 2012). 
In the normal condition, there is low MMP-9 expression in the kidney, whereas, in various 
pathological states of CKD, MMP-9 expression is importantly increased (Urushihara et al., 
2002). MMP9 is important in the ECM transition as it process collagen, elastin, fibronectin, and 
other ECM substrates. Consequently, MMP9 participates in the fibrotic process, as well 
(Ntrinias et al., 2019). Its upregulation in the tubulointerstitial fibrosis was also shown by a 
bioinformatics analysis by Wang et al., (2020), which indicated its strong negative correlation 
with the eGFR levels. 

In this analysis, MMP9 showed very low expression in the healthy renal tissue, with a 
small increase in the glomerular space during CKD. The intensity discrepancy between the 
different conditions was not statistically significant. In all areas, its diffusion in the space was 
restricted in the early stage of CKD and it was increased later in advanced CKD stage 3. In 
general, MMP9 is expected to be upregulated during CKD and mostly when the fibrotic process 
has started in the tissue. So, it is reasonable the statistical difference not to be significant 
between the healthy and early CKD stages.  

 

NADPH oxidase 4 (NOX4) 

NOX4 (NADPH oxidase 4) is an NADPH oxidase that catalyzes the formation of H202 (Takac et 
al., 2011).  In the normal kidney, NOX4 is widely expressed. In the proximal tubules, NOX4 is 
expressed in the basolateral side of the proximal tubules and the cytoplasm, whereas its 
expression in the distal tubules is lower. In glomeruli, NOX4 is only expressed in the parietal 
epithelial cells. There is not NOX4 expression in the podocytes, the endothelial and mesangial 
cells. NOX4 is also found in the endothelial cells of middle size arteries but not at all in the 
peritubular capillaries.  

In CKD, NOX4 expression decreases in the renal tubules in parallel with TGFb1, NOX2, and 
GSTA1. Therefore, its role is protective indicating an anti-apoptotic effect mediated by the NRF2, 
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BCL-2 and elF2 stress signalling pathways and loss of tubular cell differentiation (Babelova et 
al., 2012, Khodo et al., 2012, Nlandu-Khodo et al., 2016, Santos et al., 2016). It seems that 
represents a defence in oxidative stress during a renal injury.  Besides, NOX4 expression 
increases in the glomeruli during CKD and shows up in the podocytes and mesangial cells. This 
increase promotes podocyte apoptosis and mesangial cell proliferation. It may enhance ROS 
formation and activate the profibrotic pathways for ECM deposition or decrease apoptosis and 
promote mesangial cell proliferation (Rajaram et al., 2019).  

In this analysis, NOX4 expression was similar to the expression profile of Rajaram et al., 
(2019). In the normal kidney, it was expressed in the whole area, while in CKD its expression was 
significantly reduced in the tubules and increased in the glomerular cells. The difference 
between the intensity values of healthy and CKD samples was not found of statistical 
significance. However, the spatial distribution revealed a severe decrease in the distal tubules, 
whereas in the proximal there was an almost even distribution. In the glomeruli, though the 
initial decrease in the early CKD stage, changed while the disease progressed. These findings 
agree with the role of NOX4 in CKD. In the glomeruli, NOX4 is expected upregulated due to the 
late expression in podocytes and mesangial cells. Finally, NOX4 seems to protect tubular cells 
against apoptosis and verifies the downregulation observed in these results. 
 

Podocalyxin (PODXL) 

PODXL (Podocalyxin) belongs to the CD34 family of stem cell sialomucins and constitutes a 
single-pass transmembrane protein. In the kidney, PODXL is expressed exclusively on the 
surface of podocytes and vascular endothelial cells and regulates the morphogenesis and 
differentiation of podocytes (Debruin et al., 2014). It contributes to the disintegration of the 
adherens junctions to form the microvilli, the foot processes, and slit diaphragms. Therefore, it 
plays a crucial role in the glomerular filtration process (Doyonnas et al., 2001, Freedman et al., 
2015, Freedman and Steinman, 2015, Kim et al., 2017). 

PODXL mutations drive kidney disease (Barua et al., 2014, Kang et al., 2017, Lin et al., 2019, 
Refaeli et al., 2019). Homozygous mutations evoke congenital anuria and progressive disease 
(Doyonnas et al., 2001, Kang et al., 2017). On the other hand, heterozygous mutations have been 
linked with the development of proteinuria over a longer period (Lin et al., 2019). PODXL is 
necessary to immature podocytes, as it regulates the formation of the filtration slits. In mature 
podocytes, the role of PODXL is similarly indispensable in the maintenance of foot processes 
architecture, the localization of foot process and slit diaphragm proteins to the right membrane 
domains, and the structural integrity required for the ultrafiltration (Refaeli et al., 2020). 

PODXL was observed mainly in the glomerular cells and indicated a weak expression in 
the renal tubules. In the CKD samples, PODXL glomerular expression was significantly reduced 
even though the relative intensity did not reveal a significant difference between the healthy and 
CKD stages. These findings coincide with the role of PODXL in the normal glomerular filtration 
and its imbalance during CKD. 

 

Tyrosine-protein kinase Lyn (LYN) 

Tyrosine-protein kinase Lyn, a member of the Src family of protein tyrosine kinases that was 
found upregulated in the diseased glomeruli during CKD (Zhou et al., 2018). In this analysis, LYN 
was weakly expressed in the different renal areas and decreased in the CKD samples. 

 

Platelet-derived growth factor receptor a (PDGFRA/CD140a) 
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PDGFRa (Platelet-derived growth factor receptor a) is expressed in the interstitium and small 
areas of endothelial cells and the mesangial cells (Boor et al., 2015, Ruiz-Ortega et al., 2020). In 
the normal kidney, PDGFRa regulates connective tissue development and homeostasis (Olson 
and Soriano, 2009). In CKD, PDGFRa is upregulated and participates in the fibrotic process (Boor 
et al., 2014, Floege et al., 1998, 1997, Taneda et al., 2003). PDGFRa is the receptor of the PDGF-CC, 
that is upregulated in renal fibrosis and has been observed in the proximal tubule epithelial 
cells (PTESs), as well (Boor et al., 2014, Chen et al., 2011,  Eitner et al., 2008, 2003, 2002). The 
absence of PDGFR in the PTCECs indicates that the PDGF-CC pro-angiogenic effect is indirect. 
The possible mechanisms include the direct effects on the renal vasculature and microvascular 
endothelium, effects on stroma and, in particular, fibroblasts indirectly influencing 
angiogenesis and via a switch of inflammatory macrophages toward a pro-angiogenic 
phenotype (Boor et al., 2015, 2010, Li et al., 2010). 

