
&p.1:Abstract The podocyte protein, 44 KD (pp44), is a pod-
ocyte-specific antigen that is selectively distributed in
the cytoplasm of foot processes. It has been suggested
that the pp44 antigen is associated with the cytoskeleton
and helps to maintain the complex architecture of po-
docytes. To answer the question as to whether changes in
pp44 expression are associated with changes in podocyte
morphology , we investigated the distribution of the
pp44 antigen in different kidney diseases. Twenty-one
kidney biopsies and one nephrectomy specimen were
studied by indirect immmunofluorescent technique and
electron microscopy. The pp44-antigen is preserved in
cases associated with foot process fusion. In contrast, the
antigen could not be detected in areas of capillary wall
necrosis, cellular crescents or early and advanced stages
of focal segmental glomerulosclerosis – even in the pres-
ence of podocytes. Our results show that the pp44 anti-
gen is preserved in diseases associated with reversible
loss of foot processes (in cases with foot process fusion
associated with proteinuria). In contrast, the pp44 anti-
gen is not detectable in the area of FSGS and cellular
crescents, suggesting that in these conditions, podocytes
undergo irreversible injury even if they are still present
on conventional light microscopy.

&kwd:Key words Podocyte protein 44 KD · Focal segmental
glomerulosclerosis · Podocyte damage&bdy:

Introduction

The glomerular (visceral) epithelial cell layer of Bow-
man’s capsule is composed of cells termed podocytes to
describe the footlike appearance of numerous foot pro-
cesses that arise from these cells. Glomerular podocytes
cover the glomerular capillary wall and play an impor-

tant part in the maintenance of the glomerular filtration
barrier. Evidence from both pathological and experimen-
tal findings indicates that glomerular podocytes can un-
dergo significant morphological changes both in the hu-
man and in experimental animals. With the development
of proteinuria the foot processes are effaced and fused to
form a continuous cytoplasmic compartment that covers
the glomerular basement membrane (GBM) [1–3, 5, 9,
15, 20, 22]. Partial loss of foot processes has also been
described in response to renal ischaemia [21]. In addition
to loss of foot processes, podocytes can also show swell-
ing, vacuolization and focal detachment from the GBM
both in humans [7, 12, 24] and in experimental models
[6, 11, 23] especially in focal segmental glomeruloscle-
rosis (FSGS) associated with severe proteinuria [16].

A monoclonal antibody (mAb) that specifically rec-
ognizes the podocyte protein 44 KD (pp44) has been
characterized by Mundel et al. [18]. Immuno-electron
microscopy allowed localization of the pp44 antigen to
the microfilament containing areas in the podocyte foot
processes in both rat and human kidney. The cell body
and the cell membrane of podocytes and other nephron
structures were not labelled. In the newborn rat kidney,
pp44 antigen positivity first appeared during the capil-
lary loop stage, when the formation of podocyte foot
processes commences. On the basis of these data it has
been concluded that the podocyte-specific pp44 antigen
is associated with the cytoskeleton and has a role in
maintaining podocyte architecture and function.

Based on this hypothesis , we wanted to answer the
question as to whether the distribution of pp44 antigen is
altered in glomerular diseases associated with changes in
podocyte morphology. The results show that pp44 is lost
in cases of FSGS even if the podocytes are still present
morphologically. In the case of podocyte foot process ef-
facement pp44 is well preserved.

Material and methods

The distribution of the pp44 antigen was studied by means of the
indirect immunofluorescent technique in 5 normal kidney speci-
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mens taken at some distance from tumour-bearing kidneys and in
21 kidney biopsies affected by different glomerular diseases (see
Table 1). One transplant nephrectomy specimen with recurrent fo-
cal segmental glomerulosclerosis (FSGS) was also studied. The
mAb against the pp44 antigen was kindly provided by Dr. P. Mun-
del and Professor W. Kriz, University of Heidelberg, Germany. It
has been extensively characterized by Mundel et al. [18].

