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Abstract

Purpose A previous immunofluorescent study suggests that, in collapsing glomerulopathy, most hyperplastic podocytes
that stained positively for a progenitor cell marker CD133 are derived from CD133 + parietal epithelial cells. In pathology
practice, not all renal biopsies with collapsing glomerulopathy show the typical morphologic features for this entity, which
include florid podocyte hyperplasia, collapsing glomerular capillary loops, and cystic tubular dilation. This study was made
to determine if CD133 staining using an immunohistochemical method can be used to confirm hyperplastic podocytes and
identify extensive acute tubular injury in collapsing glomerulopathy.

Methods Twenty-one collapsing glomerulopathy biopsies were stained for CD133 and compared with 15 biopsies with focal
segmental glomerulosclerosis, not otherwise specified (FSGS).

Results All patients with collapsing glomerulopathy were of African American descent with prominent renal failure and
nephrotic range proteinuria. In contrast, the FSGS group consisted of patients from a variety of ethnic backgrounds with
nephrotic range proteinuria but relatively low serum creatinine. The striking finding was that all collapsing glomerulopathy
cases showed positive CD133 staining in the clusters of hyperplastic podocytes. There was significantly higher CD133-
positive staining rate for hyperplastic podocytes (38%) in the glomeruli of the collapsing glomerulopathy group when
compared to small clusters of hyperplastic podocytes in the FSGS group (8%). In addition, when compared to the relatively
weak CD133 staining in the proximal tubules of the FSGS group, the proximal tubules of the collapsing glomerulopathy
group all showed diffuse and strong CD133 staining as a feature of severe acute tubular injury, which corresponded to the
high serum creatinine levels in these patients.

Conclusion Our data indicate that the combination of the distinctive mosaic CD133 staining in hyperplastic podocytes and
the diffuse tubular CD133 staining is helpful in supporting a diagnosis of collapsing glomerulopathy.

Keywords Collapsing glomerulopathy - Focal segmental glomerulosclerosis - CD133 - Progenitor cells - Parietal
epithelium - Proliferative podocytes - Acute tubular injury

Introduction CD133 in the stem cells of the kidney may be related to the

activation of hypoxia induced factors (HIFs) and their master

CD133, also known as prominin-1, is a membranous gly-
coprotein encoded by the PROM1 gene in human, but its
specific functions remain unclear [1, 2]. CD133 has been
investigated for its potential utility as a stem cell marker
in different adult organs and tumors [2]. The activation of
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mechanism for oxygen sensing and gene regulations [3, 4].
The parietal epithelium along the Bowman’s capsule stains
positively for the progenitor markers CD133 and CD24 and
are thus identified as multipotent progenitor cells [5—7]. The
parietal epithelium continuously differentiates into the vis-
ceral epithelium (podocytes) of glomeruli, which are ter-
minally differentiated and thus stain negatively for CD133.
Some tracing studies also support the view that podocytes
are derived from the parietal epithelium [8, 9]. In addition,
the CD133-positive progenitor cells are also scattered along
proximal tubules under normal circumstances [10-12]. The
injection of CD133 progenitor cells into variants of rodent
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models with acute renal failure and/or proteinuria can sig-
nificantly improve the renal function and reduce proteinuria,
implying the regenerative capacity of the renal progenitor
cells [6, 7].

Diagnosis of collapsing glomerulopathy can be challeng-
ing if the typical features, such as florid podocyte hyperpla-
sia and obvious cystic dilation in renal tubules, are absent.
Collapsing glomerulopathy (also known as collapsing vari-
ant of focal segmental glomerulosclerosis) can result from
multiple etiologies, including HIV infection and genetic
abnormalities such as APOL1 mutations in African Ameri-
can patients [13, 14]. Recently, there are scattered reports of
collapsing glomerulopathy in African American patients that
contracted COVID-19 infection, but whether the collaps-
ing glomerulopathy is directly related to the viral infection
remains debatable [15-17].

