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Πρόλογος 

Η εθπόλεζε ηεο παξνύζαο δηδαθηνξηθήο δηαηξηβήο απνηειεί έξγν νκαδηθήο εξγαζίαο πνπ επηηειέζηεθε κε 

κεξάθη θαη αγάπε γηα ηνλ άλζξσπν θαη ηελ επηζηήκε, ζην εξγαζηήξην Νεθξνινγίαο ηνπ Παλεπηζηεκίνπ 

Κξήηεο. Μνπ έκαζε λα κειεηώ ζε βάζνο θαη πιάηνο, λα ζέησ εξσηήκαηα, λα κεζνδεύσ ηελ εμεύξεζε 

απάληεζεο, λα απνηπγράλσ θαη λα κελ απνγνεηεύνκαη αιιά λα μαλαπξνζπαζώ. Αθόκε πην ζεκαληηθό κνπ 

έδσζε ηε δπλαηόηεηα λα ζπλαλαζηξαθώ ζεκαληηθνύο επηζηήκνλεο θαη αγαπεηνύο ζπλεξγάηεο, θίινπο  πνπ 

ζηάζεθαλ θνληά κνπ πάληνηε ζηελ θαζεκεξηλή θαη πξνζσπηθή δσή θαη κνηξάζηεθαλ καδί κνπ απιόρεξα ηηο 

επηζηεκνληθέο ηνπο γλώζεηο.   

Η λεθξνινγία είλαη γηα κέλα ζπλαξπαζηηθή γηαηί ζπλδπάδεη γλώζεηο, δεμηόηεηεο θαη εξσηήκαηα ηεο θιηληθήο 

ηαηξηθήο, ηεο  βηνρεκείαο, ηεο κνξηαθήο βηνινγίαο, ηεο γελεηηθήο, ηεο  αλνζνινγίαο. Η λεθξίηηδα ηνπ ιύθνπ  

απνηειεί πξόηππν κνληέιν ζπεηξακαηνλεθξίηηδαο αλνζνινγηθήο αξρήο θαη ζπγθεληξώλεη πάληα κεγάιν 

επηζηεκνληθό θαη εξεπλεηηθό ελδηαθέξνλ. 

Θα ήζεια θαηαξρήλ λα επραξηζηήζσ ηνλ θαζεγεηή Νεθξνινγίαο θ Γαθλή πνπ κνπ εκπηζηεύηεθε ηελ 

εθπόλεζε απηήο ηεο δηαηξηβήο  ζε κία πεξίνδν πνπ ην εξγαζηήξην Νεθξνινγίαο ήηαλ αθόκα πνιύ λέν ζε 

ρξόληα θαη εκπεηξία. ΢ηνλ θ Γαθλή νθείιεηαη ε ζύιιεςε ηνπ ζέκαηνο. Πνιιά από όζα έγηλαλ δελ ζα είραλ 

επηηεπρζεί ρσξίο ηελ πξνζσπηθή επίκνλε, αθνύξαζηε ζπλδξνκή θαη θαζνδήγεζή ηνπ.  

Ιδηαίηεξε επραξηζηία θαη επγλσκνζύλε γηα ηελ εθπόλεζε θαη νινθιήξσζε απηήο ηεο κειέηεο, γηα ηελ θαηάξηηζή 

κνπ  αιιά θαη γηα ηε ζηάζε κνπ απέλαληη ζηνλ αζζελή θαη ηελ επηζηήκε  νθείισ ζηνλ θαζεγεηή  Παζνινγίαο 

θ. Μπνύκπα. Ο θ. Μπνύκπαο απνηειεί ηνλ πλεπκαηηθό παηέξα όισλ εκάο πνπ μεθηλήζακε ηελ παζνινγία ζην 

Παλεπηζηεκηαθό Ννζνθνκείν Ηξαθιείνπ κεηά ην ζάλαην ηνπ θαζεγεηή Δκκαλνπήι. Μαο έκαζε λα αλαδεηνύκε 

πάληνηε ηελ αξηζηεία ζηελ θαζεκεξλή θιηληθή καο πξάμε, λα αγαπνύκε ηελ έξεπλα θαη λα λνηαδόκαζηε πάλσ 

απ‟ όια γηα ηνλ άλζξσπν.  

Θεξκέο επραξηζηίεο ζηνλ θαζεγεηή Γεκήηξην Καξδάζε πνπ έζθπςε κε ελδηαθέξνλ ζηα πξνβιήκαηα ηεο 

κειέηεο θαη ε ππνζηήξημε ηνπ ήηαλ θαζνξηζηηθή γηα ηελ απνπεξάησζε ηεο δηαηξηβήο.   

Ιδηαηηέξσο ζα ήζεια λα επραξηζηήζσ ηελ θαζεγήηξηα Παζνινγηθήο Αλαηνκηθήο ηνπ Παλεπηζηεκίνπ Αζελώλ  θ. 

Ναθνπνύινπ, ηε ζπλεξγάηηδά ηεο, θ Γ. Γηαλλνπνύινπ θαη ηνπο ηερλνιόγνπο ηνπ εξγαζηεξίνπ θ Κ. ΢θεκπάξε 

θαη θ ΢. Μαβίδε.  Οη ζπδεηήζεηο καδί ηνπο ήηαλ πάληνηε πνιύ βνεζεηηθέο θαη νη εηθόλεο πνιύ ζεκαληηθέο γηα 

ηελ θαηαλόεζε ησλ απνηειεζκάησλ ησλ πεηξακάησλ θαη ηελ αξηηόηεξε εηθόλα ηνπ άξζξνπ. 

Γελ ζα κπνξέζσ πνηέ λα μεράζσ ηε ζπκβνιή ηνπ Γξ Κπξηάθνπ, δηεπζπληή ηνπ Σκήκαηνο Ηιεθηξνληθνύ 

Μηθξνζθνπίνπ /Μνξηαθήο Παζνινγναλαηνκίαο ηνπ Ιλζηηηνύηνπ Νεπξνινγίαο θαη Γελεηηθή ηεο Κύπξνπ από ηελ 
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αξρή ηεο κειέηεο σο ην ηέινο. Η βνήζεηά ηνπ ήηαλ πνιύ ζεκαληηθή θαη έκπξαθηε, αθνύ πνιιέο θνξέο καο 

επηζθέθηεθε ζην εξγαζηήξηό καο θαη δνπιέςακε καδί παξαζθεπάδνληαο ηηο βηνςίεο.  

Δπραξηζηώ αθόκε ηνπο αγαπεηνύο ζπλαδέιθνπο, θαη θίινπο  Γεκήηξε Μσπζηάδε θαη Γηώξγν Μπεξηζηά. Με 

ηνλ θ Μσπζηάδε ζπλεξγαζηήθακε αξκνληθά ηηο αηειείσηεο ώξεο ησλ πεηξακάησλ θαη αξγόηεξα ζηε ζπγγξαθή 

ηνπ άξζξνπ. ΢ηνλ θ Μπεξηζηά νθείισ ηελ εύζηνρή επηκειή θαη αθνύξαζηε θξηηηθή θαη θαζνδήγεζε ζηε 

ζπγγξαθή ηνπ άξζξνπ. Υσξίο ηε βνήζεηα θαη ησλ δύν ε δηαηξηβή δε ζα είρε νινθιεξσζεί. 

Δπραξηζηώ επίζεο ηνλ Γξ Rakesh Verma θαη ηνλ θαζεγεηή Larence B. Holzman από ην ηκήκα Ιαηξηθήο ηνπ 

Παλεπηζηεκίνπ ηνπ Michigan πνπ καο δώξηζαλ ην αληίζσκα θαηά ηε λεθξίλεο θαη καο δίδαμαλ ηηο κεζόδνπο 

επεμεξγαζίαο ησλ λεθξηθώλ ζπεηξακάησλ.   

Δπραξηζηώ ην εξγαζηήξην Ογθνινγίαο, ηελ ππεύζπλε θ Μαξία Πεξάθε, ηηο εξεπλήηξηεο θ. Αιεμάλδξα Βνπηζηλά 

θαη θ Μαξία ΢πειησηάθε αιιά θαη όιν ην πξνζσπηθό. Απνηέιεζε γηα κέλα κία δξνζεξή όαζε  γλώζεσλ ζηηο 

πεηξακαηηθέο ηερληθέο. Πεξάζακε πνιιέο όκνξθεο ώξεο καδί θαηά ηε δηάξθεηα ησλ πεηξακάησλ όζν θαη ζηα 

δηαιιείκαηα κεηαμύ απηώλ.  

Δπραξηζηώ ην εξγαζηήξην Ρεπκαηνινγίαο, Κιηληθήο Αλνζνινγίαο θαη Αιιεξγηνινγίαο ηνπ Παλεπηζηεκίνπ 

Κξήηεο θαη ηδηαηηέξσο ηελ εξεπλήηξηα  θ. Υξηζηηάλα Υνπιάθε ε νπνία καο δίδαμε ηελ real time RT-PCR θαη 

ζρεδίαζε ηνπο primers ησλ λεθξίλεο θαη GAPDH. Αθόκε επραξηζηώ ηελ θ Υξηζηίλα Καζηξηλάθε γηα ην 

ζρεδηαζκό ησλ primers ηεο πνδνζίλεο 

Θα ήηαλ παξάιεηςε λα κελ αλαθεξζώ ζηελ Διιεληθή Νεθξνινγηθή Δηαηξεία πνπ καο έδσζε κεγάιν θνπξάγην 

λα ζπλερίζνπκε, αλαγλσξίδνληαο θαη επηβξαβεύνληαο ηελ εξεπλά καο κε ην πξώην βξαβείν ζην 15
ν
 

Παλειιήλην ΢πλέδξην Νεθξνινγίαο όπνπ παξνπζηάζακε ηα πξώηα εξεπλεηηθά καο απνηειέζκαηα.   

Έλα κεγάιν επραξηζηώ ζηνπο ζπλαδέιθνπο από ηε Νεθξνινγηθή Κιηληθή ηνπ Γεληθνύ Ννζνθνκείνπ Ρεζύκλεο, 

θ. Νηθόιαν Νηθνιαθάθε, πξώελ δηεπζπληή, θ Ισάλλε Παξαζύξε, δηεπζπληή, θ Δηξήλε Νηανπληάθε, επηκειήηξηα 

Α, θ Παλαγηώηα Παπαδάθε, θ Αλδξέα Πάζζακ λεθξνιόγνπο, θ Αληώλην Παπνπηζάθε, θ. Κσλ/λν Σζνπιλάξα  

αγξνηηθνύο ηαηξνύο. Με πεξηέβαιαλ κε αγάπε θαη  ζπλαδειθηθόηεηα. Πξνζπάζεζαλ λα κνπ  εμαζθαιίδνπλ 

ζπλερώο επθαηξίεο γηα λα εζηηαζηώ ζηελ νινθιήξσζε ηεο δηαηξηβήο, αλαιακβάλνληαο πνιιέο θνξέο 

δπζαλάινγν κέξνο ηνπ θιηληθνύ έξγνπ. 

Σέινο ηδηαηηέξσο ζα ήζεια λα επραξηζηήζσ ηα παηδηά κνπ ΢νθία θαη Υξήζην θαη ην ζύδπγό κνπ ηαηξό 

παζνιόγν θ. ΢πκεώλ Παλαγησηάθε γηα ηελ αλνρή, ππνζηήξημε θαη αγάπε πνπ έδεημαλ όια απηά ηα ρξόληα 

κέρξη ηελ απνπεξάησζε ηνπ πνλήκαηνο απηνύ. Υσξίο ηε δηθή ηνπο άδεηα θαη ελίζρπζε δε ζα είρα θαλ αξρίζεη.  

Δπραξηζηώ επίζεο ηνπο γνλείο κνπ ΢άββα θαη Μαξία γηα ηελ αθνύξαζηε βνήζεηα θαη θξνληίδα ηνπο ηόζν 

απέλαληί κνπ όζν θαη πξνο ηα παηδηά κνπ θαηά ηελ πνιύσξε απνπζία κνπ ζην εξγαζηήξην, θαζώο θαη ηνλ 

πλεπκαηηθό κνπ παηέξα γηα ηελ νπζηαζηηθή ελίζρπζε θαη ζπκπαξάζηαζή ηνπ.   
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1. ABSTRACT  

The slit diaphragms (SD) that cover the slit pores among adjacent foot processes (FP) of the 

podocytes are crucial constituent of the primary barrier for ultrafiltration of plasma in renal 

glomeruli.  

A putative distraction of the SDs, of its main components, nephrin and podocin is involved in 

the immune mediated glomerulonephritis with proteinuria. We undertook an animal and 

human study to determine the expression of nephrin and podocin in the various forms of 

lupus nephritis (LN), a prototype of autoimmune disease with a various histological and 

clinical picture with proteinuria been a major clinical manifestation. 

The kidneys were examined by light microscopy (LM), and IgG immunofluorescence in order 

to determine the LN characteristics. Electron microscopy was also performed.  In view of 

electron microscopy findings, we next assessed the glomerular expression of total nephrin 

and podocin at the protein level by western blot analysis in normal (n=11), MMLN: mild 

mesangial hyperplasia (n=5), FPLN: focal (n=6) and DPLN: diffuse (n=4) proliferative 

nephritis in NZB/W females and of age and sex matched C57BL/6 controls (n=24) as well as 

in NZB (n=5) and NZW (n=4) mice. Nephrin expression was also examined by 

immunofluorescence in kidney biopsy specimens.  To determine whether alterations to 

protein expression of nephrin and podocin are due to altered transcription of the 

corresponding genes, we performed quantitative real-time PCR in the same kidney samples. 

In order to verify our findings in murine LN we performed immunohistochemistry for nephrin 

expression in renal tissue from patients with various classes of LN: class II (n=5), IV (n=4), V 

(n=7) and healthy controls (n=2).  

 Data are expressed as the mean ± standard error of the mean (SEM) value. Comparisons 

were performed with the Mann–Whitney U-test (numerical data) or the Fisher‟s exact test 

(categorical data). 

The SD alterations determined by electron microscopy correlate with histology in NZB/W F1 

mice. The severity of mesangial, subendothelial and subepithelial deposits, as well as FP 

effacement findings were significantly associated with 24-hr proteinuria (ρ = 0.85, p<0.003) 
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and IgG intensity (ρ = 0.90, p<0.001). Western blot and immunofluorescence showed 

significantly reduced nephrin protein expression in mice with FPLN or DPLN (p<0.05 for all 

pair-wise comparisons). Podocin protein expression was also significantly decreased in the 

same groups (p<0.05). Both proteins were significantly reduced in NZB/W mice with 

extensive FP effacement (p<0.05 for both). Glomerular nephrin and podocin mRNA levels 

were significantly reduced in DPLN - but not in FPLN - (p=0.034). We found a good 

correlation between glomerular nephrin and podocin mRNA levels in all NZB/W mice (ρ = 

0.77, p<0.001). One NZB mouse showed focal proliferative nephritis while the rest NZB mice 

and all the NZW mice showed normal LM findings however, they exhibit significant 24-hr 

proteinuria. Podocin protein was reduced in the NZB and in the NZW as compared to NZB/W 

with normal LM findings (p= 0.024, p=0.030 respectively) and with MMLN (p= 0.034 for both 

NZB and NZW).  Significantly more patients with DPLN had reduced nephrin expression as 

compared to patients with class II or V LN (p < 0.05).  