Samples of kidney specimens were snap frozen in liquid nitro-
gen. Frozen sections (5 um) were mounted onto glass slides, weld-
ed in plastic bags, and stored at –70°C. Before staining, the slides
were thawed for 5 min, fixed in acetone for 10 min at room tem-
perature and incubated with the appropriately diluted mouse mAb
(1:5) for 30 min. After washing in PBS the sections were incubat-
ed with fluorescein (FITC)-labelled F(ab)2 fragments of anti-
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Table 1 Distribution of pp44 antigen in different types of kidney
diseases (GN glomerulonephritis, TPL kidney transplant, N nor-

mal, FL focal loss, * present, NG no glomeruli, – not significant, +
focal, ++ partial, +++ complete)&/tbl.c:&tbl.b:

No. Diagnosis pp44 Antigen Focal loss of detectable pp44 antigen Electronmicroscopic evaluation of
distribution positivity corresponds to: podocytes with respect to foot processes

FSGS Cresent Synechia Focal foot process Foot process fusion
destruction

1 TPL. Vascular rejection, normal N 0 0 0 * –
glomeruli

2 Mesangioproliferative GN FL 0 * 0 NG NG
with crescents

3 IgA GN: Mesangioproliferative GN FL * * * NG NG
with FSGS and crescents

4 Exsudative GN with fibrin thrombi FL Protein 0 0 * ++
in glomeruli droplets in the 

podocyte over 
loop necrosis

5 IgA: Minor glomerular N 0 0 0 0 –
abnormalities

6 Mesangioproliferative and FL 0 * * 0 +++
epimembraneous GN, Lupus

7 TPL: Glomerulopathy and FL 0 0 0 NG NG
glomerulis

8 Epimembraneous GN and segm. foc. FL 0 0 * 0 +++
proliferative and sclerosing GN

9 Mesangioproliferative GN N 0 0 0 0 +

10 Mesangioproliferative GN FL * * * 0 ++
with FSGS and crescents

11 TPL: Glomerulitis and FL 0 0 * NG NG
glomerulopathy

12 TPL: Non-specific N 0 0 0 0 –
glomerulopathy

13 TPL: Micronodular N 0 0 0 NG NG
glomerulosclerosis

14 TPL: Mesangioproliferative GN FL 0 * * 0 +
with crescent

15 TPL: Diffuse diabetic N 0 0 0 * +
nephrosclerosis

16 Diffuse focally segmentally FL 0 * * 0 +++
necrotising GN with crescents

17 Unclassified GN with extensive N 0 0 0 * +++
protein depots

18 IgA: minor glomerular N 0 0 0 0 –
abnormalities

19 TPL: Diffuse segmentally FL 0 * 0 * +
accentuated proliferative GN

20 Glomerular minimal N 0 0 0 * +++
change

21 Membranoproliferative GN; N 0 0 0 0 +++
lobular type

22 TPL: Idiopathic focal segmental FL * 0 0 * +++
glomerulosclerosis

&/tbl.b:



mouse IgG + IgM (AN-DER-GRUB Biological Research, Vienna,
Austria) for 30 min. Subsequently, the sections were stained with
PAS to permit optimal correlation between regular histology and
the immunofluorescence staining pattern.

Double staining experiments were performed in normal hu-
man kidney and the nephrectomy specimen with FSGS to con-
firm the localization of the antigen to the podocytes and to study
the sequence of the noted loss of pp44 positivity in FSGS. Po-
docytes were labelled with a rabbit anti-vimentin antibody (1:20,
Bio-Science-Product AG, Emmenbrücke, Switzerland) and visu-
alized with a fluorescein (DTAF)-labelled goat anti-rabbit IgG
(Jackson Immunoresearch, Baltimore, West Grove Pa.). The
mAb binding was detected with Texas red-labelled goat anti-
mouse immunoglobulin (1:80, Sigma). As controls, either the
first or the second specific reagents were replaced by PBS, and
the sequence of staining was reversed. The sections were viewed
under a Zeiss UV microscope with epi-illumination utilizing
band pass filter combinations for selective red and green fluores-
cence.

Transmission electron microscopy was also performed accord-
ing to standard techniques.

Results

In normal human kidney the anti-pp44 antibody showed
strong positivity at the periphery of glomerular capillary
loops (Fig. 1). By means of double labelling with anti-vi-
mentin antibody as a marker of podocytes, pp44 reactivi-
ty was localized to the base of these cells. The vascular
pole of the glomerulus was not stained. In the small ves-
sels a weak, uneven positivity was seen. Other renal
structures were not stained with the antibody.

The results showing the distribution of pp44 antigen
in different kidney diseases are summarized in Table 1.