PDGFRa (CD140a) revealed a weak expression in the normal kidney in this analysis and 
was further reduced in the CKD samples. The differences in intensity variation between the 
healthy and the CKD stages was not found of statistical significance. The most severe decrease 
though was observed in the distal tubules. PDGFRa is a major contributor to kidney fibrosis. So, 
its upregulation is expected to occur in later CKD stages along with the development of fibrosis.  

In the first stages of CKD, patients present with low serum 25-hydroxyvitamin D and 1,25-
dihydroxyvitamin D3 and high levels of serum parathyroid hormone (PTH) and fibroblast 
growth factor 23 (FGF23). These hormones are fundamental in mineral homeostasis and bone 
integrity, so CKD patients are prone to develop mineral bone disorder (Portale et al., 2014). 

The AGE-RAGE signalling pathway plays a crucial role in the development of CKD as it 
regulates molecular cascades leading to vascular dysfunction and remodelling, cell 
proliferation and apoptosis, inflammation, and ECM production. Directly downstream of the 
RAGE receptor, NOX4 is located, influencing fundamental cellular processes. The mesangial 
matrix expansion and cell hypertrophy via the RAS system and the TGFb-TGFB1/Smad2-3 
signalling pathway and the apoptotic process via the PI3K/AKT pathway constitute some of 
them. NOX4 also regulates cell proliferation through the Bcl-2, NRF2, elF stress pathways, and 
inflammation through the CA2+ signalling cascade, the MAPK/AP1 pathways, and the production 
of pro-inflammatory factors such as IL1, IL6, TNFa, MCP1, VCAM1 etc. In the regulation of cell 
proliferation, the transmembrane protein TMEM174 is also involved, via the MAPK/AP1 pathway 
(Wang et al., 2010).  

In previous research of Rajaram et al., (2019), NOX4 was found downregulated along with 
TGFb1, NOX2, and GSTA1 in the renal tubules indicating an anti-apoptotic effect through the Bcl-
2, NRF2, elF stress pathways. NOX4 was also increased in the glomerular podocytes and 
mesangial cells promoting ECM production and other profibrotic processes. The findings of the 
current research coincide with the previous data supporting the roles mentioned above of 
NOX4 in CKD. TMEM174 was also found downregulated in the CKD samples indicating a hindered 
cell proliferation process deriving from an imbalance in the Ca2+ homeostasis that further 
influences the MAPK/AP1 pathway.  

Further validation of the MAPK/AP1 pathway downregulation comes from the fact that 
JUN, one of the two subunits of the AP1, is found significantly downregulated in CKD and is 
considered a central molecule of various CKD pathologies (Wang et al., 2020, Zhou et al., 2018). 
The role of AP1 is the activation of TGFB1 that promotes the production of mature TGF-β. TGF-β 
is secreted in the extracellular space to initiate the TGF-β signalling and phosphorylation of 
Smad2 and Smad3 (Zhou et al., 2020). Therefore, JUN and NOX4 downregulation at least in the 
CKD onset restricts the TGFb/Smad2/3 activation indicating a protective role against cell 
hypertrophy, ECM deposition, and inflammation in the renal tubules. However, the current 
results show a significant turnover in JUN expression in the glomeruli in advanced CKD, and 
NOX4 is upregulated in the diseased glomeruli. So, NOX4 and JUN acting through the TGFb 
pathway may promote glomerular hypertrophy and profibrotic processes in the diseased 
glomeruli.  
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Another important effector of AP1 activation is the alteration in Ca2+ homeostasis and 
signalling cascades. Ca2+-mediated cascades are influenced by the NMDA receptors, among 
other factors (Blanke and VanDongen, 2009, Haddad, 2005), which form a complex with NETO2 
protein (Michishita et al., 2003, Oparina et al., 2012, Stöhr et al., 2002). NETO2 protein is 
significantly decreased in all renal areas in CKD samples, implying a restricted Ca2+ content and 
the intracellular signalling that it entails leading to reduced AP1 activation, as well. The Ca2+ 
content regulates the expression of ANXA2, that regulates cell adhesion and transport across 
ion channels influencing salt homeostasis (Dathe et al., 2014, Alvares et al., 2013, Gassié et al., 
2015, Markoff and Gerke, 2005, Xu et al., 2015). ANXA2 was found decreased in early CKD stage 2 
that coincides with the Ca2+ imbalance and then its expression is inverted towards the CKD 
progression. Furthermore, CDH11 is a molecule regulated by the TGFb activation but is 
responsible for the calcium-dependant cell-cell adhesion and participates in the ECM 
transition. CDH11 exhibited a remarkable increase in the glomeruli in the stage CKD stage 3. 

A major AGE is serum albumin (ALB) that undergoes glycation and produces the AGE 
glycoalbumin. In the normal kidney, ALB inhibits the TNFa-induced VCAM1 production and 
protects against inflammation. In CKD, though ALB is significantly reduced partly due to 
glycation. The ALB underexpression promotes the production of VCAM1 and other pro-
inflammatory factors, that promote the inflammation process and further inhibit the hepatic 
synthesis of ALB.  