Our study represents the first comprehensive analysis of podocin and nephrin expression at 

protein and mRNA level coupled with immunofluorescence findings in murine and human LN. 

Glomerular nephrin protein levels were reduced by almost 50% in mild LN (MMLN) and 

became diminished at more advanced stages (FPLN/DPLN). Podocin is affected only in the 

most serious forms of the disease (FPLN/DPLN). Nephrin and podocin protein expression 

correlate with the severity of the disease histology. This coupled with the significant reduction 

of nephrin and podocin glomerular mRNA only in the most advanced stages (DPLN) may 

imply that the SD alterations at the protein level precede the alterations in the mRNA level. 

The mRNA level is finally affected only in the most sever forms of the disease. The previously 

regarded healthy ancestors of the NZB/W, especially the males NZW were found with 

ultrastructural SD alterations regarding reduced podocin which might is a co-factor 

contributing to NZB/W predisposition to renal disease. We found significantly reduced nephrin 

expression in patients with class IV proliferative disease as compared to class V patients, 

despite both groups having comparable levels of proteinuria. These results confirm our 

findings in murine LN, suggesting that nephrin expression correlates better with the 

histological class than with the level of proteinuria. Our findings suggest a novel role of 

podocytes and their structures in immune-mediated nephritis. 
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ΠΕΡΙΛΗΨΗ  

Οη ιεπηέο κεκβξάλεο (ΛΜ) πνπ θαιύπηνπλ ηνπο πόξνπο κεηαμύ ησλ πνδηθώλ εθβιαζηήζεσλ 

(ΠΔ) γεηηνληθώλ πνδνθπηηάξσλ είλαη βαζηθέο δνκέο ηνπ ζπεηξακαηηθνύ εζκνύ όπνπ γίλεηαη ε 

ππεξδηήζεζε ηνπ πιάζκαηνο ζην λεθξηθό ζπείξακα.  

Πηζαλή δηαηαξαρή ζηηο ΛΜ θαη ζηα βαζηθά ζπζηαηηθά ηνπο, ηε λεθξίλε θαη ηελ πνδνζίλε, 

ελέρεηαη ζηελ παζνγέλεηα ηεο ζπεηξακαηνλεθξίηηδαο κε πξσηετλνπξία πνπ νθείιεηαη ζε 

αλνζνινγηθνύο κεραληζκνύο. Γηεμήγακε κειέηε ζε πεηξακαηόδσα θαη ζε αλζξώπνπο κε 

ζθνπό λα θαζνξίζνπκε ηεο έθθξαζε ηεο λεθξίλεο θαη ηεο πνδνζίλεο ζηηο δηάθνξεο 

ηζηνινγηθέο κνξθέο ηεο λεθξίηηδαο ηνπ ιύθνπ (ΝΛ), κηα λόζν πξόηππν γηα ηηο λεθξίηηδεο κε 

απηνάλνζε αξρή, ηεο νπνίαο ραξαθηεξηζηηθή θιηληθή εθδήισζε είλαη ε πξσηετλνπξία.  

Οη λεθξνί εμεηάζηεθαλ κε θσηνληθό κηθξνζθόπην (ΦΜ) θαη κε αλνζνθζνξηζκό IgG γηα λα 

πξνζδηνξηζηνύλ ηα ραξαθηεξηζηηθά ηεο ΝΛ. Η εμέηαζε ζπκπιεξώζεθε θαη κε ειεθηξνληθή 

κηθξνζθνπία. Βαζηδόκελνη ζηα επξήκαηα από ηελ εμέηαζε κε ην ειεθηξνληθό κηθξνζθόπην, 

πξνζδηνξίζακε ζηε ζπλέρεηα ηε ζπεηξακαηηθή έθθξαζε ηεο νιηθήο λεθξίλεο θαη πνδνζίλεο ζε 

πξσηετληθό επίπεδν κε αλάιπζε western blot ζε ζειπθά NZB/W πνληίθηα, θπζηνινγηθά ζην 

ΦΜ (n=11), κε ήπηα κεζαγγεηαθή ππεξπιαζία (ΗΜΝΛ)  (n=5), κε εζηηαθή (ΔΤΝΛ) (n=6) θαη 

δηάρπηε ππεξπιαζηηθή λεθξίηηδα (ΓΤΝΛ) (n=4) θαζώο θαη ζε πνληίθηα C57BL/6 (n=24)  

αληίζηνηρεο ειηθίαο θαη θύινπ πνπ απνηέιεζαλ ηελ νκάδα ειέγρνπ, όπσο επίζεο θαη ζε NZB 

(n=5) θαη NZW (n=4) πνληίθηα. Η έθθξαζε ηεο λεθξίλεο εμεηάζηεθε επίζεο κε 

αλνζνθζνξηζκό ζηα παξαζθεπάζκαηα ηνπ λεθξηθνύ ηζηνύ. Γηα λα πξνζδηνξίζνπκε εάλ νη 

κεηαβνιέο ηεο λεθξίλεο θαη ηεο πνδνζίλεο νθείινληαη ζε κεηαβνιή ηεο κεηαγξαθήο ησλ 

αληίζηνηρσλ γνληδίσλ, πξνζδηνξίζακε ην mRNA ζηα ίδηα δείγκαηα, κε πνζνηηθή αληίζηξνθε  

real time PCR.   Πξνθεηκέλνπ λα επηβεβαηώζνπκε ηα επξήκαηα καο ζηα πεηξακαηόδσα 

εμεηάζακε κε αλνζντζηνρεκεία  ηελ έθθξαζε ηεο λεθξίλεο ζε αζζελείο κε δηάθνξνπο ηύπνπο 

ΝΛ: ηάμεο II (n=5), IV (n=4), V (n=7) θαη ζε πγηείο κάξηπξεο (n=2). 

Σα απνηειέζκαηα εθθξάδνληαη σο κέζε ηηκή ± ηππηθό ζθάικα ηεο κέζεο ηηκήο (SEM).  Γηα ηηο 

ζπγθξίζεηο ρξεζηκνπνηήζεθαλ νη έιεγρνη Mann-Whitney U-test (αξηζκεηηθέο κεηαβιεηέο) θαη 

ην Fisher‟s exact test (θαηεγνξηθέο κεηαβιεηέο). 
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Οη κεηαβνιέο ζηα ΛΓ, όπσο πξνζδηνξίζηεθαλ κε ηελ εμέηαζε ζην ειεθηξνληθό κηθξνζθόπην 

ζπζρεηίδνληαη κε ηελ ηζηνινγηθή εηθόλα ζηα ζειπθά NZB/W πνληίθηα. Η ζνβαξόηεηα ησλ 

κεζαγγεηαθώλ, ππό-ελδνζειηαθώλ θαη ππό-επηζειηαθώλ ελαπνζέζεσλ, θαζώο θαη ε εμάιεηςε 

ησλ ΠΔ ζπζρεηίδνληαλ ζεκαληηθά κε ηελ 24σξε πξσηετλνπξία. (ρ = 0.85, p<0.003) θαη ηελ 

έληαζε ηνπ αλνζνθζνξηζκνύ ΙgG (ρ = 0.90, p<0.001). Η αλάιπζεηο κε Western blot θαη 

αλνζνθζνξηζκό αλέδεημαλ ζεκαληηθά κεησκέλα επίπεδα λεθξίλεο ζηα πνληίθηα κε ΔΤΝΛ ή 

ΓΤΝΛ (p<0.05 γηα όιεο ηηο αλά δεύγε ζπγθξίζεηο). Σα επίπεδα πνδνζίλεο ήηαλ επίζεο 

ζεκαληηθά κεησκέλα ζηηο ίδηεο νκάδεο πνληηθηώλ (p<0.05). Σα επίπεδα θαη ησλ δύν 

πξσηετλώλ ήηαλ ζεκαληηθά κεησκέλα ζηα πνληίθηα NZB/W κε εθηεηακέλε εμάιεηςε ΠΔ 

(p<0.05 θαη γηα ηηο δύν). Σα επίπεδα ηνπ ζπεηξακαηηθνύ mRNA ηεο λεθξίλεο θαη ηεο 

πνδνζίλεο ήηαλ ζεκαληηθά κεησκέλα ζηελ ΓΤΝΛ – αιιά όρη ζηε ΔΤΝΛ (p=0.034). Βξήθακε 

θαιή ζπζρέηηζε κεηαμύ ησλ επίπεδσλ mRNA λεθξίλεο θαη πνδνζίλεο ζε όια ηα πνληίθηα 

NZB/W (ρ = 0.77, p<0.001). Από ηα πνληίθηα γνλείο, έλα NZB πνληίθη παξνπζίαζε ΔΤΝΛ ελώ 

όια ηα ππόινηπα NZB θαη όια ηα NZW πνληίθηα παξνπζίαζαλ θπζηνινγηθά επξήκαηα ζην 

θσηνληθό κηθξνζθόπην. Δληνύηνηο όια εθδήισζαλ ζεκαληηθή πξσηετλνπξία ζην 24ώξν. Σα 

επίπεδα πνδνζίλεο αλεπξέζεθαλ κεησκέλα ζηα NZB θαη NZW ζε ζύγθξηζε κε ηα NZB/W πνπ 

έρνπλ θπζηνινγηθή  ηζηνινγία ζην θσηνληθό κηθξνζθόπην (p= 0.024 , p=0.030 respectively) 

θαη εηθόλα κε ΗΜΝΛ (p= 0.034 γηα NZB θαη NZW). ΢ηηο αλζξώπηλεο βηνςίεο, ζεκαληηθά 

πεξηζζόηεξνη αζζελείο κε ΓΤΝΛ παξνπζίαδαλ κεησκέλε έθθξαζε λεθξίλεο ζε ζύγθξηζε κε 

ηνπο αζζελείο κε ΝΛ ηάμεο II ή V LN (p < 0.05).  

Η κειέηε καο απνηειεί ηελ πξώηε ζπλνπηηθή αλάιπζε πνπ αθνξά ηελ έθθξαζε ηεο λεθξίλεο 

θαη ηεο πνδνζίλεο ζε πεηξακαηόδσα θαη αλζξώπνπο κε ΝΛ. Οη παξαπάλσ πξσηεΐλεο 

πξνζδηνξίδνληαη ζε πξσηετληθό επίπεδν θαη ζε επίπεδν mRNA θαη ηα επξήκαηα 

δηαζηαπξώλνληαη κε αλνζνθζνξηζκό ζηηο βηνςίεο. Βξήθακε όηη ηα επίπεδα ηεο λεθξίλεο ζην 

ζπείξακα ήηαλ κεησκέλα θαηά ζρεδόλ 50% ζηελ ήπηα ΝΛ (ΗΜΝΛ) θαη πνιύ κεησκέλα ζε 

ζνβαξόηεξεο κνξθέο ηεο λόζνπ (ΔΤΝΛ/ΓΤΝΛ). Σα επίπεδα ηεο πνδνζίλεο είλαη 

επεξεαζκέλα κόλν ζηηο πην ζνβαξέο κνξθέο ηεο λόζνπ (ΔΤΝΛ/ΓΤΝΛ). Οη κεηαβνιέο ζηε 

λεθξίλε θαη ζηελ πνδνζίλε ζρεηίδνληαη κε ηε ζνβαξόηεηα ηεο ηζηνινγηθήο εηθόλαο. Σα 

παξαπάλσ επξήκαηα ζε ζπλδπαζκό κε ηα εμίζνπ ζεκαληηθά κεησκέλα επίπεδα 

ζπεηξακαηηθνύ mRNA ησλ αληίζηνηρσλ πξσηετλώλ ζηα κόλν πην πξνρσξεκέλα ζηάδηα ηεο 
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λόζνπ (ΓΤΝΛ), ίζσο ππνδειώλνπλ  όηη νη κεηαβνιέο ζηηο ΛΜ ζπκβαίλνπλ θαηαξρήλ ζε 

επίπεδν πξσηεΐλεο θαη αθνινύζσο ζε επίπεδν κεηαγξαθήο ηεο πξσηεΐλεο. Οη κέρξη ηώξα 

ζεσξνύκελνη θπζηνινγηθνί γνλείο ησλ NZBW θαη ηδηαηηέξσο ηα  άξξελα πνληίθηα NZW 

παξνπζίαδαλ ζηε κειέηε καο δνκηθέο αιινηώζεηο ησλ ΛΜ πνπ ζρεηίδνληαλ κε κεησκέλα 

επίπεδα πνδνζίλεο. Σν εύξεκα απηό πηζαλά ζρεηίδεηαη κε ηελ πξνδηάζεζε ησλ απνγόλσλ 

ηνπο NZB/W γηα λεθξηθή βιάβε. Βξήθακε επίζεο ζεκαληηθά κεησκέλε έθθξαζε λεθξίλεο ζε 

αζζελείο κε ηάμεο IV ππεξπιαζηηθή λόζν ζε ζρέζε κε αζζελείο κε ηάμεο V λεθξίηηδα παξά ην 

γεγνλόο όηη θαη νη δύν έρνπλ ζπγθξίζηκα πνζά πξσηετλνπξίαο. Σα απνηειέζκαηα απηά 

επηβεβαηώλνπλ ηα επξήκαηά καο ζηα πεηξακαηόδσα πξνηείλνληαο όηη ηα επίπεδα ηεο 

λεθξίλεο ζπζρεηίδνληαη θαιύηεξα κε ηελ ηζηνινγηθή ηάμε ηεο λεθξίηηδαο παξά κε ην βαζκό ηεο 

πξσηετλνπξίαο. Σα επξήκαηά καο ππαηλίζζνληαη έλα λέν ξόιν ησλ πνδνθπηηάξσλ θαη ησλ 

δνκώλ ηνπο ζηε ζπεηξακαηνλεθξίηηδα αλνζνινγηθήο αξρήο.  
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Abbreviations 

ANCA anti-neutrophil cytoplasmic antibody 

AT angiotensin II receptors type 

ATRA all-trans-retinoic acid 

CD2AP CD 2 associated protein 

CDK cyclin dependent kinase 

CFH complement factor H 

CNF congenital nephrotic syndrome 

CR complement receptor 

DAF decay accelarating factor 

DNA deoxyribonucleic acid 

DPLN diffuse proliferative lupus nephritis 

EMT epithelial-mesenchymal transition 

FP foot process 

FPLN focal proliferative lupus nephritis 

FSGS focal segmental glomerulosclerosis 

GBM glomerular basement membrane 

HCN hepatitis C virus 

HIVAN HIV associated nephropathy 

IC immune complex 

ICAM intercellular adhesion molecule 

IgAN IgA nephropathy 

IL interleukin 

LN lupus nephritis 

MAC membrane attack complex 

Mapk mitogen-activated protein kinase 

MCD minimal change disease 

MCP membrane cofactor protein 

MCP-1 macrophage chemoattractant protein 1 

MIF macrophage inhibitory factor 

MMLN mild mesangial lupus nephritis 

MN membranous nephropathy 

NADPH nicotinamide adenine dinucleotide phosphate-oxidase 

Nck adaptor protein, known to associate with proteins of the actin polymerization complex 

PAN puromycin aminonucleoside nephrosis 

PHN passive Heymann nephritis 

RANTES Regulated upon Activation Normal T cell Expressed and Secreted 

ROS reactive oxygen species 

SD slit diaphragm 

SLE systemic lupus erythematosus 

SV2B synaptic vesicle protein 2B 

TGF transforming growth factor (-β) 

TLR toll-like receptor 

TNF tumor necrosis factor 

VCAM vascular cell adhesion molecule 

VEGF vascular endothelial growth factor 
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1. INTRODUCTION  