Among the 22 cases studied the pp44 antigen distri-
bution was similar to that seen in normal kidney speci-
mens in 10 (Fig. 1) .These included cases of vascular re-
jection with no glomerular abnormality by light micros-
copy, IgA-nephropathy with minor glomerular abnormal-
ities, mesangioproliferative glomerulonephritis, nonspe-
cific glomerulopathy, diabetic diffuse or nodular glomer-
ulosclerosis, nonproliferative glomerulonephritis with
extensive protein deposits, glomerular minimal change
with nephrotic syndrome (Fig. 2) and membrano-prolif-
erative glomerulonephritis. In none of these cases was ei-
ther FSGS or crescent and synechia formation present.

Focal loss of detectable pp44 positivity affecting the
whole circumference of at least one capillary loop was
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Fig. 1 Distribution of pp44 antigen in normal human kidney. Note
the positivity at the periphery of the glomerular capillary loops cor-
responding to the foot processes of podocytes. ×250, bar 40 µm&/fig.c:

Fig. 2 Glomerular minimal change. The distribution of the pp44
antigen is similar to that in normal glomeruli. ×250, bar 40 µm&/fig.c:

Fig. 3 Diffuse focally and segmentally necrotizing glomerulone-
phritis with crescents. Cells in the area of segmental necrosis sur-
rounded by the crescent (arrow) do not stain with the anti-pp44
antibody. ×250, bar 40 µm&/fig.c:

Fig. 4 Lupus glomerulonephritis, type V. In the area of fibrotic
crescent (arrow) no or only trace positivity for the pp44 antigen is
visible. ×250, bar 40 µm&/fig.c:



seen in the remaining 12 cases. Based on the light micro-
scopical analysis of the immunostained frozen sections,
we found that the focal loss of pp44 positivity correspond-
ed in 11 of the 12 cases, to focal segmental lesions, includ-
ing podocyte injury over capillary loop necrosis (n = 1),
FSGS (n = 2), crescents (n = 7) or synechiae (n = 7) in a
variety of different forms of glomerulonephritis or trans-
plant-related glomerular lesions. This is demonstrated in
Fig. 3, where the loss of pp44 positivity corresponds to
capillary wall necrosis associated with cellular crescent
formation. The pp44 antigen is also undetectable in the ar-
ea of a fibrotic crescent (Fig. 4). No positivity for the pp44
antigen was seen in the area of global glomerulosclerosis.

Based on the double labelling study and on the analy-
sis of the PAS-stained frozen sections of the nephrecto-
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Fig. 5 a–f Focal segmental glomerulosclerosis (FSGS). a, b Early
FSGS. The same glomerulus stained a by PAS and b for the pp44
antigen. Note that the antigen cannot be detected in the area of early
FSGS lesions corresponding to the swollen podocytes, containing
protein droplets and vacuoles (arrows). c, d Another glomerulus
from the same case showing early (short arrows), and advanced
(long arrow) stages of FSGS stained for c vimentin and d the pp44
antigen utilizing double immunofluorescence. Note the pp44 antigen
is basally localized in the normal podocytes (arrowheads), as indi-
cated by the pp44 positivity co-lined with the base of podocytes (ar-
rowheads) labelled with the anti-vimentin antibody. By contrast, the
pp44 antigen cannot be detected in the area of FSGS lesions. e (vi-
mentin) and f (pp44 antigen) glomerulus from the same case, with
global sclerosis capped by small rounded podocytes. Note the pp44
antigen cannot be detected in the morphologically altered podocytes
in the periphery, whereas strong positivity is seen both for vimentin
and for the pp44 antigen in the few well preserved podocytes pres-
ent in the central portion of the glomerulus. ×250, bars40µm&/fig.c:



my specimen with recurrent FSGS in a renal transplant,
we found that loss of pp44 antigen positivity occurs ear-
ly during the development of FSGS. Not only the small
rounded podocytes capping advanced sclerotic lesions
with capillary loop obliteration (Fig. 5c–f) proved to be
negative, but also podocytes showing swelling, vacuol-
ization and protein droplets (Fig. 5a and b) were also un-
reactive with the antibody.