Regarding the MAPK pathway, MK12 (p38γ) of the ERK MAPK kinases group is also very 
important in the progress of inflammation.  P38γ also regulates the production of the major 
pro-inflammatory cytokines and chemokines mentioned above (González-Terán et al., 2016, 
Risco et al., 2012, Zur et al., 2015). It also controls T-cell activation for the interferon (IFN) and IL-
17 production (Criado et al., 2014). MK12 exhibited different expression patterns in the renal 
areas. IL-17 production by the MK12 and the subsequent signalling pathway activates the 
production of the major pro-inflammatory factors that recruit the macrophages and T-cells 
that lead to tissue inflammation. IL17 also regulates the MMP9 that is responsible for the tissue 
remodelling and ECM transition via the MAPK/NFkB signalling pathway and influences the 
neutrophil recruitment and the auto-immune response. MMP9 was increased in CKD stage 3 
compared to stage 2 but the difference was not found statistically significant. These results are 
expected, as MMP9 is overexpressed when the tissue is close to the fibrotic ESRD. Also, IFI44 a 
member of the type I interferon-inducible gene family a negative role in cell proliferation via its 
upstream PDGFR-b activator and promotes cell apoptosis. It is also involved in the autoimmune 
response and participates in the process of microtubule formation (Buhl et al., 2020, Hallen et 
al., 2007, Hu et al., 2017). 

AREG is a low-affinity EGFR ligand regulated by the Hippo pathway, that contributes to the 
renal inflammation and fibrosis by overexpression of the major pro-inflammatory factors and 
macrophages/T cells recruitment similarly to the MK12/IL17 contribution to inflammation. On 
top of that, AREG regulates the MEK/ERK/AP1 pathway and the PDGFRa activation regarding the 
cell proliferation and differentiation. AREG expression in the proximal tubules exhibited a 
gradually increasing tendency in parallel with the CKD progression. PDGFRa did not reveal a 
statistically significant difference between the healthy and CKD state. However, its 
upregulation is expected to occur in later CKD stages along with the development of fibrosis. 

TGFβ is considered the major regulator of renal fibrosis development (Kalluri and 
Neilson, 2003, Liu, 2010, Loeffler and Wolf, 2014). The downstream signalling includes both 
SMAD-dependent and SMAD-independent pathways (Ding and Choi, 2014, Kalluri and Neilson, 
2003, Loeffler and Wolf, 2014, Zavadil et al., 2004). In the SMAD-dependent signalling, TGF-β 
activates receptor-regulated SMADs (R-SMADs) and as a complex with SMAD4 can regulate 
genes encoding proteins involved in the fibrotic process (Kalluri and Neilson, 2003, Loeffler and 
Wolf, 2014, Zavadil et al., 2004). In the ECM transition and mainly the fibroblasts-myofibroblasts 
transition, TGFβ regulates SMOC2 protein and is being regulated by the TSP2 that is responsible 
for the matrix remodelling.  
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Moreover, fluid and electrolyte abnormalities, such as hypervolemia and hyperkalemia 
are common in CKD patients due to the imbalanced exchange of Na+ and K+ in the distal tubules. 
ROMK1 is important in the maintenance of K+ homeοstasis and is regulated by the AKT1 protein 
via the PI3K ligands insulin or IGF-1. ROMK1 was found significantly reduced in the distal tubules 
in CKD stages and increased in the glomerular compartment. 

In summary, in this research, the MILAN protocol was optimized for FFPE kidney tissue 
samples. A set of 20 CKD-related proteins was tested in samples from healthy and CKD renal 
tissue including G2 and G3 CKD stages. From the 20 proteins tested, 15 were found to have a 
statistically significant difference between the healthy and CKD condition. The results of their 
relative expression were in accord with previous findings. The image processing enlightened 
their distribution in different renal compartments allowing for a further spatial proteomic 
analysis. A number of the proteins tested are involved in the regulation of cell proliferation, 
tissue inflammation, glomerular filtration, and renal fibrosis. To that end, the important role of 
AGE-RAGE and the TGFβ pathway was highlighted. Another subset of the proteins tested was 
decreased in initial CKD stages and increased in the advanced CKD. The expression of several 
proteins was more rapidly inverted in the glomeruli than the renal tubules across the CKD 
stages. However, in CKD onset the glomerular podocytes and therefore the glomerular 
filtration are initially damaged. When the kidney is injured, there are also wound-healing 
responses activated that when fail, the tissue deals with the forthcoming fibrosis before ending 
up to the ESRD. So, this variation in the expression of proteins between the renal areas and the 
CKD stages appears to be in accordance with the literature. Further research will enlighten 
these differences observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VI. Future Research 
 

The current research was an innovative proteomic approach in the investigation of system-
wide diseases such as Chronic Kidney Disease. After the MILAN protocol optimization in kidney 
samples, it resulted in a novel and promising approach regarding the investigation of CKD 
underlying mechanisms. A significant number of proteins can be tested in the very same tissue 
allowing the examination of specific CKD-related pathways or a combination of them, in 
gradually advanced stages of the disease. The acquisition of whole-slide images instead of 
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specific tissue sections will multiply the data obtained for every marker and will reveal their 
expression throughout the tissue in every CKD stage.  The image processing pipeline 
developed, allows for the examination of the spatial distribution of proteins, while the accurate 
identification of the different renal areas will occur by the use of proteins-markers which are 
uniquely expressed in each one of them.  

Moreover, the molecular signature of this 20-protein-set was able to identify the 9 different 
cell-types of the kidney. Consequently, the use of cell-type-specific markers can lead to the 
classification of the tissue according to the different cell-types promoting a single-cell-level 
approach in CKD research.  
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VII. FIJI script  
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# Ask for the directory in a new window 
# User chooses the file with the slides to be processed 
#@ File(label="Choose a directory", style="directory") input_path 
 
 

import os 
from ij import IJ, ImageStack, CompositeImage, ImagePlus, WindowManager as wm 
from ij.process import ImageProcessor, LUT, ColorProcessor 
from ij.plugin import ImagesToStack, HyperStackConverter, RGBStackConverter, ZProjector, ImageCalculator, Colors, \ 
                                                                                    ChannelArranger, StackEditor 
from ij.gui import WaitForUserDialog, Toolbar, ImageWindow 
from ij.measure import ResultsTable 
from java.awt import Color 

from java.awt import Image as img 
 
 
def walk_main_path(path): 
 
    """Create a list with the paths of all images contained in the initial directory 
 
        This method acccepts the path of the initial directory as input parameter. Each iteration of the for loop 

        processes a different directory: value1: represents the current directory -> value2: the list of included 
        directories -> value3: the list of included files. Then it creates and returns a list with the the paths of all 
        images.""" 
 
    print("Running through the directory given by the user") 
    all_images = [] 
    for root, dirs, files in os.walk(path): 
        for name in files: 

            single_image_path = os.path.join(root, name)  # image_path contains the path that corresponds to every image 
            all_images.append(single_image_path)  # List of the paths of all images included in the directory given 
    print("A list of the paths of images of the directory given is created.") 
    return all_images 
 
def crop_left(stack): 
 
    """ Check if there is need of cropping in the left side of the stack and crop one column per time until there are 
        no zero pixels in this side. 