3.1 Basics of kidney anatomy 

 

Figure 3.1 Basics of kidney anatomy  

The kidneys are two bean-shaped organs lying in the retroperitoneal space, each 

weighing about 150g. They consist of highly specialized cells. The outer layer of the 

kidney is called cortex. The inner section is called medulla. The functional unit of the 

kidney is called nephron. There are 1 million nephrons in one human kidney. Each 

nephron consists of a glomerulus and a long tubule. The tubule is segmented into 

distinct parts – proximal tubule, loop of Henle, distal tubule, collecting duct. Glomeruli 

are spherical „bags‟ of capillaries. The capillaries are partially attached to the 

mesangium, consisting of mesangial cells and the matrix. The free wall of glomerular 

capillaries across which filtration takes place, consists of a basement membrane 

covered by visceral epithelial cells (podocytes) with individual foot processes (FP) 

and lined by endothelial cells. The blood is filtrated through the glomerular capillary 

wall which is consisted of three layers: the fenestrated endothelial cell, the glomerular 

basement membrane (GBM) and the slit diaphragm (SD) that bridge the slit pores 

between the FPs of adjacent podocytes. Each glomerulus is enclosed within an 

epithelial cell capsule (Bowman‟s capsule) that is continuous with the proximal 

convoluted tubule. The glomeruli, much of the proximal and distal tubules are located 

in the cortex. The loops of Henle and the collected ducts are located in the medulla. 
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The renal artery carries the one-fifth of the cardiac output. The renal artery bifurcates 

several times after in enters the kidney and then brakes into the arcuate arteries 

which give rise, at right angles, to interlobular arteries from which come off the 

afferent arterioles. Blood reaches glomerulus through the afferent arteriole that forms 

the glomerular capillaries (hemi-arterioles of the glomerular capillary tuft) 

consecutively emanating to efferent arteriole. The efferent arterioles reform and 

collect to form the post-glomerular circulation (peritubular capillaries, venules and 

renal vein) [1-3]. (Figure 3.1) 

There is a broad range of kidney diseases which are categorized according to the 

primary affected structures (e.g. glomerulonephritis, tubulointerstitial nephritis when 

glomerulus or the tubules respectively are is the primary affected structures). They 

are also categorize primary and secondary according to their etiology [e.g. minimal 

change disease (MCD) is a primary glomerulonephritis but lupus nephritis (LN) is a 

secondary one caused by systemic lupus erythematosus]. 

We will focus on kidney disease affecting the glomerulus, LN with special interest for 

the podocyte SD. 

3.2 Basics of kidney function 

The main function of the kidneys can be categorized as follows: (1) Maintenance of 

body composition (e.g. volume of body fluid its osmolarity, electrolyte content, 

restriction the passage of large molecules such as albumin). (2) Excretion of 

metabolic end products and foreign substances (e.g urea, toxins, drugs) (3) 

Production and secretion of enzymes and hormones (e.g. rennin, Angiotensin, 

erythropoietin, 1,25-dihydroxyvitamin D3) [1]. 
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3.3 Glomerulonephritis  

3.3.1 Pathogenesis of glomerulonephritis 

The term glomerulonephritis refers to a broad range of disease with different etiology, 

clinical and histological features characteristic for each type (Figure 3.2, Box 3.1) [4]. 

The histological and laboratory findings suggest that immune mediated mechanisms 

are implicated in the pathogenesis of glomerulonephritis. The presence of 

immunoglobulins and complement is prominent glomerulonephritis referred as 

immune mediated [5]. Additionally, in pauci-immune glomerulonephritis lymphocyte 

and macrophage infiltrations are observed. Thus, both innate and adaptive immunity 

mechanisms are involved. Typical examples of innate immunity activation are the 

postinfectious glomerulonephritis, the IgA glomerulonephritis (IgAN), the 

membranous nephropathy (MN), the LN. Examples of adaptive immunity activation 

are the MCD, the focal segmental glomerulosclerosis (FSGS), the crescentic 

glomerulonephritis. Although the type of insult remains mostly unknown, it is 

 

Figure 3.2 Cellular location of injury during glomerulonephritis 
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becoming increasingly apparent 

that most glomerulonephritis are 

autoimmune in nature [6]. 

Antibodies against normal 

glomerular structures or against 

exogenous antigens are involved. 

Loss of self tolerance [7-8] and 

mechanisms of epitope spreading 

are induced and cause 

glomerulonephritis. It has been 

suggested that genetic predisposition plays also a central role. Finally the 

progressive course of kidney disease is due to non-specific factors, such as 

glomerular hypertension and proteinuria, that  might continue kidney damage despite 

resolution of the intrinsic insult [4]. 

In the following paragraphs we shall describe the main immunological and 

biochemical pathways have been described for the pathogenesis of 

glomerulonephritis. We shall not refer to the progression of kidney damage to end 

stage renal disease (ESRD). 

3.3.1.a Immune complexes (antibody - antigen)  

It is well documented the etiologic role of immune complex (IC) deposition as first 

event in various forms of glomerulonephritis. Passive trapping of circulating ICs 

regards the mesangial and subendothelial deposits while in situ formation of ICs 

regards the subepithelial deposits as well. Typical examples of the first case is 

human LN and of the second case is the Heymann nephritis (experimental MN) [9-

10]. The ICs can attract and activate infiltrating leukocytes or intrinsic glomerular cells 

to release many local mediators of inflammation, including complement, growth 

 

Box 3.1 Pathological classification of GN 
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factors, vasoactive substances, cytokines and activators of coagulation. Especially 

the Fc receptors initiate a number of responses. Medium sized ICs that are less 

cleared than small ICs, and that can activate complement and bind to Fc receptors 

tend to deposit in tissues and initiate glomerular injury. Goodpasture‟s disease, 

cryoglobulinaemic glomerulonephritis due to hepatitis C virus (HCV) infection, anti-

neutrophil cytoplasmic antibody (ANCA) vasulitis, IgAN and post-infectious 

glomerulonephritis are typical examples. Some antibodies bind directly to intrinsic 

glomerular Ags. Polymeric aberrantly glycosylated IgA1 deposition [11-14] in the 

mesangium is the hallmark of IgAN. Formation of complexes with soluble IgA Fc 

receptor I (FcαRI) and priming of monocytes, the mesangial activation by interaction 

 

Figure 3.3 Diagram depicting a putative pathogenic mechanism for ANCA GN. Antigens are 

primed by cytokines to express more ANCA antigens at the surface were they can interact with 

ANCA antibodies. This results in neutrophil activation both by Fc receptors engagement and 

Fab΄2 binding. ANCA activated neutrophils release factors (e.g. properdin, ROS, proteases) that 

activate the alternative complement pathway with the generation of the neutrophil 

chemoattractant C5α and the membrane attack complex C5b-9. This complement activation 

amplifies neutrophil influx, neutrophil activation, and vessel damage, resulting in aggressive 

necrotizing inflammation (For the complement activation in the pathogenesis of GN see next 

paragraph)  
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of IgA1 with mesangial receptors (e.g. TfR) are the essential events in the 

pathogenesis of IgAN [15-21]. Similarly ANCA activate cytokine primed neutrophils 

and monocytes through both Fab΄2 binding and Fc receptor engagement [22]. 

Activated neutrophils adhere to and kill endothelial cells. It is speculated that the 

ANCA antigen may be introduced into the body by an infectious pathogen [23] 

(Figure 3.3).   In LN the antigen is endogenous [24] while the MN antigens are still 

unidentified. Hepatitis B and C, helicobacter pylori Ags, tumor Ags, and thyroglobulin 

have been detected in subepithelial deposits but there is no proof that they are 

pathogenic [25-26]. Megalin and neutral endopeptidase both podocyte sole 

membrane proteins have been recognized as autoantigenic target in Heymann 

nephritis and neonatal MN respectively [27-29] of a circulating antibody [30-31]. Only 

recently a conformation-dependent epitope in M-type phospholipase 2 receptor 

(PLA2R) has been recognized as the target of IgG4 in idiopathic human MN [32-33]. 

The NCI domain of α3 chain of type IV collagen is the primary target for circulating 

and tissue bindings autoantibodies and T-cells in Goodpasture‟s disease [34-36] 

3.3.1.b Complement activation  

Complement is an important component of the innate immune system. Kidney is a 

passive target for circulating complement and also an active participant in its own 

injury, with most types of resident cells been able to synthesize complement. 

Complement causes tissue injury through the generation of chemotactic factors (e.g. 

C3a, C5a) and mainly through the activation of resident glomerular cells following 

C5b-9 insertion. Complement components of the classical and of the alternative 

pathway as well as complement regulatory proteins (CR1, DAF, MCP, CD59) have 

been detected by immunofluorescence and immunohistochemistry in kidney biopsies 

as well as by biochemical methods in the serum and urine of patients and animals 

exhibiting glomerulonephritis (Figure 3.4) [37]. Activation with sublytic quantities of 

C5b-9 results in mesangial cell proliferation [38] and podocyte injury [39], generation 
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of inflammatory mediators such as oxidants, proteases,  growth factors, prostanoids, 

and increased production of extracellular matrix. Decay accelerating factor (DAF), 

membrane cofactor protein (MCP), are upregulated in kidney disease states [40-41], 

perhaps due to their protective role from complement activation [42]. Complement 

receptor related protein y (Crry) neutralizes antibodies that exacerbate 

glomerulonephritis [43-44]. Complement receptors (CRs) are located in hematopoetic 

cells but CR1 is found in human podocytes. Experimental data suggest decreased 

synthesis of CR1 in IC renal disease.  

3.3.1.c Leucocytes (lymphocytes, macrophages, neutrophils) 

Inflammation within the glomerulus cause structural and functional damage. 

Macrophage, T lymphocyte and neutrophil infiltration are observed in most forms of 

glomerulonephritis.  

 

Figure 3.4 Schematic view of complement activation during GN 
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Activated macrophages are the predominant inflammatory cells in human and 

experimental glomerulonephritis, especially those exhibit crescents such as in rapidly 

progressive glomerulonephritis, LN and cryglobulinemic glomerulonephritis. Their 

role in glomerulonephritis pathogenesis has mainly been studied in models of anti 

GBM disease. By an adoptive transfer approach were found to be able to cause 

proteinuria and mesangial proliferation in an experimental model of accelerated anti-

GBM disease [45]. They are recruited via interaction with immunoglobulins with 

chemokines (e.g. MCP-1: chemoattractant protein 1, MIP-1alpha: inflammatory 

protein-1-alpha, RANTES: regulated upon activation normal T cell expressed and 

secreted), with lymphocyte derived molecules (MIF: macrophage inhibitory factor) 

and with leukocyte adhesion molecules (e.g. ICAM-1, VCAM-1, osteopontin) [46-50]. 

Macrophage proliferation is crucial for glomerular inflammation and is mostly growth 

factor and rarely cyclin kinase dependent [48, 51-53]. They release tumor necrosis 

factor α (TNFα), chemotactic molecules (e.g. macrophage chemotactic molecule 1), 

reactive oxygen species (ROS) and nitrogen oxide (NO) resulting in glomerular 

inflammation promotion, other leukocyte recruitment and cell death respectively.  By 

metalloproteases secretion they cause GBM disruption, fibroblast accumulation and 

by transforming growth factor-β  (TGF-β) release they contribute to matrix production 

[54-57].  

T cells (CD4-positive and CD8-positive) are crucial for glomerulonephritis 

development. As it comes up from T-cell depletion studies in Heymann nephritis 

models [58-59] and from a model of anti GBM disease they are sufficient to produce 

glomerulonephritis [60]. Activated T-cells release chemokines, mediate macrophage 

recruitment by lymphocyte-derived molecules (e.g. MIF) initiating injury [48, 61] and 

induce mesangial cell apoptosis[62]. In addition they secrete the glomerular 

permeability factor, a non immunoglobulin, yet not identified molecule responsible for 
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the development of the non inflammatory glomerulonephritis, namely the FSGS and 

the MCD [63-65]. 

Neutrophil contribution to glomerulonephritis pathogenesis has been studied in 

ANCA associated pauci-immune necrotizing glomerulonephritis (human and animal 

model) and in animal anti-GBM disease. They are present in post infectious, lupus, 

ANCA associated, membranoproliferative (MPGN), and IgA glomerulonephritides, 

localized at sites with necrosis. A primary role in the development of MPO positive 

glomerulonephritis has been illustrated [66-67]. They are recruited by 

chemoattractants such as IL8 and C5[68] and interact with adhesion molecules of 

glomerular endothelial cells (e.g. selectins, integrins, ICAM-1)[69-70]. Thus 

neutrophils become activated and release ROS, mainly the nephritogenic hydrogen 

peroxide [71]. Myeloperoxidase and 

proteinase 3, both cationic protease in 

granules of neutrophils are contributed 

in the ANCA associated 

glomerulonephritis pathogenesis [72].  

3.3.1.d The Podocyte  

The podocytes are highly specialized, 

terminally differentiated polarized 

visceral epithelial cells with unique 

structure and function, attached to the 

outer aspect of the GBM. They play a 

key role in maintenance of the glomerular barrier, to protein filtration, synthesis of 

normal GBM, provision of structural support of the glomerular tuft and immune 

response to injury [73]. They have a complex cellular organization consisting of a cell 

body, major processes and FPs that form a characteristic interdigitating pattern with 

 

Figure 3.5 In cross-sections of the foot 

processes, the cortical actin network (CAN) 

(asterisk) is recognized and the actin bundle 

(arrow). The electron-dense materials at the 

insertion site of the slit diaphragms 

(arrowheads) are in contact with the cortical 

actin network.  
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Figure 3.6 Molecular overview of the slit-diaphragm and podocyte cell-matrix interactions. E: 

fenestrated endothelium. Nephrin mediated signals that control actin cytoskeleton remodeling 

(NCK1/2, WASp), cell polarity (Par3/6, αPKC) and survival (PI3K, AKT). TRPC6-podocin interactions 

modulate mechanosensation, whereas angiotensin II type I receptor (ATI) may increase TRPC6 

calcium influx upon stimuli by angiotensin II (ANG II). Activation of PLCεI degrade phosphatidyl-

inositol-biphosphate (PIP2) into dyacyl-glycerol (DAG) and inositol-triphosphate (IP3) which leads to 

protein kinase (PKC) activation and Ca
2+

 efflux from the endoplasmic reticulum. The integrin a3b1-

laminin a5b2g1 and dystroglycans-uthropin complexes which connect the GBM components 

(proteoglycans, nidogen, perlecan, agrin and type-IV collagen) to the cell actin cytoskeleton. The 

podocalyxin, NHERF 1/2, ezrin (EZR) complex are including in pathways that control actin 

cytoskeleton remodeling.  

 

 

FPs of neighboring podocytes, 

leaving in between 30 - 50nm wide 

filtration slits that are bridged by the 

glomerular SD (Figure 3.1). FPs 

are functionally defined by three 

membrane domains: the apical 

membrane domain (AMD), the SD 

and the basal membrane domain 

(BMD), also known as the sole 

 

Figure 3.7 Nephrin has an interaction with CD2AP, 

podocin and NEPH1. NEPH1 has an interaction with 

ZO-1. Ephrin-B1, a transmembrane protein, is detected 

at the slit diaphragm. Synaptic vesicle protein 2B 

(SV2B) plays a role in maintaining the proper 

localization of CD2AP. Type 1 and type 2 receptors of 

angiotensin II (AT1R, AT2R) are located at the 

podocyte surface 
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Figure 3.8 Local podocyte production of VEGF 

plate, which is associated with GBM via α3β1 integrin and α-and β-dystroglycans [74] 

(Figure 3.5). The FPs include an actin-based cytoskeleton that also  contains 

myosin-II, talin and vinculin [75], crucial for the maintenance of podocyte morphology. 