On electron microscopy foot process fusion of various
degrees (7 complete, 6 partial) was noted in 13 cases
(Table 1). The pp44 antigen positivity was preserved in
all cases except in glomeruli showing focal segmental le-
sions on light microscopy, in the form of capillary loop
necrosis, FSGS, crescents and/or synechiae. In 3 of these
cases focal destruction of podocyte foot processes was
also noted in the glomerulus processed for electron mi-
croscopy and was associated with focal detachment of
podocytes from the underlying GBM (Table 1). Focal
foot process destruction was noted on electron microsco-
py in 4 other cases in which the pp44 antigen distribution
pattern appeared to be normal according to light micros-
copy.

Discussion

We investigated the distribution of the pp44 antigen in
normal human kidney and in different renal diseases.
Our results are in agreement with those obtained by
Mundel et al. [18]. Immunoelectron microscopy revealed
that the positivity corresponds to the foot processes of
podocytes [18]. We found that the antigen was preserved
in cases with foot process fusion associated with protein-
uria. Experimental findings and studies on human kidney
biopsies clearly indicate that the loss of foot processes is
a reversible morphological change [15, 19, 20, 22, 24].

In contrast to this, the pp44 antigen is focally and seg-
mentally undetectable in the area of early and advanced
stages of focal segmental glomerulo-sclerosis. Based on
double staining experiments with vimentin as a marker
for podocytes and on the light microscopical analysis of
the immunostained frozen sections, it was clearly shown
that the loss of pp44 antigen positivity was not due to the
loss of podocytes themselves. The loss of pp44 antigen
positivity did correspond to morphologically altered po-
docytes observed early during the development of FSGS
lesions, and to podocytes capping advanced sclerotic
loops. Other antigens, which are not limited to the foot
processes but cover the whole podocytic cell surface
(e.g. CALLA, endopeptidase [4, 8, 17] C3b receptor),
are also lost in both early and advanced FSGS [13]. Al-
terations in integrin subunit expression are also found in
these podocytes, depending on the stage of FSGS [14].
Fleming [10], reported that podocytes form desmosomes
over permanent sclerosis, and express desmosomal com-
ponents such as desmoglein I and desmoplakins. Our
findings together with the observations cited above sup-
port the interpretation that podocytes in FSGS undergo a
phenotypic change, reflecting irreversible injury.

Loss of pp44 antigen positivity was also noted in dis-
eases associated with capillary wall necrosis, cellular or
fibrotic crescents and synechiae. In the area of capillary
wall necrosis associated with swollen podocytes and cel-
lular crescents, the loss of pp44 positivity can be associat-
ed with podocytic injury similar to that seen in the injured
podocytes in FSGS lesions. In fibrotic crescents and syn-
echia formation the loss of pp44 positivity was obviously
due to necrosis of podocytes replaced by fibrosis. On
electron microscopy, focal destruction of podocyte foot
processes associated with focal segmental detachment of
podocytes from the GBM was seen in some of the cases
with loss of pp44 antigen positivity. The immunohisto-
chemical finding together with the ultrastructural obser-
vations support the assumption that podocytes suffer irre-
versible morphological change, including permanent loss
of organized foot processes in all three conditions, in
FSGS, in crescents formation and capillary wall necrosis.

In summary, our results show that the pp44 antigen is
preserved in diseases associated with reversible loss of
foot processes, that is to say in cases with foot process
fusion associated with proteinuria. In contrast, the pp44
antigen is not detectable in the area of FSGS and cellular
crescents, suggesting that in these conditions, podocytes
undergo irreversible injury even if they are still seen to
be present on conventional light microscopy.

References

1. Andrews P (1988) Morphological alterations of the glomerular
(visceral) epithelium in response to pathological and experi-
mental situations. J Electron Microsc Techn 9:115–144

2. Arakawa M (1970) A scanning electron microscopy of the glo-
merulus of normal and nephrotic rats. Lab Invest 23:489–496

3. Arakawa M, Tokunaga J (1972) A scanning electron micro-
scope study of the glomerulus. Further consideration of the
mechanism of the fusion of podocyte terminal processes in
nephrotic rats. Lab Invest 27:366–371

4. Ardaillou N, Lelongt B, Turner N, Piedagnel R, Baudouin B,
Estrade S, Cassingena R, Rongo PM (1992) Characterization
of a simian virus 40-transformed human podocyte cell line
producing type IV collagen and exhibiting polarized response
to atrial natriuretic peptide. J Cell Physiol 152:599–616