     
        This method accepts as input the stack that will be cropped, then crops it in the left side 
        using TransformJ Crop and returns the stack cropped in this side """ 
     
    print("Inside crop_left()") 
    while True: 
        ip = stack.getProcessor() 
         

        # Check if there is need of cropping this side 
        if check_crop_left_side(stack): 
            break 
 
        # Cropping borders refer to the first and last value to be included in the final image 
        # We subtract one column each time, until there are no zero value pixels in the left border of the image 
        # TransformJ Crop requires as last x/y borders, 1 value less than the width/height of the image. 
 

        cmd = ("x-range=1," + str(ip.getWidth() - 1) +  
               " y-range=0," + str(ip.getHeight() - 1) + 
               " z-range=1," + str(stack.getNSlices())) 
        IJ.run(stack, "TransformJ Crop", cmd) 
        stack.close() 
        stack = wm.getImage(stack.getTitle() + " cropped") 
        ip = stack.getProcessor() 
         

        # Check if this needs further cropping 
        if check_crop_left_side(stack): 
            break 
             
    return stack  
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def crop_bottom(stack): 
 
    """ Similar to def crop_left, for the bottom side. """ 
 
    print("Inside crop_bottom()") 

    while True: 
        ip = stack.getProcessor() 
 
        # Check if there is need of cropping this side 
        if check_crop_bottom(stack): 
            break        
 
        cmd = ("x-range=0," + str(ip.getWidth() - 1) +  

            " y-range=0," + str(ip.getHeight() - 2) + 
            " z-range=1," + str(stack.getNSlices())) 
        IJ.run(stack, "TransformJ Crop", cmd) 
        stack.close() 
        stack = wm.getImage(stack.getTitle() + " cropped") 
        ip = stack.getProcessor() 
 
        # Check if we should continue cropping this side 

        if check_crop_bottom(stack): 
            break 
 
    return stack 
 
def crop_right(stack): 
 
    """ Similar to def crop_left, for the right side. """ 

 
    print("Inside crop_right()") 
    while True: 
        ip = stack.getProcessor() 
 
        x_last_line_zero_counter = int(0) 
        x_previous_line_zero_counter = int(0) 
 
        # Check if there is need of cropping this side 

        if check_crop_right_side(stack): 
            break 
 
        cmd = ("x-range=0," + str(ip.getWidth() -2) +  
               " y-range=0," + str(ip.getHeight() - 1) + 
               " z-range=1," + str(stack.getNSlices())) 
        IJ.run(stack, "TransformJ Crop", cmd) 
        stack.close() 

        stack = wm.getImage(stack.getTitle() + " cropped") 
        ip = stack.getProcessor() 
 
        # Check if we should continue cropping this side 
        if check_crop_right_side(stack): 
            break 
 
    return stack 

 
def crop_top(stack): 
 
    """ Similar to def crop_left, for the top side. """ 
 
    print("Inside crop_top()") 
    while True: 
        ip = stack.getProcessor() 

 
        x_last_line_zero_counter = int(0) 
        x_previous_line_zero_counter = int(0) 
 
        # Check if there is need of cropping this side  
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        if check_crop_top(stack): 
            break 
 
        cmd = ("x-range=0," + str(ip.getWidth() - 1) + 

               " y-range=1," + str(ip.getHeight() - 1) + 
               " z-range=1," + str(stack.getNSlices())) 
        IJ.run(stack, "TransformJ Crop", cmd) 
        stack.close() 
        stack = wm.getImage(stack.getTitle() + " cropped") 
        ip = stack.getProcessor() 
 
        # Check if we should continue cropping this side 

        if check_crop_top(stack): 
            break 
 
    return stack 
     
def check_crop_left_side(stack): 
 
    ''' Calculate the number of black pixels in the first and second column and check if there is need of further 

        cropping in the left side. Cropping should continue as long as the first column has more zero pixels than the 
        second one. 
         
        This method accepts as input the stack to be cropped, calculates the number of black pixels in the first and 
        second column. Returns true if the number of black pixels in the first column is smaller than or equal to that 
        of the second column and if these columns are not full of black pixels. ''' 
         
    x0_zero_counter = int(0) 

    x1_zero_counter = int(0) 
    ip = stack.getProcessor() 
    for i in range(1, stack.getNSlices() + 1): 
        stack.setSlice(i) 
        for y in range(0, ip.getHeight()): 
            x=0 
            if ip.getPixel(x,y)==0: 
                x0_zero_counter +=1 
            x=1 

            if ip.getPixel(x,y)==0: 
                x1_zero_counter +=1 
                     
    return (x0_zero_counter <= x1_zero_counter and  
            x0_zero_counter / ip.getHeight() == 0) 
 
def check_crop_bottom(stack): 
 

    ''' The same as def check_crop_left_side for the bottom side.''' 
         
    y_last_line_zero_counter = int(0) 
    y_previous_line_zero_counter = int(0) 
    ip = stack.getProcessor() 
    for i in range(1, stack.getNSlices() + 1): 
       stack.setSlice(i) 
       for x in range(1, ip.getWidth()): 

           y = ip.getHeight() -1 
           if ip.getPixel(x,y)==0: 
               y_last_line_zero_counter += 1 
           y = ip.getHeight() - 2 
           if ip.getPixel(x,y)==0: 
               y_previous_line_zero_counter += 1 
 
    return (y_last_line_zero_counter <= y_previous_line_zero_counter and  

            y_last_line_zero_counter / ip.getWidth() == 0) 
 
def check_crop_right_side(stack): 
 