Multiple membrane proteins are connected to actin through a variety of adaptor and 

effector proteins [76]  responsible along with podoplanin [77] and podoendin for the 

negative charge of the AMD (Figure 3.6). The negative charge has a key role in the 

normal development of FPs [78]. It is diminished in proteinuric diseases such as in 

diabetic nephropathy [79] In puromycin aminonucleoside nephrosis (PAN), 

neutralized podocalyxin leading to disrupted FP architecture due to SD displacement 

is responsible for the presentation of proteinuria [80]. Uncoupling of podocalyxin from 

the actin cytoskeleton is also associated with FP effacement [81-82]. Palladin, a 

cytoskeletal protein with essential functions for stress fiber formation is also 

expressed in podocytes and plays an important role in actin dynamics [83]. Synaptic 

vesicle protein 2B (SV2B), known to participate in the calcium-mediated synaptic 

transmission and to play a role in 

vesicle trafficking by binding to other 

cell surface proteins is expressed in 

rat podocytes. Ephrin B1, a 

membrane bound protein that 

function as ligand-receptor pair with 

ephrs and regulate the paracellular 

permeability in epithelial cells has 

also been found in rat podocyte. Both 

SV2B and Ephrin B1 play an 

important role in maintenance of the 

podocyte function. In experimental 

proteinuric disease they contribute to 
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the redistribution of the CD2AP (Figure 3.7).  Rho guanine dissociation inhibitor 

(GDI)-α, Nck1 and Nck2 adaptor proteins, FAT1, and synaptopodin regulate the 

plasticity of the actin cytoskeleton which is important for function of the filtration 

barrier (Figure 3.12). Additionally local podocyte production of vascular endothelial 

growth factor (VEGF) is required for glomerular endothelial cells integrity [84] and 

plays a critical protective role in the pathogenesis of microangiopathic processes 

accompanied by FP effacement and proteinuria [85] (Figure 3.8). Podocytes express 

receptors for all-trans-retinoic acid (ATRA). ATRA improved proteinuria in 

experimental anti-GBM disease, by preventing the decrease of nephrin and podocin 

[86].  

The podocyte response to injury.  

Podocyte injury occurs in a variety of kidney diseases (Figure 3) (a) Hypertrophy / 

proliferation, (b) epithelial-mesenchymal transition (EMT), (c) depletion (by apoptosis, 

detachment-migration, and lack of proliferation). Podocyte response to injury 

depends on the duration and severity of injury [87] (Figure 3.9, Table 3.1). The initial 

response may be cell hypertrophy in an attempt to compensate for any loss of 

function. If the injury remains, podocytes will undergo EMT to escape from apoptosis 

resulting in impairment of filtration barrier and proteinuria. More severe/long injury 

 

Figure 3.9 Spectrum of diseases characterized by podocyte injury 
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induces podocyte detachment from GBM and/or apoptosis resulting in podocyte 

depletion by loss in the urine or migration to glomerular crescents.    

(a) Hypertrophy has been described in experimental model of ageing kidney [88]. It is 

initially an adaptive response to cover the denuded GBM by a cell incapable for 

proliferation. Increase in cyclin dependent kinase (CDK) inhibitors (p21, p27) is found 

in experimental hypertrophy. Angiotensin II and mechanical stress induces podocyte 

hypertrophy mediated by CDK inhibitors [89]. In the end hypertrophy becomes 

maladaptive. Podocyte proliferation has been described in experimental crescentic 

glomerulonephritis [90] and in human immunodeficiency virus-associated 

nephropathy (HIVAN). Scr-dependent activation of Stat3, mitogen-activated protein 

kinase 1,2 and hypoxia inducible factor 2α is an important driver of proliferation in 

HIVAN glomerulosclerosis [91]. Nef antigen of HIV induces proliferation via decrease 

of p27 and increase of cyclin D1 [92].   

(b) EMT has been shown in human diabetic nephropathy [93].   

(c) Podocyte depletion precedes glomerulosclerosis. It leads to denuded GBM that 

due to the not opposed intra glomerular pressure, attaches to the parietal epithelial 

cells of Bowman‟s capsule, leading to scar formation.  Apoptosis is TGF-β mediated. 

Activation of the p38 mitogen-activated protein kinase and TGF-β1 causes podocyte 

apoptosis mediated by specific Smad [94] pathways and in the absence of the CDK-

inhibitors p21 and p27 [73]. Upregulation of local angiotensin II (AngII) [95] and 

angiotensin type 1 receptor [96] expression induced by mechanical strain also induce 

TGF-β mediated apoptosis.  Puromycin induces ROS mediated apoptosis in cultured 

podocytes [97]. Diminished expression of VEGF observed in active experimental MN 

contributes to podocyte apoptosis too [98]. CD2AP and nephrin activate the 

phosphatidyl-inositol 3΄-kinase kinase/AKT antiapoptotic signaling  
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Table 3.1 Markers of podocyte response to injury 

Epithelial markers Mesenchymal markers EMT-related mediators 

Nephrin 

Podocin 

ZO-1 

P-cadherin 

Desmin 

FSP-1 

MMP-9 

Collagen 1 

Fibronectin 

Wnt/β-catenin 

ILK 

Snail 

Jagged/Notch 

pathway thus they reduce podocyte apoptosis [99]. Recently activation of the Notch 

pathway has been reported to contribute to apoptosis through activation of p53 [100]. 

Podocyte loss in the urine has been observed in IgAN [101], PAN model [102], 

passive Heymann nephritis (PHN) model of MN [103], and human and experimental 

diabetic nephropathy [104]. In diabetic nephropathy, loss of α3β1 is followed by 

podocyte detachment and shedding into the urine [105-106] (Figure 3.10). Migration 

in the crescents has been described in experimental anti-GBM disease [90] (Figure 

3.11). Animal and human studies verify a marked increase in CDK-inhibitors p21, 

 

 Figure 3.10 C5b-9 attack on podocytes leads to podocyte loss through several processes, 

including apoptosis, lack of proliferation, and detachment of the cells from the underlying 

GBM. These events contribute to both proteinuria and development of glomerular sclerosis. 
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p27, p57, to be critical in limiting the 

proliferative response of podocytes 

[107-110]. Also the reduction in 

podocyte mitosis after sublytic C5b-9 

induced injury is due to DNA damage 

[73]. DNA damage prevents 

proliferation by arresting cells at G2/M 

phase, process coordinated by 

Increase in p53, p21, growth arrest 

DNA damage (GADD45) and 

checkpoint kinase-1 and -2 [39]. 

Additionally secreted protein acidic 

and rich in cysteine (SPARC) a 

protein with antiproliferative and 

counter adhesive properties is found 

upregulated in experimental MN [111].  

Foot process effacement  

FP effacement is a common finding in many proteinuric diseases and the major 

 

Figure 3.11 The morphologic features of a healthy 

glomerulus are depicted on the right half of the 

glomerulus, and alterations are indicated on the left 

half. 

(A) During the early phase of the disease, podocytes 

(blue) project multiple filopodial protrusions 

(microvillous transformation). A cell process of a 

podocyte intrudes between two parietal epithelial 

cells (brown) and establishes a bridge between the 

GBM and the parietal basement membrane (PBM) - 

basement membranes are shown as black lines. (B) 

Subsequently, galactosidase-positive cells derived 

from podocytes (blue) loose contact with the GBM 

and are located close to the PBM. Parietal epithelial 

cells are preferentially distributed toward the urinary 

space. 

 

 

Figure 3.12 The glomerular filtration barrier - FP effacement 
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alterations underlie podocyte injury.  The FP length decreases up to 70% and the 

width increases up to 60% compared to normal (Figure 3.12). Four major causes of 

FP effacement have been identified:  

(a) interference with the SD complex and its lipid rafts [112]  

(b) the podocyte - GBM interaction [113-116]. C5b-9 attack on podocytes induces 

ROS and protease production. ROS production is mediated by NADPH upregulation 

induced by arachidonic acid release. ROS contribute to collagen IV GBM degradation 

via lipid peroxidation. In podocytes, ROS also induce apoptosis, DNA damage and 

FP effacement [117-118]. Metalloproteinase-9 is markedly increased in podocytes 

following C5b-9 injury in experimental MN [119]. Cathepsin L, metalloproteinase-2 

and metalloproteinase-9 are endogenous to podocytes, and their activities are 

increased by cytokines such as TGF-β [120]. Additionally, in MN and in diabetic 

nephropathy, upregulation of podocyte produced laminin and collagen IV production 

and release, as well as increased TGF-β2 and TGF-β receptors result in the GBM 

accumulation of „new‟, usually „abnormal‟ matrix [74, 121-122].   

(c) Alterations in the actin cytoskeleton and to alpha-actinin-4 [123]  

(d) Alteration in the negatively charged apical membrane domain [81, 124]. 

Podocytes express angiotensin II receptors type 1 (AT1) and type 2 (AT2) [125-126]. 

Increased AT1 signaling in podocytes leads to protein leakage and structural 

podocyte damage progressing in FSGS [127]. In mouse podocytes, insulin activation 

of the insulin receptor results in the phosphorylation of Akt and Mapk42 or Mapk44, 

resulting in physiologic remodeling of the actin cytoskeleton and preservation of cell 

function and survival. Thus in insulin resistance state, the absence of protection 

mechanism results in FP effacement, cell malfunction, death and proteinuria [128-
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129].  

Although in many forms of glomerulonephritis, proteinuria is regarded as a result of 

FP effacement, a finding not invariant in albuminuric diseases, the fact that most of 

the filtered albumin is returned to the peritubular blood by a retrieval pathway raise 

the hypothesis that the nephrotic proteinuria is due to retrieval pathway dysfunction 

[130].  

Podocytes play an active role in immune response within the kidney. They express 

receptors for interleukins 4, 10, 13, functional CCR and CXCR chemokine receptors 

and respond to exogenous chemokines [131]. They are also capable of producing 

inflammatory mediators such as interleukin 1[132], complement proteins including C3 

[133], TGF-β and fibroblast growth factor 2. They also express CR1 [134] and Toll 

like receptor-4 (TLR-4) [135]. CR1 is localized exclusively in human podocytes on 

which is capable of binding C3b [42]. Complement factor H (CFH) is uniquely 

expressed in rodent podocytes and is the functional surrogate for human CR1[136]. 

In a model of chronic serum sickness, C57BL/6 mice did not develop 

glomerulonephritis unless deficient in CFH. Locally produced podocyte CFH is 

important to process ICs in the subepithelial space, where it also limits complement 

activation. DAF is also primarily a podocyte protein [137]. In conditions with 

proteinuria and FP effacement the podocytes upregulate B7-1, also called CD80, a 

transmembrane protein expressed on the surface of B cells and other antigen-

presenting cells (APC). B7-1 in podocytes was found in genetic, drug-induced, 

immune-mediated, and bacterial toxin-induced experimental kidney disease with 

nephrotic syndrome [138]. B7-1 induces proteinuria through the reorganization of the 

podocyte FP actin cytoskeleton and disruption of the SD [138-139].  The induction of 

B7-1 in podocytes by LPS through TLR-4, signaling suggests that the podocyte is a 

component of the innate immune system, equipped with a danger signaling 
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Figure 3.13 Components of the SD protein complex that form a 

porous Slit-Diaphragm Filter. 

machinery [139].  Podocytes express adiponectin receptors in their plasma 

membrane. Adiponectin is a circulating plasma protein secreted by adipocytes and is 

decreased in visceral obesity.  Adiponectin has a protective role against FP 

effacement, likely acting through the 5΄-AMP activated kinase (AMPK) pathway to 

modulate oxidant stress in podocytes [140].  

The slit diaphragm (SD)  

The SD function as a size and charge barrier, as some of its proteins are 

phosphorylated. Karnovsky et al first proposed a zipper-like organization of the SD 

structure [141]. The SD 

represents the only cell-cell 

contact between podocytes, 

a modified adherence 

junction, a complex signal 

transdunction unit which 

spans the 30-50nm filtration 

slits and is connected to the 

actin cytoskeleton.  Unique 

membrane structural (e.g., 

nephrin, podocin, Neph1), adherens junctions proteins (e.g. P-cadherin, FAT, 

catenins), tight junction proteins (e.g., JAM-A, occluding, cingulin) and Par3-Par6-

sPKC polarity complex, receptors, signaling adaptors, ion channels, scaffolding 

proteins are the components of SD and are localized to lipid rafts [142] (Figures 3.1, 

3.6, 3.10 - 3.14). The tight junction proteins are upregulated in PAN nephrosis and 

loosened their attachment to the actin cytoskeleton [143]. The polarity complex 

interacts with Neph-nephrin proteins and govern the appropriate distribution of 

nephrin and podocin [144-146]. Defects in α-actinin-4, nephrin, phospholipase C 

epsilon gene, podocin, transient receptor potential cation channel 6 result in 
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rearrangement of the actin cytoskeleton. 

Nephrin associates with adaptors such as 

Nck to regulate the actin cytoskeleton [147-

148]. Densin, known due its involvement in 

the synaptic organization, maintenance of 

cell shape and polarity in nerve cells, has 

been identified in the SD area and interacts 

with nephrin [149]. NF-κB activated by cell 

surface receptor signaling to meet stress 

and inflammatory responses, regulating 

innate and adaptive immunity and cell 

growth and survival is involved in GN. 

Animal data suggest that nephrin may 

normally limit NF-κB activity thus 

discouraging the evolution of glomerular 

disease [150]. CD2 associated protein (CD2AP) connects the nephrin complex with 

the actin modifying proteins WASP, CAPZ, cortactin, and the Arp2/3 complex. The 

protein ZO-1 directly associates with the cortical actin cytoskeleton, and densin binds 

to a-actinin-4. FAT-1 is also an organizer of actin polymerization [74]. Dendrin, a 

cytosolic protein is found in FPs of mouse podocytes and associates with the SD 

complex in normal human kidney. In MCD patients, dendrin and ZO-1 are re-

distributed within the podocytes [151]. 

Nephrin  

Studies in families with congenital nephrotic syndrome (CNF) of the Finish type, an 

autosomal-recessive disorder characterized with heavy proteinuria in utero, led to the 

identification of nephrin as a critical component of the glomerular SD. The respective 

NPHS1 gene, conserved through evolution, mutated in CNF, is located in a 150kb 

 

Figure 3.14 The slit diaphragm model of 

Karnovsky and colleagues. Podocyte 

foot processes (left and right) with a central 

filament running in parallel to FP. 