Regarding the origin of the hyperplastic podocytes in the
collapsing glomerulopathy, one key study using immuno-
fluorescent techniques indicates that cellular crescents in
crescentic glomerulonephritis and hyperplastic podocytes
in collapsing glomerulopathy all come from the same pari-
etal epithelium of the glomeruli [18]. The study also finds
that there are 3 populations of hyperplastic podocytes in the
collapsing glomerulopathy. Using confocal microscopy to
evaluate several merged marker expressions, the study deter-
mined that there are approximately 60% immature podocytes
(CD133", CD24", podocalyxin~ [PDX, a podocyte marker]
nestin~ [another podocyte marker]), 30% mature podocytes
(CD1337, CD24~, PDX™, nestin®), and 10% transitional
podocytes (CD133%, CD24%, PDX, nestin™) [18]. The find-
ing indicates that glomerular hyperplastic lesions are derived
from the proliferation of renal progenitors at different stages
of their differentiation toward mature podocytes [18].

In this study, we first investigated whether immunohis-
tochemical staining for CD133 can be practically used to
confirm the majority of hyperplastic podocytes [18] for sup-
porting a diagnosis of collapsing glomerulopathy. Secondly,
we hypothesized that the immuno-staining for CD133 can
be used to highlight the extensive acute tubular injury of
collapsing glomerulopathy. We found that CD133 staining
identified a mosaic pattern of hyperplastic podocytes inter-
mingled with collapsed glomerular loops and was also dif-
fusely positive in the injured proximal tubules. These dual
CD133 staining features are helpful in supporting a diagno-
sis of collapsing glomerulopathy.

Methods
Collecting groups of cases

The retrospective human investigation protocol was
approved by the Institutional Research Board of Beaumont
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Health, Michigan. In our study, there were 3 groups of renal
cases. The first group consisted of negative controls (group
1, n=12) that were taken from a de-identified archive of
normal renal parenchyma (either biopsies or nephrectomy
specimens for renal tumors). Biopsies with primary FSGS
in the second group and collapsing glomerulopathy in the
third group were used for comparison as, in adults, both
FSGS and collapsing glomerulopathy represent a spectrum
of podocytopathies [19]. The second group was composed
of 15 renal biopsies with FSGS. Our primary FSGS biop-
sies were pathologically characterized with at least one glo-
merulus with focal segmental sclerosis by light microscopy,
negative immunofluorescent studies, and diffuse fusion of
foot processes in electron microscopy. In the third group,
we identified 21 cases of collapsing glomerulopathy with
available tissue blocks over the past 10 years. The collapsing
glomerulopathy biopsies were pathologically defined with at
least one glomerulus showing collapsed loops, hyperpleastic
podocytes, mild to severe cystic dilation of renal tubules,
negative immunofluorescent studies, and diffuse fusion of
foot processes by electron microscopy. Relevant clinical
information for each patient was recorded through chart
reviews, which included age, gender, ethnic background,
serum creatinine (sCr) levels, and protein/creatinine ratio
before renal biopsies.

Kidney histology and immunohistochemical
assessment of CD133 expression

Human kidney biopsy cores were fixed in formalin- and par-
affin-embedded. Four-micron sections were dried for 60 min
at 60 °C. Slides were then de-waxed in 3 xylene baths for
3 min each, 100% alcohol baths for 3 min each, and then
followed by 30 s of running water. Antigen retrieval was
carried out in a Tris—EDTA Buffer at pH 8.0 for 20 min at
99 °C, followed by a 20-min cool down at room temperature,
and then a quick water rinse. Slides were then placed in 3%
H,O, for 15 min followed by a quick water rinse and then
placed in Tris buffer at pH 7.6. Slides were then stained in a
programmed Dako Autostainer (DakoCytomation, Carpinte-
ria, CA) using a Thermo Scientific UltraVision LP Detection
System (Kalamazoo, MI). The program consisted of 5 min
of Ultra V block, 30 min of incubation with a mouse mono-
clonal CD133 antibody (13A4 clone at a dilution of 1:100;
from ThermoFisher, Waltham, MA), with 8 min of Primary
Antibody Enhancer, 10 min of HRP polymer (equivalent
to secondary antibody), and 5 min of the chromagen DAB
to achieve a brown CD133 stain. Ki-67 antibodoy (MIB-1
clone, concentrate 1:100 prekit) and WT-1 antibody (clone
6F-H2, predilute) were purchased from DakoCytomation
(Carpinteria, CA) and Cell Marque Cooperation (Rochlin,
CA), respectively. Their immune stains followed similar pro-
cedures as CD133.
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PAS staining and dual staining of PAS on top
of CD133 staining