5. Carroll N, Crock GW, Funder CC, Green CR, Ham KN, Tange
JD (1973) Scanning electron microscopy of aminonuclesoside
nephrosis. J Pathol (Lond) 111:37–42

6. Caulfield JP, Reid JJ, Farquhar MG (1976) Alterations of the
glomerular epithelium in acute aminonucleoside nephrosis.
Evidence for formation of occluding junctions and epithelial
cell detachment. Lab Invest 34:43–59

7. Cohen AH, Mampaso F, Zamboni L (1977) Glomerular podo-
cyte degeneration in human renal disease: an ultrastructural
study. Lab Invest 37:30–42

8. Delarue F, Virone A, Hagege J, Lacave R, Peraldi MN, Adida
C, Rondeau E, Feunteun J, Sraer JD (1991) Stable cell line of
T-SV40 immortalized human glomerular visceral epithelial
cells. Kidney Int 40:906–912

9. Farquhar MG, Vernier RL, Good RA (1957) Studies on famil-
ial nephrosis. II. Glomerular changes observed with the elec-
tron microscope. Am J Pathol 33:791–817

10. Fleming S (1991) Cell adhesion and epithelial differentiation.
J Pathol (Lond)164:95–100

11. Glasser RJ, Velosa JA, Michael AF (1977) Experimental mod-
el of focal sclerosis. I. Relationship to protein excretion in
aminonucleoside nephrosis. Lab Invest 36:519–526

429



12. Grishman E, Churg J (1975) Focal glomerular sclerosis in
nephrotic patients: an electron microscopic study of glomeru-
lar podocytes. Kidney Int 7:111–122

13. Kazatchkine MD, Fearon DT, Appay MD, Mandet C, Bariety J
(1982) Immunohistochemical study of the human glomerular
C3b receptor in normal kidney and in seventy-five cases of re-
nal diseases. Loss of C3b receptor antigen in focal hyalinosis
and in proliferative nephritis of systemic lupus erythematosus.
J Clin Invest 69:900–912

14. Kemeny E, Mihatsch MJ, Dürmüller U, Gudat F (1995) Po-
docytes lose their adhesive phenotype in focal segmental glo-
merulosclerosis (FSGS). Clin Nephrol 43:71–89

15. Kerjaschki D (1978) Polycation-induced dislocation of slit di-
aphragms and formation of cell junctions in rat kidney glomer-
uli. The effects of low temperature, divalent cations, colchi-
cine, and cytochalasin B. Lab Invest 39:430–440

16. Laurens WE, Vanrenterghem YF, Steels, PS, Van Damme BJC
(1994) A new single nephron model of focal and segmental
glomerulosclerosis in the Munich-Wistar rat. Kidney Int
45:143–149

17. Metzgar RS, Borowitz MJ, Jones NJ, Dowell BL (1981) Dis-
tribution of common acute lymphoblastic leukemia antigen in
nonhematopoietic tissues. J Exp Med 154:1249–1254

18. Mundel P, Gilbert P, Kriz W (1991) Podocytes in glomerulus
of rat kidney express a characteristic 44 KD protein. J Histo-
chem Cytochem 39:1047–1056

19. Ryan GB, Karnovsky MJ (1975) An ultrastructural study of
the mechanisms of proteinuria in aminonuclesoside nephrosis.
Kidney Int 8:219–232

20. Seiler MW, Rennke HG, Venkatachalam MA, Cotran RS
(1977) Pathogenesis of polycation-induced alterations (“fu-
sion“) of glomerular epithelium. Lab Invest 36:48–61

21. Solez K, Racusen LC, Whelton A (1981) Glomerular epithe-
lial cell changes in early postischemic acute renal failure in
rabbits and man. Am J Pathol 103:163–173

22. Trump BF, Benditt EP (1962) Electron microscopic studies of
human renal disease. Observations of normal visceral glomer-
ular epithelium and its modification in disease. Lab Invest
11:753–781

23. Velosa JA, Glasser RJ, Nevins TE, Michael AF (1977) Experi-
mental model of focal sclerosis. II. Correlation with immuno-
pathologic changes, macromolecular kinetics, and polyanion
loss. Lab Invest 36:527–534

24. Zollinger HU, Mihatsch MJ (1978) Renal pathology in biopsy.
Springer, Berlin Heidelberg New York, pp 367–379

430