Perpendicular cross strands form a regular 

lattice, with rectangular pores between the 

strands. This lattice forms a molecular sieve.  
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region on chromosome 19q13.1 and was cloned in 1998 [152]. Nephrin is a 185 kDa, 

124-residue transmembrane protein of the immunoglobulin superfamily of cell 

adhesion molecules [153]. It includes a 22-residue N-terminal signal peptide, an 

extracellular domain containing eight immunoglobulin-like modules, and one 

fibronectin type III-like module, followed by a single transmembrane domain-like 

sequence, and a cytocolic C-terminal end [152]. It is not only the main structural 

component of the podocyte SD, forming a scaffold for intertwining SD molecules, but 

also a cell surface receptor participating in cell-cell signaling functions. Nephrin 

molecules interact with one another in a hemophilic fashion (Figure 3.15) in the 

middle of the slit to form a filtering 

structure [154-155]. Nephrin has 

shown to interact with CD2AP and 

podocin linking the SD with the 

podocyte cytoskeleton. ZO-1 as well 

as α-actinin, IQ motif-containing 

GTPase activating protein 

1(IQGAP1), membrane-associated 

guanylate cyclase inverted 2 

(MAGI2) and calcium/calmodulin-

dependent serine protein kinase 

(CASK) also couple the nephrin to the actin cytoskeleton [155-157]. Thus alterations 

in nephrin result in alterations of the podocyte cytoskeleton/shape characterized by 

FP effacement and vice versa. The signaling functions are enabled by the nine 

tyrosine residues of the intracellular domain, phosphorylated by Src kinase at ligand 

binding [158-159]. The Src kinase tyrosine phosphorylation of the cytoplasmic tail of 

nephrin seems to promote antiapoptotic signaling [160]. Lack of Fyn kinase, a 

member of the Src tyrosine kinase family, leads in proteinuria and FP effacement in 

mice. Podocin and Neph1, form a protein complex with nephrin that functions as a 

 

 

Figure 3.15 A. Homophilic interaction between 

nephrin molecules from adjacent podocytes. B 

hemophilic interactions between identical neph 

molecules and heterophilic interactions with adjacent 

nephrin molecules. Neph1 and Neph2 do not interact 

with each other 

 

 

B 

A 
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transmembrane receptor 

(nephrin receptor complex) 

crucial for the maintenance of 

the maintenance of FP 

architecture and holds FP 

together in the face of arterial 

pressure transduced from 

glomerular capillaries [142]. A 

basic function of the nephrin 

receptor complex is to form a 

polarized junction between two 

cells [161]. Mutated NPHS1 

gene or anti nephrin antibodies 

cause loss of SDs, FP effacement and proteinuria.   

Podocin 

Podocin was first isolated from families with an autosomal recessive, steroid-resistant 

nephrotic syndrome (SRNS) that affects children within the first few years of life [162] 

and has histological characteristics of MCD or FSGS. It is encoded by the NPSH2 

gene, located in 1q25-31, which is mutated in the SRNS [162]. Podocin is a member 

of the stomatin family of proteins. It is a hairpin-like membrane protein with 

intracellular N- ans C- termini (Figure 3.16).   Podocin associates with lipid rafts and 

recruits [163-164] transmembrane receptors to these rafts such as the nephrin 

complex receptor. It acts as a scaffolding protein, serving the structural organization 

of the SD.  Several studies have reported a modulation or correlation of nephrin and 

podocin expression with levels of proteinuria in PAN, diabetes and MCD [165-167]. 

Recent data support a critical role of the podocyte SD and its protein component 

nephrin and podocin in the pathogenesis and of immune mediated 

 

Figure 3.16 The glomerular filter viewed perpendicular to 

podocyte FP. Filtrate passes from within the glomerular 

capillary lumen (at bottom) through fenestrate between 

endothelial cells, across the glomerular basement 

membrane, and through the slit diaphragm between 

podocyte FP into the Bowman‟s space. Inset: slit diaphragm 

components are localized to lipid rafts. Podocin serves as a 

scaffolding molecule to localize nephrin and Neph1 to lipid 

rafts, which bring multiple proteins together in a small area 

of membrane to create a signaling platform.  
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glomerulonephritides such as the PHN and the experimental anti-GBM 

glomerulonephritis [168-169]. 

3.4 Lupus nephritis (LN) 

3.4.1 Overview 

Systemic lupus erythematosus (SLE) is a prototype autoimmune disease which can 

affect any organ of the body and thus have a broad array of manifestations such as 

rash, arthritis, anemia, serositis, nephritis, seizures and psychosis. The prevalence of 

lupus ranges from 40 to more than 200 cases per 100000 persons. The life 

expectancy of patients with SLE has improved from 4-year survival rate of 50% in the 

1950s‟ to a 15-year survival rate of 80% today [170]. LN is a common and serious 

manifestation of SLE associated with significant morbidity and mortality. The 

incidence of LN ranges from 25% to 75% among SLE patients and up to 20% of 

these patients progress to renal failure. LN is regarded as a syndrome, including a 

variety of immunologic events [171]. 

3.4.2 Clinical Features - Diagnosis 

Proteinuria is the dominant feature of LN and microscopic hematuria is almost always 

present. Hypertension is most prominent in patients with severe LN and about half 

will show a reduced glomerular filtration rate (GFR) and occasionally they will present 

with acute renal failure. Renal tubular function is occasionally disturbed. A rising anti-

dsDNA titer and reduction of serum complement is observed in the proliferative forms 

of disease. Nephrotic syndrome can accompany active LN. Kidney biopsy is the 

mainstay of the diagnosis of LN. A diverse histopathology characterizes LN. The 

latest ISN/RPS (2003) classification of LN is currently in use (Table 3.2) [172].  

In the following paragraphs we will focus on the current data regarding LN 

pathogenesis in particular. First implications regarding pathogenesis of LN come 



33 
 

from kidney biopsy histological findings. IC and complement deposition, interstitial 

and glomerular infiltration by inflammatory cells, mesangial cell proliferation, 

podocyte FP effacement are the initial findings. Matrix expansion and fibrosis occur 

at later stages.  

 

Table 3.3 Working definitions in the management of LN   

D
is

e
a

s
e
 s

e
v
e

ri
ty

 

Mild renal disease 

 Class III with chronicity index ≤3 / proteinuria <3g/24h (<3 creatinine/protein ratio*) and normal 

renal function 

 Class V with proteinuria <3g/24h and normal renal function 

Moderate severe renal disease 

 Mild disease with partial or no response to induction therapy  

 Class III with chronicity index >3  or crescents or increase of serum creatinine  

 Class IV with chronicity index ≤3 / proteinuria <3g/24h and normal renal function 

 Class V with proteinuria ≥3g/24h and normal renal function 

Severe renal disease 

 Moderately severe with partial or no response after 6–12 months of induction therapy 

 Class IV, V with impaired renal function 

 Class III, IV with fibrinoid necrosis or crescents, or chronicity index >4 or activity index >10 

 Rapidly progressive glomerulonephritis  

Table 3.2 Synopsis of International Society of Nephrology/Renal Pathology Society (ISN/RPS) 

2003 classification of LN 

Class I 

Minimal mesangial LN 

Minimal mesangial immune deposits 

 

Class II 

Mesangial Proliferative LN 

Mesangial hypercellularity - Normal glomeruli by light 

microscopy 

Class III 

Focal LN 

Segmental or global, endo- or extracapillary glomerulonephritis 

involving <50% of all glomeruli with or without messangial 

damage 

Class III(A) Active lesions 

Class III (A/C) Active + Chronic lesions 

Class III (C) Chronic lesions 

Class IV 

Diffuse LN 

Segmental or global endo- or extracapillary glomerulonephritis 

involving ≥50% of all glomeruli with subendothelial deposites 

/with or without messangial damage 

Class IV S(A) Segmental Active lesions 

Class IV G(A) Global Active lesions 

Class IVS(A/C) Segmental Active+Chronic lesions 

Class IV G(A/C) Global Active+Chronic lesions 

Class IV S(C) Segmental Chronic lesions 

Class IV G(C) Global Chronic lesions 

Class V 

Membranous LN 

Segmental or global subepithelial deposits /with or without 

mesangial damage /with or without presence of class III or 

class V LN / with or without chronic lesions 

Class VI 

Advanced sclerosing LN 
≥90% global sclerosis 
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3.4.3 Pathogenesis of LN 

3.4.3.a Autoimmunity disorder in LN 

Loss of self tolerance results in a generalized autoimmunity with autoantibodies 

directed against a variety of self components plays a central role. Defect in the CD8 

T cells and natural killer cells that suppress the activation of B cells that secret   anti 

dsDNA IgG has been shown in patients with lupus [173]. At the same time a 

hyperactivity of Th cells is observed in human and murine lupus [174-175]. Defect in 

clearing of ICs has also been implicated. This is due ether to reduced numbers of 

CR1 receptors [176] or to inadequate phagocytosis and clearance of IgG2 and IgG3 

containing complexes and of apoptotic materials predispose to LN [177-180].  

Recently the expression of programmed death 1 (PD-1), of a negative T cell regulator 

and its ligand, in renal tissue suggests an important role in regulating peripheral T 

cell tolerance [181].  

Autoantibodies in LN 

LN is characterized by trapping of circulating autoantibodies against double stranded 

(ds) DNA, ribonucleoproteins, nucleosomes, α-actinin, laminin, vimentin, myosin, 

heparin sulphate,   and anti-Sm antibodies, the last having significant association 

with LN. In situ formation also occurs via charge interaction between anti-

DNA/histone antibodies and DNA/histones already deposited in the glomerulus [182]. 

The role of the autoantibodies in generating renal damage is unclear and conflicting 

data from murine studies raise contestation about the anti-DNA antibodies are 

sufficient to cause end stage renal failure [183]. Complement fixation may be 

essential for tissue damage.  

Possible mechanisms by which autoantibodies cause LN are depicted in Figure 3.17 

(a) Some antibodies against dsDNA form complexes with DNA in the blood stream 

[184] and are passively trapped in the glomeruli and (b) others attach directly to 
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glomerular structures i.e. GBM [185]. Not all 

autoantibodies cause renal damage 

(nephritogenic antibodies). The capacity of 

autoantibodies to form immune deposits 

and their location are dependent on 

properties unique to individual Ig in LN 

[186]. IgG1 and IgG3 anti nuclear 

antibodies are considered more 

nephritogenic. Extracellular double 

stranded DNA occurs in the form of 

nucleosomes, which are fragments of 

chromatin that cells release when they 

undergo apoptosis.  Positively charged 

chromatin fragments on GBM, as targets for 

autoantibodies [187] and high affinity 

antibodies to nucleosomal DNA mostly 

determines the pathogenic capacity of anti-

DNA antibodies [188-190]. Their cross 

reactivity to alpha actinin, laminin, C1q and 

heparin sulphate attributes pathogenic 

properties [179, 191-193]. The antigen 

binding region is influential in this process 

[186].   

 

Figure 3.17 Pathogenesis of LN via 

autoantibody induced damage 
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Immune complexes–complement activation in LN 

The MRL/lpr mice have widespread complement activation and ICs in the kidney. 

The ICs trapped in the GBM activate complement which initiates LN by generating 

chemotactic factors that attract leucocytes and macrophages. These cells release 

cytokines and clotting mediators [194-195]. The Fc receptor is crucial for the LN 

development. NZB/W F1 mice with defective Fc receptors generated and deposited 

IC and activated complement but were protected from severe LN [196]. Also lupus 

MN is characterized by subepithelial IC deposition and FP effacement without 

inflammation. The subsequent development of proteinuria is complement dependent 

and involves the formation of C5b-9 the same mechanism observed in idiopathic MN 

[197-198]. The CR1 loss from podocytes in human LN, which is due to reduced 

synthesis, might render podocytes highly sensitive to complement attack [199]. Local 

expression of complement genes C3, Factor B, C2 and C4 is increased in murine 

LN[200]. In MRL/lpr lupus mouse kidneys, C3aR and C5aR expression was up-

regulated significantly at both the mRNA and protein levels. When C5a signaling or 

C3aR were blocked MRL/lpr mice as well as C5aR-deficient MRL/lpr mice displayed 

attenuated renal disease and prolonged viability [198, 201-202]. Dysfunction or 

down-regulation of DAF may contribute to autoimmune disease pathogenesis and 

manifestations in an LN model of MRL/lpr mice [203].  

B and T cells – macrophages – renal dendritic cells 

Breakdown of immunologic tolerance leads to the production of autoreactive B and T 

cells. The role of B cells is dominant in LN due to autoantibody production. BAFF (B 

cell activation factor belonging to the TNF family) is upregulated during inflammation 

promotes the formation of B memory cells resulting in persistence of autoantibodies 

[204]. Cell proliferation is dependent on the coordinated activation of specific cell-

cycle regulatory proteins; cyclins and CDKs act as positive regulators [205]. APRIL (a 

proliferation-inducing ligand) promotes autoreactive B cell survival in some cases. 
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The role of T cells is help provision to B cells. However, there is a growing body of 

evidence for a crucial role of T cells. A local T cell response in kidney and regional 

lymph nodes exists early in the disease process [206]. Blocking T cell activation by 

CTLA4Ig in NZB/W F1 mice with LN could prevent disease progression [207]. The 

finding of Th1 and Th2 cytokines in the kidney underscore the T cell involvement 

[206]. Activated macrophages in the renal interstitium correspond with disease 

progression. Activation of renal dendritic cells occurs in murine and human LN, they 

induce T cell activation and  are associated with expression of inflammatory 

cytokines [208].  

Cytokines in LN 

Proinflammatory cytokines are upregulated in LN. The local (renal) effects are 

different and more relevant to LN from the systemic effects [209]. TNF has been 

detected in macrophages infiltrating the glomerulus, as well as in glomerular 

podocytes, endothelial and mesangial cells and in the interstitium. The glomerular 

TNF is mainly produced locally by monocytes and macrophages but also by the 

mesangial cells. Its local production is induced by antibodies to dsDNA and its 

concentration in the kidney correlates with disease activity [210-211]. Since the 

circulating TNF levels are elevated in active SLE, and the renal cells express TNF 

receptors, kidney cells may bind circulating TNF too [212].  

Increased IL-6 at the protein and mRNA level found in LN is associated with 

mesangial cell proliferation. However many LN samples do not express IL-6 [209]. IL-

1 has been detected in infiltrating monocytes and macrophages and in some 

podocytes and mesangial cells in human LN [210]. IL-18 is overexpressed in 

nephritic kidneys of MRL/lpr mice, both in infiltrating monocytes and in tubular 

epithelial cells [213]. Upregulation of INFγ, the prototypical Th1 cytokine, produced 

by monocytes, has been shown in human and murine (MRL/lpr, NZM2328) LN [206, 

214-215]. The finding that a relative defect in INFγ signaling can uncouple 
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autoantibody formation and IC deposition suggests that INFγ plays an essential local 

role in murine LN [216]. IL-4, the prototypical Th2 cytokine is found also in podocytes 

and in mesangial cells. IL-4 mRNA expression was associated with hypercellularity 

and extracellular matrix expansion in human LN [217]. IL-10 is found in intrarenal T 

cells and the increase of IL-10 is of pathogenic relevance in NZB/W mice, where the 

effect of IL-10 was opposite to the effect of TNF [209, 218]. 

3.4.3.b The endothelial cell 

Inflammatory cell recruitment requires endothelial cell activation. Endothelial hypoxia 

results in cell death and further activation of innate immunity. Active human LN is 

characterized by upregulation of Tie2 antagonist. Tie2 maintains endothelial integrity 

[219]. 

3.4.3.c The mesangial cell 

In MRL/lpr mice the IC deposition is followed by production of chemokines like MCP-

1 and RANTES by the glomerular mesangial cells. The initial mesangial stimulation 

results in mesangial expansion and cellular infiltration. In a later stage a transition to 

fibroblast phenotype has been shown with an increase in expression of genes such 

as metalopeptidase, TGF-β2, insulin-like growth factor binding protein 2. Activation of 

the TGF-β2 signaling is the final common pathway leading to fibrosis, 

glomerulosclerosis and end stage renal failure [191, 220].  