De-paraffined sections were stained for PAS using Dako
Artisan PAS Staining Kit (DakoCytomation, Carpinteria,
CA). The steps included 12 min in periodic acid solution,
two washes, 12 min of Schiff’s reagent, 5 washes, 12 min
in Meyers’s hematoxylin solution, 5 washes, and 12 min
in blurring agent before applying a cover slip. On top of
CD133 stained sections, a dual-PAS staining was achieved
by following the above PAS staining procedures, to highlight
glomerular basement membranes and the brush borders in
proximal tubules.

Quantitation of immunohistochemical staining
of CD133

CD133 staining intensity scores in glomeruli and proxi-
mal tubules were graded from O to 3 + (0, no staining; 1+,
weak fine granular staining along the complete luminal
surface; 2+, moderate granular staining; and 3+, strong
large granular staining). The percent distribution of CD133
expression in proximal tubules was also recorded. Using a
H-score method, the combined scores of positive CD133 in
glomeruli and the combined scores of CD133 expression in
proximal tubules were calculated by CD133 staining inten-
sity multiplying CD133 + % in glomeruli and CD133 inten-
sity multiplying CD133 + % distribution along the proximal
tubules, respectively.

Statistics
Results were expressed as the mean + standard error of the

mean (SEM). Data of three groups were compared using
one-way analysis of variants (ANOVA) and an unpaired

Student’s t test was used for comparing the two groups (Stat-
View program) (Table 1). A receiver operating characteris-
tic (ROC) curve was generated using SAS 9.4 (Cary, NC,
USA) to compare sensitivity and specificity across a range
of sCr levels for the ability of sCr values to predict CD133
score. A p value of less than 0.05 is considered statistically
significant.

Results
General clinical indices

The mean age for the negative controls was approximately
9 years older than the mean age for the FSGS group,
although no statistical significance was reached between
the two groups (Table 1). The mean age of the collapsing
glomerulopathy group was more than 13 years younger
than the FSGS group and the age difference was statisti-
cally significant. Furthermore, the mean age of the nega-
tive controls was significantly older than the mean value
of the collapsing glomerulopathy group (p =0.0004). All
three groups were composed of a mix of female and male
patients. The race data for the negative controls were not
available as they were de-identified cases. Patients with
FSGS consisted of 3 African Americans, 11 Caucasians,
and 1 Latino American, whereas patients with collaps-
ing glomerulopathy were all of African American decent.
In the collapsing glomerulopathy group, 5 patients (5/21,
19%) had a viral infectious etiology (4 were infected by
human immunodeficiency virus [HIV] and 1 had coro-
navirus disease 19 [COVID-19]) (Table 2), whereas the
remaining patients did not have a medical history of infec-
tion (17/21, 81%). No viral inclusions were identified in
either HIV or COVID-19 biopsies by electron microscopy.

Table 1 Clinical and pathology

. . Negative controls FSGS CG

analysis in negative controls,

FSGS, and collapsing N 12 15 21

glomerulopathy Age (years) 64+4 555 4244
Gender 8F,4M 11F,4M 11F, 10M
Ethnic origins NA 3AA,11C, 1L 21 AA
Serum creatinine (mg/dl) 0.95+0.12 1.57+0.27 5.15+0.45%#
Protein/creatinine ratio NA 6.46+1.20 10.73 £ 1.21#
CD133 combined scores in PT 0.83+0.83 56.67+20.32 252.38 +13.92%#
CD133 + podocytes % in G 0.00+0.00 8.98+3.50 34.80+4.31%#
CD133 + combined scores in G 0.00+0.00 15.43+5.78 9331+ 14.11%#