    ''' The same as def check_crop_left_side for the right side. '''   
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    x_last_line_zero_counter = int(0) 
    x_previous_line_zero_counter = int(0) 
    ip = stack.getProcessor() 
    for i in range(1, stack.getNSlices() + 1): 

       stack.setSlice(i) 
       for y in range(0, ip.getHeight()): 
           x = ip.getWidth() - 1 
           if ip.getPixel(x,y) == 0: 
               x_last_line_zero_counter += 1 
           x = ip.getWidth() - 2 
           if ip.getPixel(x,y) == 0: 
               x_previous_line_zero_counter += 1 

 
    return (x_last_line_zero_counter <= x_previous_line_zero_counter and  
             x_last_line_zero_counter / ip.getHeight() == 0)  
 
def check_crop_top(stack): 
 
    ''' The same as def check_crop_left_side for the top side. ''' 
         

    y0_zero_counter = int(0) 
    y1_zero_counter = int(0) 
    ip = stack.getProcessor() 
    for i in range(1, stack.getNSlices() + 1): 
        stack.setSlice(i) 
        for x in range(0, ip.getWidth()): 
            y = 0 
            if ip.getPixel(x,y) == 0: 

                y0_zero_counter += 1 
            y = 1 
            if ip.getPixel(x,y) == 0: 
                y1_zero_counter += 1 
 
    return (y0_zero_counter <= y1_zero_counter and  
            y0_zero_counter / ip.getWidth() == 0) 
                
def crop_stack(title): 

 
    ''' Crop stack in the four sides. 
 
        This method accepts as input the title of stack to be cropped, crops it in all sides and returns the stack 
        cropped. ''' 
         
    stack = wm.getImage(title) 
    print "Cropping in the left side..." 

    cropped = crop_left(stack) 
 
    print "Cropping in bottom..." 

    cropped = crop_bottom(cropped) 
 
    print "Cropping in the right side..." 

    cropped = crop_right(cropped) 
     

    print "Cropping in top..." 

    cropped = crop_top(cropped) 
 
    return(cropped) 
 
def close_window(title): 
 
    """Close a window based on its title. 

 
        This method accepts a title of a window as input parameter, gets the window and closes it, if it exists. """ 
 
   print("Closing window with title: " + title) 
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    w = wm.getWindow(title) 
    if w is not None: 
        w.close() 
   print("Window with title: " + title + " is closed") 
 

def correct_illumination(channel_list): 
 
    """ Correct the illumination of images per channel. 
 
    This method acccepts the list of images per channel as input parameter, creates a list with the opened images, 
    converts the images to a stack and corrects the illumination via the BaSiC plugin. 
    Then, returns the corrected channel. """ 
 

    print("Illumination correction in channel: " + str(channel_list)) 
 
    channel_list_open = [] 
    windows_open = [] 
    for i in range(0, len(channel_list)): 
        img = IJ.openImage(str(channel_list[i])) 
        channel_list_open.append(img) 
    channel_stack = ImagesToStack.run(channel_list_open) 

    channel_stack.show() 
    IJ.run(channel_stack, "BaSiC ", 

                                     "processing_stack=Stack flat-field=None dark-field=None shading_estimation=" 

                                     "[Estimate shading profiles] shading_model=[Estimate flat-field only " 

                                     "(ignore dark-field)] " "setting_regularisationparametes=Automatic temporal_drift=" 

                                     "Ignore " "correction_options=" "[Compute shading and correct images] " 
                                     "lambda_flat=0.50" " lambda_dark=0.50") 
    close_window("Flat-field:Stack") 

    corrected_window = wm.getCurrentWindow() 
    corrected_channel_stack = corrected_window.getImagePlus() 
 
    channel_stack.close() 
    return corrected_channel_stack 
 
def equal_cropping(stacks_of_all_areas, list_of_widths, list_of_heights): 
    ''' Cropping all stacks in equal dimensions. 
 

        This methods accepts as imput the stacks of all areas and their widths and heights. It calculates the min 
        value of widths and heights and crops each stack in these dimensions if necessary. '''  
 
    equal_cropped_stacks_of_all_areas = {} 
    min_width = int(0) 
    min_height = int(0) 
    min_width = min(list_of_widths) 
    min_height = min(list_of_heights) 

     
    for area, single_stack in  stacks_of_all_areas.items(): 
        if single_stack.getWidth() > min_width or single_stack.getHeight() > min_height: 
            cmd = ("x-range=0," + str(min_width - 1) +  
                " y-range=0," + str(min_height - 1) + 
                " z-range=1," + str(single_stack.getNSlices())) 
            IJ.run(single_stack, "TransformJ Crop", cmd) 
            single_stack.setTitle("new_cropped_stack_in_area_" + area) 

            equal_cropped_stacks_of_all_areas[area] = single_stack 
            single_stack.show() 
        else: 
            equal_cropped_stacks_of_all_areas[area] = single_stack 
     
    return equal_cropped_stacks_of_all_areas 
 
def saving_images(equal_cropped_stacks_of_all_areas, images_per_area, channel): 

 
    ''' Saving images in their initial directory as cropped.tiff. 
 
        This method accepts as input the stacks cropped in equal dimensions, the lists of images paths per area and the 
        channel of each one. It transforms each stack to single images and saves every image in its initial directory,    
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        as cropped.tiff. ''' 
 
    for area, single_stack in sorted(equal_cropped_stacks_of_all_areas.items()): 
 
        wm.setTempCurrentImage(single_stack) 

        n_slices_single_stack = single_stack.getNSlices() 
        IJ.run("Stack to Images", "") 
        single_stack.close() 
 
        counter = int(1) 
        while counter <= n_slices_single_stack: 
            for process, images_groups in sorted(images_per_area[area].items()):  
                for image_path in images_groups: 

                    if area in image_path and process in image_path and channel in image_path: 
                        new_path = '\\'.join(image_path.split('\\')[:-1]) + '\\' 
                        k1 = str(counter).zfill(4) 
                        imp = wm.getImage(area + "_" + process + "_" + channel) 
 
                        print("Image: " + str(imp) + "is saved in path: " + new_path + "as cropped.tiff") 
                     
                        IJ.save(imp, new_path + channel + "_" + process + "_" + area + "_cropped.tiff") 

                        if imp: 
                            imp.close() 
                print("In area : " + area + " and channel: " + channel + " the saving is completed!") 
                counter += 1 
 
def create_lists_per_area_of_corrected_slices(corrected_stack,images_per_area, corr_images_per_area): 
 
    '''Create lists of the corrected images according to theis area from the corrected stacks. 