3.4.3.d The renal interstitial cells 

Resident and migrating (e.g. macrophages) cells of the renal interstitium play a key 

role in the progression of renal damage to end stage renal disease in general and in 

LN in particular. Increased ICAM-1, Von Willebrand factor, soluble endothelial protein 

C receptor and decreased ADAMS-13 point to a diffuse vascular damage. 

Albuminuria induces ROS release by the proximal tubular cells, NF-kB activation, 
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endothelin-1 and TGF-β1 upregulation. TGF-β1 enhances epithelial-to-mesenchymal 

transition and apoptosis. Albuminuria also enhances the MCP-1 expression. All these 

events can be counteracted by the hepatocyte growth factor (HGF) expressed in the 

tubular epithelial cells [221]. 

3.4.3.e The Podocyte 

The podocyte is a target of anti dsDNA antibodies because the last cross-react with 

α-actinin, a protein that cross-links actin, critical for maintaining the function of 

podocytes.  In murine model anti dsDNA antibodies that cross-react α-actinin are 

pathogenic but those that do not cross-react are not [192, 222]. Blockage of type 1 

angiotensin receptors in the glomerulus reduced proteinuria, glomerular pathology 

and cytokine expression both in murine and in human LN [223-224]. Podocyte 

expression of B7-1 correlated with the severity of human LN [138]. 

3.4.3.f Toll-like receptors (TLRs) 

TLR are microbe recognizing receptors expressed by B cells and by resident kidney 

cells and recognize self antigens thus contributing to autoimmune disease.  TLR-9 is 

expressed in the tubulointerstitium and in the glomerulus in human LN. The ICs 

activate the renal cells through TLR to produce inflammatory mediators. TLR-9 

protected against nephritis in the MRL/lpr mice as well as co-inhibition of the TLR-7 

and TLR-9. Additionally TLR-9 ligand accelerated LN in MRL/lpr mice. [225-226]. 

3.4.4 The NZB/W F1 mice 

Several features of NZB/W F1 mice model are consistent with lupus in humans. 

Females develop disease at a frequency 10 times that of males, and IC and 

complement deposition in glomeruli are observed. Significant proteinuria and severe 

GN is seen concomitant with the serological appearance of antibodies to DNA as well 

as ICs of the immunoglobulin G1 (IgG1), IgG2a, and IgG2b subclasses beginning at 
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4 months. Median survival is 6 months, with mortality resulting from renal failure. 

Several studies have demonstrated the essential role of B cells and autoantibodies in 

disease development [196, 227-229].  
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4. RESEARCH QUESTIONS AND AIM OF THE STUDY 

Numerous data support the central role of the SD components in the pathogenesis of 

GN with proteinuria. Various components of the SD are affected in different renal 

diseases [230]; understanding the molecular mechanisms of the glomerular filtration 

pathology is essential for the development of targeted therapies.  

 

Although recent data suggest a critical role for the podocyte SD and its components 

in the pathogenesis of immune-mediated GN, such as the Heymann model of 

membranous nephritis and experimental anti glomerular basement membrane 

disease, their contribution in LN remains to be defined [168-169]. The role of nephrin 

and podocin, of the main components of the SD has not been explored in a 

systematic and organized fashion. Specifically there is a paucity of data with regard 

to the glomerular expression of nephrin and podocin at both protein and mRNA 

levels. Moreover, there are no experimental data and previous studies in humans 

have not reported specifically on LN.  

The aim of this study was to determine the ultra-structural alterations of the SD 

associated with altered glomerular expression of nephrin and podocin in the 

NZB/NZW (NZB/W) murine LN model. We investigated whether the expression of 

these molecules correlated with clinical and histological parameters of the renal 

disease. Finally we evaluated nephrin expression in the kidneys of patients with LN. 

We sought to test the hypothesis that podocytes and their SD components may be 

implicated in the pathogenesis of immune-mediated nephritis such as LN.  
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5. MATERIALS AND METHODS 

5.1 Animal study 

5.1.1 Animal experimental design 

A total of 27 NZB X NZW F1 (briefly NZB/W) (Harlan, UK) and 24 C57BL/6 (FORTH, 

Greece) control female were studied. NZB/W nephritis of the mice morphologically 

and functionally resembles human LN. Various types of glomerulonephritis 

associated with IC deposition are developed [231]. C57BL6 were chosen as controls 

for normal protein excretion as spontaneous glomerulonephritis and impaired 

autoimmunity was not observed in such animals. Also 5 NZB and 4 NZW as parent 

strains of the NZB/W hybrid were studied. Little is known about renal characteristics 

of NZB and NZW. We sought to study females (n=3) NZB and males NZW (n=3) as 

the NZB/W are hybrids from a mating of a female NZB and a male NZW mouse. All 

animal procedures were conducted in accordance with the guidelines for the care 

and use of laboratory animals approved by the University of Crete, School of 

Medicine. Animals were housed in a constant temperature room, with a 12-hour dark 

light cycle. They had free access to tap water and standard mouse chow throughout 

the study and were euthanatized by CO2. Because NZB/W nephritis occurs before 

the 20 weeks of age [232] mice were evaluated at 1, 3, 6, and 9 months of age in 

order to detect possible podocyte damage at the very early phase of LN when 

evident at the ultrastructural level.   

5.1.2 Urine collection and assessment of proteinuria 

Individual mice were placed in metabolic cages (Tecniplast) for 24h urine collections 

the day before they were sacrificed. Urine samples were aliquoted and stored at -

80oC without any protease inhibitors until processed further. Urine samples were 

assayed for total protein using Bio-Rad Protein Assay reagent (Bio-Rad 

Laboratories), using bovine serum albumin (BSA) as standard. Samples were read 



43 
 

on an Ultrospec 2100 Pro (Biochrom Ltd) spectrophotometer at 590nm. Baseline 

values for urinary protein excretion, as measured in 1-month old NZB/W mice and in 

C57BL6 controls were equal or less than 2mg/24h. Thus, abnormal proteinuria was 

defined as protein excretion above 2mg/24h, as previously described.  NZB/W mice 

were categorized: a) non proteinuric: <2mg/24h; b) mild proteinuric: 2-10mg /24h 

and, c) severe proteinuric >10mg/24h. 

5.1.3 Blood collection 

Blood was collected by cardiac puncture, was left on ice for 20 minutes and then 

serum was separated by serial centrifugations at 3000 x g, 6000 x g, and 12000 x g 

at 4 oC for 10 minutes each centrifugation.  

5.1.4 Determination of serum anti-ds DNA  

Serum anti-dsDNA autoantibodies were detected by an enzyme-immunoassay 

(Mouse anti-ds DNA IgG (Total) ELISA kit; ADI V3-5100) according to the 

manufacturer‟s instruction. Briefly, blood serum samples, diluted 1:100 in assay 

diluent buffer (100κl/well), was plated in antigen coated, 96-well strip plate, then 

incubated for 30 minutes and subsequently washed three times with 1 x washing 

buffer. HRP labelled goat anti-mouse IgG conjugated antibody (1:100 in assay 

diluent buffer – 100κl/well) was added and incubated for 30min and then washed. 

Positive and negative control wells were also prepared. Finally 100 κl/well of TMB 

solution was used (15 minutes incubation in the dark) and the reaction was 

terminated by the addition of 100κl/well of stop solution. The plates were read at 450 

nm in a Model 680 Microplate Reader, Bio-Rad Laboratories Ltd, UK. All incubations 

were performed at room temperature (RT). 
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5.1.5 Renal Histology 

The left mouse kidney was processed for histological studies. Briefly, one part was 

fixed in 10% buffered formalin stored at room temperature and later dehydrated in 

alcohol, and embedded in paraffin and stored at RT for standard light microscopy 

staining techniques (hematoxyline - eosin, PAS, Jones, Masson‟s Trichrom). Another 

part of the kidney was snap frozen by liquid nitrogen in 22-oxycalcitriol (OCT) 

compound and stored at -80oC for immunoflourescence (IgG, nephrin). A third part 

was fixed in 2.5% glutaraldehyde in phosphate buffer (NaH2PO4H2O: 0.1 M + 

Na2HPO4: 0.1M pH: 7.2) stored at 4oC for electron microscopy study.  

5.1.5.a Light microscopy (LM) 

Four κm sections of formalin-fixed paraffin-embedded tissue were examined in a 

Nikon THP Japan microscope. Kidney biopsies were evaluated for active lesions 

(mesangial expansion, endocapillary proliferation, glomerular deposits, extracapillary 

proliferation and interstitial infiltrates), as well as chronic lesions (tubular atrophy and 

interstitial fibrosis) of LN. At least 30 randomly selected glomeruli, visualized and 

photographed, from each animal were examined. All slides were scored by an 

experienced renal pathologist (L. N.) masked to the group. The 2003 International 

Society of Nephrology / Renal Pathology Society (ISN/RPS) classification of LN was 

adopted [233]. 

5.1.5.b Immunofluorescence 

For immunofluorescence (IgG and nephrin) studies, kidney  cryosections (5 κm) 

were fixed in acetone at -80°C and were blocked with 20% normal goat serum, 

before incubation with antibodies against IgG (1:50 for 1 hour at room temperature) 

and nephrin (1:100 overnight at 4oC). Secondary species-appropriate fluroscein-

isothyocyanate (FITC) conjugated antibody (1:20 for 1 hour at room temperature) 

was used and slides were examined in a Nikon eclipse 80i microscope. Pictures 
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were captured with a Nikon Digital Sightt using the W/S – Element F Software. 

Glomerular IgG staining was assessed as follows: 0, no signal; 1+, mild; 2+, 

moderate; 3+, strong signal intensity. At least 15 glomeruli per animal were studied. 

For distribution and quantification purposes, a semiquantitive score was assigned for 

glomerular nephrin expression according to the following patterns: 0, negative; 1+, 

weakly positive; 2+, strongly positive.  

5.1.5.c Electron microscopy  

For electron microscopy (EM) studies, specimens were fixed in 2.5% glutaraldehyde 

in 0.1M phosphate buffer, pH 7.2, post-fixed for 1 hour in 1% osmium tetroxide, 

dehydrated in a series of graded ethanols, cleared in propylene oxide and embedded 

in an Epon/Araldite mixture. Ultrathin sections were stained with uranyl acetate/lead 

citrate and examined in a JEM-1010 transmission electron microscope by the same 

pathologist (KK), in a blind manner.  

Analysis was based on micrographs representing 20 glomeruli for each group of 

mice. The presence of mesangial, subendothelial and subepithelial electron dense 

deposits (EDD) was evaluated in a semiquantitive way according to the following 

pattern: 0, negative; 1+, frequent; 2+, extensive. The podocyte fusion was 

characterized as 0, negative; 1+, rare; 2+, extensive. 

5.1.6 Glomerular isolation 

The right kidney was processed for biochemical and molecular studies immediately 

after sacrifice. Glomeruli were enriched by differential sieving on ice as been 

described elsewhere [234]. One half of the kidney was minced in pasta like 

consistency, then passed through a 90 micrometer nylon sieve (Nitex 03-

50/31Β Β Β Β, Sefar inc) and subsequently trapped the glomeruli on a 50 micrometer 

nylon sieve (Nitex 03-90/49Β Β Β Β, Sefar). Glomeruli from one half of the kidney 



46 
 

were lysed in 1ml RIPA buffer ((0.1 M HEPES, 0.15M sodium chloride, 1.5 mM 

magnesium chloride, 1 mM EGTA, 10% glycerol, 0.1 M sodium fluoride, 10 mM 

sodium pyrophosphate, 0.2 mM sodium orthovanadate, 1% Nonidet P-40, and 

protease inhibitors) [235]. The lysed glomeruli were centrifuged at 4oC at 14,000 x g  

for 15 minutes and the supernatant was aliquoted stored at -80oC until used for 

Western blot studies. 

5.1.7 Western blot (WB) analysis 

 For Western blot analysis, 40κg of total protein from glomerular extract were diluted 

in Laemmli sample buffer with 5% 2-mercaptoethanol, boiled for 5 minutes and 

separated under reducing conditions by 7.5% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) in a Mini-PROTEAN 3 Mini Vertical Electrophoresis 

System (BIO-RAD). Proteins were transferred to a nitrocellulose membrane (Protan 

BA85 - Schleicher & Schuell Bioscience), blocked for 1 h in 5% skim milk in TBS-T 

(0.05% Tween 20) at room temperature, and then incubated with the indicated 

primary antibody (1:500) diluted in 5% skim milk in TBS-T (0.05% Tween 20) at 4oC 

overnight. After three wash with TBS-T (0.05% Tween 20), membranes were 

incubated with the appropriate horseradish peroxidase (HRP) conjugated IgG diluted 

1:3000 – 1:10000 according the manufacturer‟s instruction at room temperature for 1 

hour. Blots were developed using enhanced chemiluminescence (ECL) by 

Amersham (RNP2209) and exposed (SuperRX 12x18 – FUJIFILM). Nephrin and 

podocin were normalized to actin detected by a pan actin monoclonal antibody 

diluted 1:1000 in TBS-T (0.05% Tween 20) at room temperature for 1.5 hours. The 

density of the positive bands was quantitated by Tinascan.   

5.1.8 RNA Isolation 

Total RNA was isolated from kidneys by a single-step guanidinium isothiocyanate-

phenol-chloroform extraction (Trizol Reagent Invitrogen) according to the 
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manufucturer‟s instructions. After tissue homogenation in Trizol reagent (50-100mg 

of tissue/1ml Trizol Reagent) at 40C, the nucleoprotein complex was completely 

dissociated by sample incubation at room temperature. The phase separation was 

performed by the incubation with 0.2ml of chloroform at room temperature for 3 

minutes and centrifugation at 12000 x g at 40C for 15 minutes. The RNA precipitation 

from the resultant aqueous phase was done by mixing with 0.5ml isopropyl alcohol, 

incubation at room temperature for 10 minutes and centrifugation at 12000 x g at 40C 

for 10 minutes. One wash of the RNA pellet with 1ml of 75% ethanol followed and 

subsequently the RNA pellet was air-dried and finally redissolved in 30κl of RNAase-

free water and stored at -800C. 

5.1.9 cDNA preparation 

One microgram of total RNA was used to prepare first strand cDNA in a total reaction 

volume of 20κl by AMV Reverse Transcriptase (Promega). The appropriate volume 

of RNAase free water and 0.5κg primer/κgRNA was added to the 1κg total RNA, 

heated at 65 0C for 5 minutes, chilled on ice for 5 minutes and centrifuged briefly. 

Then 4κl of 25mM MgCl2, 2κl of Reverse Transcriptase Reaction 10x buffer, 2 κl of 

10mM dNTPs, 0.5κl of 40u/ml RNasin and  0,75κl of 20U/ml RT enzyme (AMV) were 

added to the RNA solution up to the volume of 20κl. The mix then was sequentially 

incubated at 25 0C for 15 minutes, at 42 0C for 60 minutes, at 95 0C for 5 minutes and 

finally at 4 0C for 5 minutes. The cDNA was stored at -20 0C until used. 