 
        This method accepts as input the corrected stacks, the lists of images per area and empty lists for the 
        corrected images per area. It transforms the stacks in single images and puts every image in another list 
        according to its area. ''' 
 
    num_slices = corrected_stack.getNSlices() 
    IJ.run("Stack to Images", "") 
    for i in range (1, num_slices + 1): 
        img = wm.getCurrentImage() 

        for area in images_per_area.keys(): 
            if area in img.getTitle(): 
                corr_images_per_area[area].append(img) 
                wm.putBehind() 
 
    return corr_images_per_area 
     
# Variable with the directory given as a string 

main_path = input_path.getAbsolutePath() 
 
print("Starting...") 
 
# Create a list with the paths of all images included in the main path 
images = walk_main_path(main_path) 
 
# Lists with hex codes for specific colors 

 
colour_codes = 
["#ff77bf","#3f8c00","#c653ff","#ff7558","#0064ab","#f42100","#01d8c3","#6c7000","#c086ff","#db7f00", 
                
"#009bff","#f30022","#02bec1","#e10076","#009678","#a60085","#c6ca92","#2b106a","#feb77c","#4a004a", 
                
"#7ad2ee","#9f0033","#004c83","#7e4400","#ffa9e8","#223100","#ff95b6","#172543","#ffada6","#4a130c"] 
 

# Create a list with groups of DAPI, GFP, RFP images per area, per process, per slide 
slides = os.listdir(main_path) 
for slide in slides: 
    # List of processes per slide 
    processes = os.listdir(main_path + "\\" + slide) # list.dir returns a list in arbitrary order.  
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    d = {} 
    for process in processes: 
        areas = os.listdir(main_path + "\\" + slide + "\\" + process) 
        d[process] = {} 
        for area in areas: 

            d[process][area] = [] 
            images_to_process = [] 
 
            for i, image in enumerate(images): 
 
                if process in image and area in image and "140_tiff" in image and "BRIGHT" in image: 
                    images_to_process.append(images[i + 1]) 
                    images_to_process.append(images[i + 2]) 

                    images_to_process.append(images[i + 3]) 
 
            # Calculate all images for <area><process> 
            d[process][area] = images_to_process 
             
    # Here, the dict d is ready to use 
    # Create a new dict, indexed by area in the first level 
    images_per_area = {} 

    for process in d.keys(): 
        for area in d[process].keys(): 
            images_per_area[area] = {} 
             
    for area in images_per_area.keys(): 
        for process in d.keys(): 
            images_per_area[area][process]= [] 
     

    for area in images_per_area.keys(): 
        for process in d.keys(): 
            images_per_area[area][process] = d[process][area] 
 
    RFP_stacks_of_all_areas = {} 
    GFP_stacks_of_all_areas = {} 
    DAPI_stacks_of_all_areas = {} 
    temp_width = int(0) 
    temp_height = int(0) 

    RFP_list_of_widths = [] 
    RFP_list_of_heights = [] 
    GFP_list_of_widths = [] 
    GFP_list_of_heights = [] 
    DAPI_list_of_widths = [] 
    DAPI_list_of_heights = [] 
 
    for area in sorted(images_per_area.keys()):  

        print("The area is : " + area) 
 
        dapi_list = [] 
        gfp_list = [] 
        rfp_list = []  
        rfp_subtracted_images = [] 
               
        for process, images_groups in sorted(images_per_area[area].items()):  

            opened_images_per_area = []   
            print("In Process: " + process) 
            for image_path in images_groups: 
      
                # Create a list with the opened images per area 
                img = IJ.openImage(image_path) 
                opened_images_per_area.append(img) 
            n_slices = len(opened_images_per_area) 

 
            # Create a stack of the opened images and rename its slices 
            image_stack = ImagesToStack.run(opened_images_per_area) 
            stack = image_stack.getImageStack() 
            for i in range (1, n_slices + 1):  
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                stack.setSliceLabel(process + "_" + area + " Slice " + str(i), i) 
            image_stack.show() 
         
            # Align all images per area via MultiStackReg plugin and save the transformation file 
            IJ.run(image_stack, "MultiStackReg","stack_1=Stack action_1=Align file_1='" + main_path + "ImageStack" + 

                   process + area + ".txt' stack_2=None action_2=Ignore file_2=[] transformation=[Rigid Body] save") 
 
           # Convert stack to images and rename the slices 
           IJ.run("Stack to Images", "") 
           DAPI_slice = wm.getImage(process + "_" + area + " Slice 1") 
           GFP_slice = wm.getImage(process + "_" + area + " Slice 2") 
           RFP_slice = wm.getImage(process + "_" + area + " Slice 3") 
 

            # Separate the images in different lists according to their channel 
           dapi_list.append(DAPI_slice) 
           gfp_list.append(GFP_slice) 
           rfp_list.append(RFP_slice) 
 
        # Create a stack with the images per channel and rename the stack according to the channel 
       dapi_stack = ImagesToStack.run(dapi_list) 
       dapi_stack.setTitle(area + "_DAPI_Stack") 

 
       gfp_stack = ImagesToStack.run(gfp_list) 
       gfp_stack.setTitle(area + "_GFP_Stack") 
 
       rfp_stack = ImagesToStack.run(rfp_list) 
       rfp_stack.setTitle(area + "_RFP_Stack") 
       dapi_stack.show() 
       gfp_stack.show() 

       rfp_stack.show() 
 
        # Align the images in every stack via MultiStackReg. The rfp channel images are aligned based on the first image 
        # of the channel. The other channels are aligned having the RFP stack as reference. 
 
       IJ.run(rfp_stack, "MultiStackReg", "stack_1=" + area + "_RFP_Stack action_1=Align file_1='" + main_path + 
              "_RFP_Stack" + "All_Processes" + area + ".txt' stack_2=None action_2=Ignore file_2=[] " 

                                                      "transformation=[Rigid Body] save") 
       IJ.run(gfp_stack, "MultiStackReg", "stack_1=" + area + "_GFP_Stack action_1=Align file_1='" + main_path + 

              "_GFP_Stack" + "All_Processes" + area + ".txt' stack_2=None action_2=Ignore file_2=[] " 

                                                      "transformation=[Rigid Body] save") 
       IJ.run(dapi_stack,"MultiStackReg", "stack_1=" + area + "_DAPI_Stack action_1=[Load Transformation File] 

file_1='" 
              + main_path + "_RFP_Stack" + "All_Processes" + area + ".txt' +  stack_2=None action_2=Ignore file_2=[] " 

                                                                    "transformation=[Rigid Body]") 
 
        # Crop black margins from the DAPI, RFP and GFP stack and append it in a list of channels per area 

        # Calculate the dimensions of the cropped stacks and append them in the relevant lists 
       cropped_DAPI_stack = crop_stack(area + "_DAPI_Stack") 
       cropped_DAPI_stack_imgStack = cropped_DAPI_stack.getImageStack() 
       i = int(1) 
       for process in sorted(d.keys()): 
           cropped_DAPI_stack_imgStack.setSliceLabel(area + "_" + process + "_" + "DAPI", i) 
           i += 1 
       DAPI_stacks_of_all_areas[area] = cropped_DAPI_stack 

       temp_width = cropped_DAPI_stack.getWidth() 
       DAPI_list_of_widths.append(temp_width) 
       temp_height = cropped_DAPI_stack.getHeight() 
       DAPI_list_of_heights.append(temp_height) 
 
       cropped_RFP_stack = crop_stack(area + "_RFP_Stack") # cropped_RFP_stack is ImagePlus 
       cropped_RFP_stack_imgStack = cropped_RFP_stack.getImageStack() 
       i = int(1) 

       for process in sorted(d.keys()): 
           print(process) 
           cropped_RFP_stack_imgStack.setSliceLabel(area + "_" + process + "_" + "RFP", i) 
           i += 1 
       RFP_stacks_of_all_areas[area] = cropped_RFP_stack   
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       temp_width = cropped_RFP_stack.getWidth() 
       RFP_list_of_widths.append(temp_width) 
       temp_height = cropped_RFP_stack.getHeight() 
       RFP_list_of_heights.append(temp_height) 
 

       cropped_GFP_stack = crop_stack(area + "_GFP_Stack") 
       cropped_GFP_stack_imgStack = cropped_GFP_stack.getImageStack() 
       i = int(1) 
       for process in sorted(d.keys()): 
           print(process) 
           cropped_GFP_stack_imgStack.setSliceLabel(area + "_" + process + "_" + "GFP", i) 
           i += 1 
       GFP_stacks_of_all_areas[area] = cropped_GFP_stack 

       temp_width = cropped_GFP_stack.getWidth() 
       GFP_list_of_widths.append(temp_width) 
       temp_height = cropped_GFP_stack.getHeight() 
       GFP_list_of_heights.append(temp_height) 
 
    # Crop all stacks in equal dimension and save the images in their initial directory as cropped.tiff. 
   channel = "RFP" 

   equal_cropped_stacks_of_all_areas = equal_cropping(RFP_stacks_of_all_areas, RFP_list_of_widths, 

RFP_list_of_heights) 
   saving_images(equal_cropped_stacks_of_all_areas, images_per_area, channel) 
 
   channel = "GFP" 

   equal_cropped_stacks_of_all_areas = equal_cropping(GFP_stacks_of_all_areas, GFP_list_of_widths, 
GFP_list_of_heights) 
   saving_images(equal_cropped_stacks_of_all_areas, images_per_area, channel) 
 

   channel = "DAPI" 

   equal_cropped_stacks_of_all_areas = equal_cropping(DAPI_stacks_of_all_areas, DAPI_list_of_widths, 
DAPI_list_of_heights) 
   saving_images(equal_cropped_stacks_of_all_areas, images_per_area, channel) 
 
   DAPI_all_for_correction = [] 
   GFP_all_for_correction = [] 
   RFP_all_for_correction = [] 
# Close all open images 

for i in range(1, wm.getWindowCount() + 1): 
   image_to_close = wm.getCurrentImage() 
   image_to_close.close() 
 
# Create a list of paths of the cropped images 
images_corrected = walk_main_path(main_path) 
slides = os.listdir(main_path) 
for slide in slides: 

   processes = os.listdir(main_path + "\\" + slide) 
   for process in processes: 
       areas = os.listdir(main_path + "\\" + slide + "\\" + process) 
       d[process] = {} 
       for area in areas: 
           for i, image in enumerate(images_corrected): 
               if process in image and area in image and "140_tiff" in image and "BRIGHT" in image: 
 

                   DAPI_all_for_correction.append(images_corrected[i + 2]) 
                   GFP_all_for_correction.append(images_corrected[i + 4]) 
                   RFP_all_for_correction.append(images_corrected[i + 6]) 
 
   corr_images_per_area = {} 
   subtracted_images_per_area = {} 
   heights_subtracted = {} 
   widths_subtracted = {} 

   stacks_of_subtracted_images = {} 
   titles = {} 
   for area in images_per_area.keys(): 
       corr_images_per_area[area] = [] 
       subtracted_images_per_area[area] = []  
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       heights_subtracted[area] = [] 
       widths_subtracted[area] = [] 
       titles[area] = [] 
 
   ic = ImageCalculator() 

 
    # Illumination correction in the cropped images per channel and creation of a list with the corrected images 
   RFP_corrected_stack = correct_illumination(RFP_all_for_correction) 
   corr_images_per_area = create_lists_per_area_of_corrected_slices(RFP_corrected_stack,images_per_area, 
                                                                    corr_images_per_area) 
 