5.1.10 Real Time PCR reaction 

A typical 20κl real time PCR reaction was performed in the ABI Prism 7700 

Sequence Detection System using BioRad SYBR green Super mix 1x. Each reaction 

contained 10 κl of 1× SYBR green Super Mix, 0.6κM (1.2κl) of mouse nephrin or 

podocin or GAPDH primers, 5 κl of 1:5 dilution of the cDNA prepared as above, and 

water to 20 κl. The reactions were then followed by 40 cycles of 30 seconds at 95°C, 
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of 30 seconds at 55°C, and of 72 seconds at 72°C. All measurements were 

performed in duplicate. The primers used in this study were as follows: mouse 

GAPDH, forward 5΄– AATGTGTCCGTCGTGGATCTGA-3΄ and reverse 5΄– 

GATGCCTGCTTCACCACCTTCT-3΄, mouse nephrin forward 5΄– 

ACACAAGAAGCTCCACGGTTAG-3΄ and reverse 5΄– 

TGGCGATATGACACCTCTTCC-3, mouse podocin forward 5' 

GTGTCCAAAGCCATCCAGTT 3' and reverse 5' GGCAACCTTTACATCTTGGG 3'. 

Nephrin and podocin mRNA quantity was normalized to GAPDH mRNA. 

5.2 Human study 

5.2.1 Patients with LN 

Patients with biopsy-confirmed class II (n=5), class IV (n=4), and class V LN (n=6) 

were studied. Fresh kidney tissue was processed for immunofluorescence 

(immunoglobulin and complement) and tissue formalin-fixed and embedded in 

paraffin was used for standard LM and nephrin immunohistochemistry.  Control 

tissue (n=2), was obtained from tumor nephrectomy samples.  

5.2.2 Immunohistochemistry 

For immunohistochemistry, an avidin-biotin technique was used (Vector Lab: 

Vectastain Elite ABC-Peroxidase Kit Standard VC-PK-6100). Briefly, antigen retrieval 

was performed with citrate buffer (pH 6) in a microwave oven at 750w for 20 minutes. 

Sections were incubated with blocking solution (normal horse serum: Vector 5200 

diluted 1:5 in TBS) for 30 minutes at room temperature. After overnight incubation at 

4oC with the primary antibody diluted in 1:100 in antibody diluent (Dako), the sections 

were incubated with biotinylated secondary antibody 1:80 for one hour, followed by 

30-min incubation with Vectastain Elite ABC reagent (Vector Lab) at room 

tempreature. The same semiquantitive score was assigned as for nephrin 

immunofluorescence. 



49 
 

5.3 Antibodies 

An anti mouse IgG (H+L) (BA 2000 Vector Laboratories) was used for IgG 

immunofluorescence. A FITC conjugated streptavidin (F72 Biomeda) was used as 

secondary for IgG immunofluorescence. A polyclonal rabbit anti-nephrin antibody 

directed against the cytoplasmic domain of mouse nephrin was a kind gift from LB 

Holzman [236] for the western blot and immunofluorescence studies.   For 

immunohistochemistry purpose a primary goat anti nephrin antibody (N20 sc1900) 

was purchased from Santa Cruz. A FITC conjugated polyclonal Swine anti rabbit IgG 

(F0205 Dako) and a biotinylated anti goat IgG (BA9500 Vector Lab) were used as 

secondary for the nephrin immunofluorescence and immunohistochemistry 

respectively. Podocin was detected by a polyclonal rabbit anti-podocin antibody 

(ab50339 Abcam) and actin by MAB 1501 Chemicon pan actin monoclonal antibody. 

The HRP conjugated mouse anti rabbit and HRP conjugated mouse anti mouse with 

respective codes 7074 and 7076 were purchased from Cell Signalling and used.   

5.4 Statistics 

Data are expressed as the mean ± standard error of the mean (SEM) value. 

Comparisons were performed with the Mann-Whitney U test for numerical data and 

with the Fisher‟s exact test for categorical. Correlation analysis was done by 

Spearman‟s rho (ρ) test. All analysis were done with SPSS 16.0 (SPSS, Inc.) and p-

values (two-tailed) <0.05 were considered as statistically significant.  
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6. RESULTS  

6.1 Clinical picture and histology of NZB/W, C57BL/6, NZN and NZW mice 

We first determined the clinical picture and histology of renal disease in our 

experimental animals.  

NZB/W F1 characteristics 

Fifteen NZB/W females were examined for the presence of serum anti ds DNA. All 

were positive for serum anti ds DNA from the age of three months. All (n=2) aged 

one month were anti ds DNA negative.  

Twenty four hour urine protein excretion was determined in 23 NZB/W females. 

Eleven out of 12 NZB/W aged 3 months had mild and one no proteinuria. Three out 

of nine aged 6 months had sever and the remaining six severe proteinuria as well as 

all (n=2) aged 9 months.  Severe proteinuria and associated anasarca was 

exclusively found in the NZBXW females at 6 months of age and older while it was 

significantly increased from the 3 months. Among the NZB/W population, a strong 

correlation of 24h proteinuria with age (ξ=0.75, df=21, p<0.001), with the severity of 

LN as expressed by light (ξ=0.65, df=20, p=0.001) and with the density of IgG 

deposits (ξ=0.59, df=20, p<0.05) was observed. 

Twenty seven NZB/W females were evaluated by light microscopy. All (n=4) aged 

one month as well as 7 out of 12 aged 3 months had normal light microscopy findings 

and were encoded as (N). The remaining five showed mild segmental mesangial 

hyperplasia (MMLN). Five out of 9 aged 6 months and 1 out of 2 aged 9 months 

exhibited segmental or global, endo- or extracapillary glomerulonephritis involving 

<50% of all glomeruli (focal proliferative nephritis) and were encoded as FPLN. The 

remaining, 1 aged 6 months had global glomerulosclerosis, 3 (n=2 aged 6 months, 



51 
 

n=1 aged nine months), showed global extracapillary glomerulonephritis involving 

≥50% of all glomeruli with active lesions, cellular crescents, pseudothrombi and 

subendothelial deposits and two aged 6 months with mainly chronic lesions – 

fibrocellular crescents. Those 4 were categorized as diffuse proliferative nephritis 

(DPLN).  

IgG immunofluorescence was performed in 23 NZB/W females. All (n=2) aged one 

month and 9 out of 11 aged 3 months had no IgG deposits. One aged 3 months and 

3 out of 9 aged 6 months exhibited a weak signal of IgG IF. Two aged 6 months had 

moderate amounts of IgG deposition. The remaining 4 as well as 2 aged 9 months 

exhibited large quantities of IgG (Figure 6.1).  The findings on LM, IF, proteinuria, 

and serum anti-dsDNA levels of the NZB/W females are presented in Table 6.1. 

Thirteen NZB/W mice were examined in electron microscope (EM). Evidence of 

isolated sub-epithelial deposits in some capillary loops and rare sub-endothelial and 

mesangial deposits were seen in all mice at the age of 1 month. At the age of 3 

Table 6.1 Histologic and laboratory findings in NZB/W F1 lupus mice 

 Histology class (LM) 1  

 Normal MMLN FPLN DPLN Total 

Age (months, range) 1-3 1-3 6-9 6-9  

IgG IF staining      

<2+ 8/8 5/5 2/6 1/4 16/23 

≥2+ 0/8 0/5 4/6 3/4 7/23 

Proteinuria (mg/24-hr) 5.4 ± 0.52 3.2 ± 1.0 36.9 ± 12.4 46.3 ± 6.7 
19.4 

± 5.0 

Positive serum anti-dsDNA 3/6 2/3 4/4 2/2 11/15 

Abbreviations: LM, light microscopy, IF, immunofluorescence, Normal, normal LM findings, MMLN, 

mild mesangial hypercellularity, FPLN, focal proliferative lupus nephritis, DPLN, diffuse proliferative 

lupus nephritis 
1 

Active lesions (cellular crescents, pseudothrombi, subendothelial deposits) were demonstrated in 3 

out of 4 mice with DPLN. One mouse developed end stage renal disease at the age of 6 months. 

2 
Data are expressed as mean ± SEM. Proteinuria correlated with age (ρ = 0.75, p<0.001), severity of 

LM findings (ρ = 0.65, p = 0.001), and density of IgG deposits (ρ = 0.59, p<0.05). 
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moths a segmental increase of mesangial matrix was observed. Electron dense 

deposits were present in mesangial areas and in GBM, in both subendothelial (rare) 

and subepithelial deposits (more frequent). The sub-epithelial deposits were larger 

and more prominent. Food processes were relatively well preserved, but there was 

evidence of podocyte fusion first seen at this age in 2 out of 6. In all mice, at the age 

of 6 and 9 months there was a variable but at times extensive presence of electron 

dense deposits. Deposits were present in mesangial areas as well as within GBMs, 

also in both subendothelial and subepithelial locations. The expansion of the 

mesangium had caused occlusion of the capillary loops and fusion of podocytes that 

 

 

Figure 6.1 Light microscopy and IgG immunofluorescence findings in C57Bl/6 control and NZB/W 

lupus mice (A) Normal-light microscopy findings in C57BL/6 control and (B) 3-month-old NZB/W lupus 

mice. (C) Mild mesangial hyperplasia in 1-month-old NZB/W mouse (MMLN). (D) Mesangial proliferation 

and matrix expansion, narrowed glomerular capillaries, with extracapillary proliferation and adhesion from 

the glomerular basement membrane to the Bowman capsule in 6-month-old NZB/W mouse. Less than 

50% of the glomeruli are affected (FPLN). (E) Cellular crescents in 6-month-old NZB/W mouse. More 

than 50% of the glomeruli are affected (DPLN). (F) Immunofluorescence staining in 6-month-old NZB/W 

mouse with DPLN with strong diffuse IgG staining and characterstic “wire-loop”. Original magnification 

×400 in A-F. 
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was very extensive. 

C57BL/6 characteristics  

C57BL/6 females a widely used control which exhibit neither autoimmune disorder 

nor glomerulonephritis was also studied. Results from preliminary experiments 

confirmed that all C57BL/6 of different ages (1 to 9 months) had the same phenotype 

and did not differ significantly in between for all tested variables except in proteinuria 

which was generally within the normal range reaching the levels of mild proteinuria 

sporadically. Therefore after excluding the mild proteinuric C57BL/6 we considered 

the remaining 24 C57BL/6 females as the control group with which we have 

compared the NZB/W females (Figure 6.2). All C57BL/6 were anti ds DNA negative. 

Neither focal nor diffuse proliferative glomerulonephritis was observed in any of the 

C57BL/6. Large quantities of IgG deposits were absent in all tested C57BL/6 mice. 

Four out of 4, 8 out of 11, 2 out of 4 and 4 out of 5 aged 1, 3, 6, 9 months 

 

Figure 6.2 24-hr proteinuria of C57BL/6 and of NZB/W.  

All C57BL/6 were no proteinuric. The NZB/W proteinuria was significantly higher in all age groups 

compared to the respective C57BL/6 (: p< 0.05).  
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respectively had normal LM findings (Figure 6.1.A). The remaining showed very rare 

segmental mesangial hyperplasia. Twenty one C57BL/6 were evaluated for IgG 

deposition. All mice, aged 1 month (n=2) and 6 months (n=3) as well as 6 out of 11 

aged 3 months had negative IgG immunofluorescence. A weak IgG IF signal was 

observed in four mice aged 3 months. Moderate amounts of IgG deposits were found 

in one mouse aged 3 months and in all (n=5) aged 9 months.  Electron microscopy 

confirmed a normal renal tissue with widely patent loops and occasional protrusions 

of the glomerular basement membrane (GBM) towards the subepithelial space 

without mesangial expansion and deposits (Figure 6.4.A).  

NZB and NZW characteristics 

The NZB and NZW characteristics are summarized in table 6.2. Three NZB mice 

(NZB2, NZB4, NZB3) and two NZW (NZW3, NZW4) were examined by electron 

microscope. The NZB exhibited extensive subendothelial and mesangial deposits  

 

Table 6.2 Characteristics of NZB and NZW mice 

Mouse  

code 
NZW1 NZW3 NZW4 NZB2 NZB4 NZB5 NZW2 NZB1 NZB3 

Age (m) 3 3 3 6 6 6 9 9 9 

Sex M M M F M M 
 

F F 

Serum 

anti ds DNA 
pos pos 

 
pos pos 

 
pos pos pos 

Proteinuria  

(mg/24h) 
19,5 24,1 19,3 0,5 12,9 13,9 13,7 0,3 14,9 

LM  N N N N 
 

mild 

mesangial 

expansion 
 

N 
focal 

proliferation 

IgG IF 0 0 2 0 0 3 1 0 1 

Abreviations – symbols: m, month, M, male, F, female, pos, positive, , severe, LM, light microscopy, 

N, normal, IF, immunofluorescence 
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and showed more podocytes with effaced FPs compared to the NZW. Presence of 

isolated subendothelial and mesangial deposits and segmental fusion of podocytes 

were observed in the NZW (Figure 6.3) 

 

6.2 The SD alterations correlate with histology in NZB/W LN mice 

EM revealed isolated subepithelial EDD in capillary loops and rare subendothelial 

and mesangial EDD in NZB/W mice with normal or MMLN LM findings. In these 

groups of mice podocyte FPs were relatively intact – even in areas overlaying the 

deposits – and SDs were well defined, with only two out of six mice showing rare FP 

effacements. These two animals also had more frequent mesangial EDD. On the 

contrary, the SDs were destructed in mice with LM findings of focal or diffuse 

proliferative LN (FPLN and DPLN, respectively). The mesangial, subendothelial, and 

subepithelial EDD were extensive and occlusion of capillary loops, subsequent fusion 

of podocytes, and distortion of SDs were found. 

The severity of mesangial, subendothelial and subepithelial EDD, as well as FP 

effacement findings were significantly associated with 24-hr proteinuria (ρ = 0.85,  

 

Figure 6.3. Electron microscopy in NZB and NZW mice 

(A) Extensive mesangial and subendothelial EDD and diffuse FP effacement in a 9 month old NZB mice. 

(B) Subendothelial deposits and segmental FP fusion and basement membrane thickening (well 

preserved FP are depicted with the long arrow and fused FP with the two  dimension arrows) 
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p<0.003) and IgG intensity (ρ = 0.90, p<0.001) (data not shown). 

 

Figure 6.4 Electron microscopy findings in C57Bl/6 control and NZB/W LN mice 

(A) Normal podocyte FPs in C57Bl/6 control and (B) NZB/W mice with normal LM findings. Slit 

diaphragms are intact and the glomerular basement membrane has normal thickness. No deposits 

are observed. (C) Rare subepithelial deposits and rare FP effacements in NZB/W mouse with 

MMLN. (D) Extensive subepithelial deposits, FP effacement, and thickening of the glomerular 

basement membrane in NZB/W with FPLN. (E, F) Very extensive FP effacement and thickening of 

the glomerular basement membrane in NZB/W with DPLN. 
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6.3 Reduced nephrin at the protein level in NZB/W mice with proliferative LN 

In view of our findings of distorted SD structure in NZB/W mice with proliferative LN, 

we next assessed the glomerular expression of nephrin and podocin, the two major 

proteins involved in the formation of SD. In order to quantify the total glomerular 

nephrin and podocin we performed Western blot analysis in the glomerular extracts. 

We found that nephrin protein expression, was significantly reduced in mice with 

FPLN or DPLN as compared to C57Bl/6 control mice and NZB/W mice with normal 

LM findings (p<0.05 for all pair-wise comparisons) (Figure 6.5 A, B). There was also 

a trend to reduced nephrin expression in NZB/W mice with MMLN compared to 

normal mice, and in mice with DPLN compared to the FPLN mice but did not reach a 

significant level.   