   GFP_corrected_stack = correct_illumination(GFP_all_for_correction) 
   corr_images_per_area = create_lists_per_area_of_corrected_slices(GFP_corrected_stack,images_per_area, 

                                                                    corr_images_per_area) 
 
   DAPI_corrected_stack = correct_illumination(DAPI_all_for_correction) 
   corr_images_per_area = create_lists_per_area_of_corrected_slices(DAPI_corrected_stack,images_per_area, 
                                                                    corr_images_per_area) 
 
    # Remove the DAPi imiges apart form the pair of Round 1 
   len_dapi_times_divide3 = len(corr_images_per_area["C09"]) / 3 

   len_dapi_times_divide3_2times = 2 * (len(corr_images_per_area["C09"]) / 3) 
 
   for area in corr_images_per_area.keys(): 
       len_DAPI_images = 2*(len(corr_images_per_area[area])/3) 
       del(corr_images_per_area[area][len_DAPI_images:(len(corr_images_per_area[area])-2)]) 
 
    # Subtraction of stripping from staining image per area 
   for area in sorted(corr_images_per_area.keys()): 

       print("In area: " + area) 
       n1 = int(0) 
       n2 = int(1) 
       counter_subtr = int(0) 
 
       while (n1 < len(corr_images_per_area[area])): 
           counter_subtr += 1 
           print("Stain_1: " + str(corr_images_per_area[area][n2])) 
           print("Strip_1: " + str(corr_images_per_area[area][n1])) 

 
           strip = corr_images_per_area[area][n1] 
           stain = corr_images_per_area[area][n2] 
           title = stain.getTitle() 
 
           # Change the title of the subtracted image to contain the channel 
           if "RFP" in title: 
               title = title + "RFP_channel" 

           if "GFP" in title: 
               title = title + "GFP_channel" 

           if "DAPI" in title: 
               title = title + "DAPI_channel" 

           titles[area].append(title) 
           imp = ic.run("Subtract create", stain, strip) 
           imp.setTitle(area + "_" + "Round_" + str(counter_subtr) + "_subtracted") 
           imp.show() 

           subtracted_images_per_area[area].append(imp) 
           width = imp.width 
           height = imp.height 
           strip.close() 
           stain.close() 
           n1 += 2 
           n2 += 2 
           heights_subtracted[area].append(height) 

           widths_subtracted[area].append(width) 
   width = int(0) 
   height = int(0) 
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   # Create a stack of the subtracted images and convert it to HyperStack 
   for area in subtracted_images_per_area.keys(): 
       image_stack = ImagesToStack.run(subtracted_images_per_area[area]) # image_stack is ImagePlus 
       min_height_of_area = min(heights_subtracted[area]) 

       min_width_of_area = min(widths_subtracted[area]) 
 
       if image_stack.getWidth() > min_width_of_area or image_stack.getHeight() > min_height_of_area: 
           cmd = ("x-range=0," + str(min_width_of_area - 1) + 
               " y-range=0," + str(min_height_of_area - 1) + 
               " z-range=1," + str(image_stack.getNSlices())) 
           IJ.run(image_stack, "TransformJ Crop", cmd) 
 

       stack = image_stack.getImageStack()  # convert ImagePlus to ImageStack 
       width = stack.getWidth() 
       height = stack.getHeight() 
 
       for i in range(1, wm.getWindowCount() + 1): 
           image_to_close = wm.getCurrentImage() 
           title = image_to_close.getTitle() 
           if "cropped" in title: 

               image_to_close.close() 
           else: 
               wm.putBehind() 
 
       # A new stack to hold the data of the hyperstack 
       stack2 = ImageStack(width, height) 
 
       # Convert each color slice in the stack to two 32-bit FloatProcessor slices 

       n_slices = image_stack.getNSlices() 
       for i in xrange(1, n_slices + 1): 
 
           # Get the ColorProcessor slice at index i 
           cp = stack.getProcessor(i)                  # requires ImageStack 
 
#            # Extract the red and green channels as FloatProcessor 
           fp = cp.toFloat(i - 1 , None) 
 

           # Add to the new stack 
           stack2.addSlice(None, fp) 
       size = stack2.getSize() 
       imp3 = ImagePlus('title', stack2) 
 
 
       # Create a new ImagePlus with the new stack 
       imp2 = ImagePlus("32-bit" + str(n_slices) +"-channel composite", stack2) 

       imp2.setCalibration(image_stack.getCalibration().copy()) 
 
       # Tell the ImagePlus to represent the slices in its stack 
       # in hyperstack form, and open it as a CompositeImage: 
       nChannels = n_slices  # number of color channels equal to the number of slices 
       nSlices = 1 
       nFrames = 1 
       imp2.setDimensions(nChannels, nSlices, nFrames) 

 
       imp2.show() 
 
       comp = CompositeImage(imp2, CompositeImage.COLOR) 
       comp.show() 
       my_lut = [] 
 
       # Apply a different LUT in every slice/channel 

       for i in range(1, nChannels +1 ):  # requires ImagePlus 
           my_color = Colors.decode(colour_codes[i-1], None) 
           my_lut = LUT.createLutFromColor(my_color) 
 
           print("Setting LUT to channel: " + str(i))   
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           comp.setChannelLut(my_lut, i) 
       comp.updateAllChannelsAndDraw() 
       comp.show() 
       # Convert the stack to RGB stack and project it in a single image 

       RGBStackConverter.convertToRGB(comp) 
       z_projection = ZProjector.run(comp, "sum") 
       IJ.save(z_projection, main_path + area + "zProjection_3.tiff") 
       z_projection.show() 
 
# Clean the initial directory from the images added during the pipeline 
main_path = input_path.getAbsolutePath() 
print("Deleting cropped images...") 

for root, dirs, files in os.walk(main_path): 
    for name in files: 
 
        # image_path contains the path that corresponds to every image 
        image_path = os.path.join(root, name) 
 
        if "cropped" in image_path: 
            print("Deleting image with path: " + image_path) 

            os.remove(image_path) 
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