 

Figure 6.5 At the protein level, the slit diaphragm proteins, nephrin and podocin, are reduced 

in NZB/W LN mice  

(A) Representative western blot analysis of nephrin, podocin, and β-actin (indicated by arrows) 

expression in glomerular extracts of C57Bl/6 control and NZB/W mice. Clear bands of approximately 

180 kD and 42kD were visualized in the presence of nephrin and podocin respectively. Band density 

was measured and corrected with the correspondent β-actin band density. (B) Nephrin protein 

expression is reduced by almost 50% in NZB/W mice with MMLN, and becomes diminished in mice 

with FPLN and DPLN. (C) Podocin at the protein level is reduced in NZB/W mice with FPLN or DPLN.  
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We next evaluated the expression and distribution of nephrin in murine LN by IF. A 

strong nephrin signal was detected in renal glomeruli of control C57Bl/6 and NZB/W 

mice with normal LM (Figure 6.6 A). A less intense and sparser, yet linear pattern 

was observed in mice with MMLN (Figure 6.6 B). In contrast, mice with FPLN or 

DPLN had faint nephrin signal with segmental localization and granular appearance 

(Figure 6.6 C-E). Semiquantification of the staining intensity showed that nephrin 

was significantly decreased in FPLN/DPLN as compared to control C57Bl/6 mice and 

NZB/W mice with MMLN or normal LM (p<0.05 for both) (Figure 6.7) 

 

 

FIGURE 6.6 Immunofluorescence analysis reveals abnormal pattern of nephrin glomerular 

expression in NZB/W mice with proliferative LN  
(A) Immunofluorescence study of C57Bl/6 kidney tissue shows intense linear nephrin staining along 

the glomerular capillary wall, in a glomerular basement membrane pattern. (B) A weaker, with finely 

granular pattern along the most part of the glomerular basement membrane is observed in NZB/W 

mice with MMLN. (C) Significantly attenuated and segmentally dispersed nephrin signal in NZB/W 

mice with FPLN. (D) Diffusely attenuated nephrin signal in NZB/W mice with DPLN. (E) Negative 

nephrin immunofluorescence in renal glomeruli of one NZB/W mouse with DPLN. Original 

magnification ×400 in panels A, C–E, ×250 in panel B. 
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6.4 Reduced podocin at the protein level in NZB/W mice with proliferative LN 

Similar to nephrin, podocin protein expression was significantly decreased in renal 

glomeruli of NZB/W mice with FPLN and DPLN as compared to control C57Bl/6 mice 

and NZB/W mice with normal LM findings (p<0.05) (Figure 6.5 A, C). Glomerular 

podocin expression was inversely correlated to 24-hr proteinuria levels (ρ = –0.67, 

p<0.003) (Figure 6.8).  

6.5 Glomerular expression of 

nephrin and podocin correlates 

with EM findings in NZB/W mice 

We next examined glomerular 

nephrin and podocin expression in 

association with EM findings in 

 

Figure 6.7 Nephrin IF signal is significantly weaker in FPLN compared to C57BL/6 and to MMLN ( 

p<0.05). When regarding FPLN and DPLN as one group of proliferative LN, nephrin is significantly 

reduced for all comparison (p<0.05) 
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Figure 6.8 Inverse correlation between total glomerular 

podocin protein levels and 24-hr proteinuria in NZB/W mice 

(ρ=-0.67, p<0.003) 
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NZB/W lupus mice. We observed a strong negative correlation between mesangial, 

subendothelial, and subepithelial EDD with nephrin (ρ = –0.81, p<0.005) and podocin 

(ρ = –0.91, p<0.001) at the protein level (Table 6.3). Both proteins were significantly 

reduced in NZB/W mice with extensive FP effacements as compared to mice with no 

FP effacement (p<0.05 for both) (data not shown).  

6.6 Nephrin and podocin mRNA levels are decreased in NZB/W mice with DPLN 

To determine whether reduced protein expression of the SD proteins nephrin and 

podocin is due to altered transcription of the corresponding genes, we performed 

quantitative real-time PCR in kidney tissue from NZB/W LN and C57Bl/6 control 

mice. mRNA levels for nephrin and podocin were measured and corrected for the 

mRNA level of GAPDH. NZB/W nephrin mRNA level remained stable, not differing 

from control‟s in the various histological groups with a borderline significant (P=0.05) 

upregulation observed in the RMLN. Glomerular nephrin mRNA levels were 

significantly reduced in DPLN – but not in FPLN – compared to MMLN mice 

Table 6.3 Correlation between EM findings and glomerular nephrin and 

podocin protein expression 

EM findings Nephrin protein Podocin protein 

 Spearman’s rho (ρ) 

Mesangial EDD  -0.79 (p=0.004) -0.93 (p<0.001) 

Subendothelial EDD  -0.81 (p=0.002) -0.87 (p<0.001) 

Subepithelial EDD  -0.79 (p=0.004) -0.93 (p<0.001) 

FP effacement  -0.85 (p<0.001) -0.93 (p<0.001) 

 

Abbreviations: EM, electron microscopy, EDD, electron dense deposis, FP, 

podocyte foot process. 

Mesangial, subendothelial and subepithelial EDD were evaluated semi-quantitatively 

as follows: 0, negative; 1+, frequent; 2+, extensive. Presence of FP effacement was 

characterized as: 0, negative; 1+, rare; 2+, extensive. 
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(p=0.034) (Figure 6.9 A). Mice with DPLN had also significantly reduced podocin 

mRNA levels compared to other NZB/W histological groups (p<0.05 for all 

comparisons) (Figure 6.9 B). We found a good correlation between glomerular 

nephrin and podocin mRNA levels in NZB/W mice (ρ = 0.77, p<0.001) (Figure 6.9 

C). 

6.7 Both NZB and NZW exhibit glomerular alterations 

Based on our findings regarding (a) significant SD alterations in the NZB/W females 

with proliferative LN and (b) significant proteinuria of NZB and NZW mice we 

determined the total glomerular nephrin and podocin at the protein level by western 

blot and at the mRNA level by real time RT-PCR. We have also examined the renal 

 

(A) (B) 

 

Figure 6.9 Corrected (A) Nephrin and (B) podocin glomerular mRNA levels are significantly 

reduced in NZB/W mice with DPLN. (C) Significant correlation between nephrin and podocin 

mRNA levels in NZB/W mice (ρ=0.77, p<0.001). *p<0.01; 
+
p<0.05 

  

 

(C) 
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tissue with nephrin IF (Figure 6.11). Both western blot analysis and IF study 

revealed a reduced, however not significantly, glomerular nephrin protein in the NZB 

and in the NZW compared to the C57BL/6 and to the NZB/W mice with normal LM 

findings. Podocin protein was reduced in the NZB as well as in the NZW mice 

compared to NZB/W with normal LM findings (p= 0.024, p=0.030 respectively) and 

with ΜMLN (p= 0.034 for both NZB and NZW). Nephrin and podocin mRNA was 

found well preserved.   

 

Figure 6.11  Mean  (A) 24 hour proteinuria, (B) glomerular nephrin ( protein), (C) glomerular podocin 

(protein), (D) glomerular nephrin (mRNA), (E) glomerular podocin (mRNA) of C57BL/6, NZB, NZW, 

NZB/W with normal light microscopy finding (N_NZB/W),  MMLN, FPLN and DPLN. 
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6.8  Nephrin is reduced in  patients with DPLN 

We sought to verify our findings in murine LN by perfoming immunohistochemistry for 

nephrin expression in renal tissue from patients with various classes of LN  (Table 

6.4). As expected, 24 hour proteinuria was significantly higher in LN patients 

 

Figure 6.10 Reduced glomerular nephrin expression in patients with DPLN. 

(A) Control kidney biopsy shows intense linear nephrin expression along the glomerular 

capillary wall. (B) Nephrin expression is significantly reduced in parts of the glomeruli with 

severe intra-capillary proliferative lesions in a patient with class IV LN. (C) Less intense but stil  

linear distribution of nephrin expression in a patient with class V LN. Original magnification 

×300-400 in panels A–C. (D) Patients were categorized according to nephrin 

immunohistochemistry staining intensity into: a) reduced nephrin expression (0 or 1+ score in 

semi-quantitative analysis), and b) normal nephrin expression (2+ score). Significantly more 

patients with class IV LN had reduced nephrin expression, as compared to patients with class II 

or V LN (p<0.05). 

 

Table 6.4 Clinical characteristics of patients with LN 

 N (female) Age (years) Proteinuria (g/24-hr) 

Class II 5 (4) 43 ± 6 0.9 ± 0.4 

Class IV 4 (2) 36 ± 4 2.0 ± 1.9 

Class V 7 (5) 46 ± 4 2.6 ± 0.5 

 



64 
 

compared to healthy controls, and in patients with class IV/V compared to those with 

class II LN (p<0.05 for both). In kidney biopsies from control patients (Figure 6.10 A) 

and patients with class II LN, nephrin showed an intense homogeneous and linear 

epithelial staining along the peripheral capillary loops of the glomeruli. Conversely, in 

patients with class IV LN, glomerular staining was faint and non-continuous, 

particularly in segments with severe intracapillary proliferation (Figure 6.10 B). A 

weak but homogeneous and linear staining along the peripheral capillary loops of the 

glomeruli was observed in patients with class V LN (Figure 6.10 C). 
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7 DISCUSSION 

A wide spectrum of histologically and clinically heterogeneous renal diseases are 

included in LN. Proteinuria, a significant feature of LN, is present at varying degree 

and correlates with histological lesions. Alterations in SD components, such as 

nephrin and podocin, are implicated in the development of proteinuria in immune-

mediated renal diseases, and SD expression pattern may differ depending upon the 

specific glomerular disease and the severity of proteinuria.[237-238].  

Our study represents the first comprehensive analysis of podocin and nephrin 

expression at protein and mRNA level coupled with IF findings in murine and human 

LN. 

We provide evidence for presence of podocytopathy occurring at early stages of 

murine LN. Glomerular nephrin protein levels were reduced by almost 50% in mild 

LN (MMLN) and became diminished at more advanced stages (FPLN/DPLN). Our IF 

study confirmed the WB results and also, indicated abnormal distribution pattern of 

nephrin in MMLN mice with reduced protein expression. Change in nephrin 

expression could precede ultra-structural changes in SD, since only two out of six 

NZB/W mice with normal or MMLN histology had rare FP effacements on EM. It is 

mentioned that podocin protein levels were reduced only at proliferative disease 

stages (FPLN/DPLN). This may be due to the fact that following podocyte injury and 

before proteinuria onset, podocin dissociates from nephrin, resulting in the urinary 

excretion of the latter[239]. 

Previous studies on nephrin and podocin expression in experimental immune-

mediated nephritis have reached conflicting results. Luimula et al. [240] found no 

alterations in the late phase of active Heymann nephritis, a model of autologous IC 
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nephritis. Conversely, in PHN induced by rabbit anti-rat kidney antibodies, Clement et 

al.[241] reported decreased nephrin expression only during the autologous (late) 

proteinuric phase, whereas others [168, 239, 242] have reported decreased nephrin 

levels at early PHN (heterologous phase). Our findings agree with those of Hidaka et 

al.[169] demonstrating decreased nephrin expression at early stages of crescentic 

anti-GBM nephritis.  

Much attention has recently been focused on the role of podocytes in human LN, and 

several studies have reported a correlation between proteinuria and diffuse podocyte 

FP effacement in cases of LN without evidence of immune deposits.[243-245] 

Limited data from human studies have indicated reduced nephrin expression 

assessed by IF in proteinuric LN,[246-250] and a single study has reported 

diminished nephrin levels in active LN patients [251]. However, the aforementioned 

studies included a small number of patients and did not examine associations with 

renal histology. We found significantly reduced nephrin expression in patients with 

class IV proliferative disease as compared to class V patients, despite both groups 

having comparable levels of proteinuria. A greater number of human biopsies are 

needed to determine possible alterations in nephrin expression in class II LN. These 

results confirm our findings in murine LN, suggesting that nephrin expression 

correlates better with the histological class than with the level of proteinuria. This is in 

line with previous reports in minimal change nephrotic syndrome (MCNS) and IgA 

nephropathy, [252-253] and in contrast with other studies which have demonstrated 

significant down-regulation of nephrin in patients with nephrotic syndrome[254-256]. 

Podocyte loss in the urine, which has been shown to correlate with LN activity and 

the degree of proteinuria, [257] might also explain the reduced expression of SD 

proteins. 
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Although small numbers of NZB and NZW mice have been studied, we give evidence 

that these mice exhibit immune mediated glomerular alterations early in their life with 

proteinuria being the prevalent clinical manifestation. The normal LM findings do not 

exclude the podocyte FP effacement, which were shown only under the electron 

microscope. NZB nephritis and the probability that NZW might be more susceptible to 

immune mediated renal damage has also been reported by others  [227, 258-259]. 

Our findings regarding NZW nephritis are also in agreement with Hahn‟s et al [260] 

who demonstrated immune compromise nephritis in the previously regarded healthy 

NZW that was indistinguishable to NZB/W and NZB nephritis. The novel in our study 

is that the NZW nephritis is elucidated by the EM study, which reveals the FP 

effacement as the cause of the severe proteinuria. We give evidence that the 

ultrastructural alterations regarding reduced podocin in the NZB/W ancestors might is 

a co-factor contributing to NZB/W predisposition to renal disease. However we failed 

to demonstrate a significant alteration in the nephrin which might be due to the small 

number of animals studied or to the mild renal disease. The disparity of NZB and 

NZW nephritis as well as the inconsistency between the histological findings and the 

clinical signs remains to be clarified.  

Although the exact pathogenesis of lupus-associated podocytopathy is unknown, 

there is evidence to support a role for kidney-infiltrating CD8+ T cells, which secrete 

inflammatory cytokines and mediate podocyte cytotoxic effects [261]. Anti-dsDNA 

antibodies may cross-react with podocyte proteins like α-actinin-4 to induce podocyte 

injury independent of IC formation [262]. Moreover, using conditionally immortalized 

reporter podocytes, Takano et al.[263] demonstrated that bystander macrophages as 

well as macrophage-derived cytokines (IL-1b, TNF), which are known to be 

increased in proliferative LN, markedly suppressed nephrin gene promoter activity. 

This is in accordance with our findings of reduced nephrin and podocin mRNA 

expression only in the most severe forms of LN. In this context, podocytes may 
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possess immunological properties as they express cytokine and chemokine 

receptors, produce inflammatory mediators, and upregulate the costimulatory 

molecule B7-1 via TLR-4 signaling.[245] Recently, Machida et al.[251] showed 

induction of TLR-9 expression in renal podocytes in childhood-onset active class IV 

LN, associated with reduced nephrin and podocin expression. TLR-9 may respond to 

CpG-DNA thus providing a hypothetical mechanism for DNA-containing ICs to 

promote podocyte injury in proliferative LN. Finally, one cannot exclude the possibility 

that structures adjacent to podocytes may also be targets of immune attack in lupus.  

In conclusion, we provide evidence for SD abnormalities starting at early stages of 

LN and becoming pronounced at more advanced stages of proliferative disease. 

Reduced nephrin and podocin expression correlates better with the histological class 

of LN than with proteinuria levels. These findings suggest a novel role for podocytes 

and their structures in the pathogenesis of immune-mediated nephritis, and point 

toward the potential development of targeted therapies that could preserve SD 

structure and podocyte function [264]. 
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