Data of three groups, including age, serum creatinine levels, CD133 expression in proximal tubules and
glomeruli, were compared using one-way analysis of variants (ANOVA) and an unpaired Student’s ¢ test
was used for two group comparison, as for protein/creatinine ratio

F female, M male, AA African American, C Caucasian, L Latino American, PT proximal tubules, NA not
available, G glomeruli, FSGS focal segmental glomerulosclerosis, CG collapsing glomerulopathy

*p<0.05 vs negative controls. #p <0.05 vs FSGS
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Table 2 Clinical and pathologic

RS . . Age/gender sCr (mg/dl) Proteinuria CD133 in PT intensity, =~ CD133 in glomeruli
indices in patlent§ with FSGS, % (combine scores)
NOS and collapsing FSGS
FSGS, NOS
1 62M, C 4.12 15.1 2+,10% (20) 1+, 1/8 (12.5%)
2 68 M, C 0.81 3.7 1+,20% (20) 3+, 1/12 (8.3%)
3 78 M, C 1.35 1.8 1+,20% (20) 0, 0/14 (7.1%)
4 69F, C 0.65 4.1 2+, 80% (160) 0, 0/4 (0%)
5 66F, C 0.82 29 0, 0% (0) 1+, %2 (50%)
6 24F, C 0.54 35 0, 0% (0) 0, 0/8 (0%)
7 32F, C 0.55 9.4 0, 0% (0) 2+4,2/17 (11%)
8 70F, C 2.02 2.9 2+, 80% (160) 0, 0/14 (0%)
9 20F, AA 3.00 6.3 3+, 50% (150) 3+, 1/18 (5.5%)
10 38F, L 0.58 4.1 0, 0% (0) 0, 0/28 (0%)
11 65F, AA 1.85 11.8 0, 0% (0) 0, 0/14 (0%)
12 46F, C 1.75 3.7 2+,20% (40) 2+4,2/13 (15.3%)
13 63F, C 1.12 6.9 1+, 20% (20) 0, 0/7 (0%)
14 42F, C 1.92 16.6 3+, 80% (240) 3, 1/4 (25%)
15 55 M, AA 2.50 4.1 1+, 20% (20) 0, 0/7 (0%)
Collapsing FSGS
1 51F, AA 6.52 8.3 2+, 60% (160) 2+, 6/15 (40%)
2 53F, AA 6.71 18.2 3+, 100% (300) 3+, 1/6 (16.6%)
3 20F, AA 6.52 5.6 3+, 100% (300) 2+, 6/17 (35.3%)
4 48F, AA 6.43 12.9 2+100% (200) 3+4,2/3 (60%)
5 48F, AA 6.33 14.9 3+, 100% (300) 3+, 5/11 (45.5%)
6 29F, AA 1.48 11.0 3+,40% (120) 2+, 1/13 (7.6%)
7 20F, AA 7.00 5.7 3+, 80% (240) 3+4,2/5(40%)
8 25F, AA 3.70 28.0 3+,70% (210) 3+, 3/10 (30%)
9 61F, AA 6.13 134 2+, 100% (200) 2+, 1/3 (33.3%)
10 45F, AA 7.21 11.1 3+, 100% (300) 2+, 1/3 (33.3%)
11 83M, AA 3.80 13.2 3+, 100% (300) 3+,9/11 (81.8%)
12 29M, AA 4.06 12.7 3+, 100% (300) 3+3/14 (21.4%)
13 66M, AA 3.40 5.7 3+, 100% (300) 3+, 2/7 (28.6%)
14 32M AA 243 7.2 3+,70% (210) 2+, 5/20 (25%)
15 32M, AA 3.93 12.5 3+, 100% (300) 3+, 2/3 (66.7%)
16 50F, AA 5.70 6.4 2+, 80% (160) 2+, 2/13 (15.4%)
17 *20M, AA 3.20 5.6 3+, 80% (240) 1+, 1/7 (14.3%)
18 *49M, 4.03 7.6 3+, 100% (300) 2+,2/14 (14.3%)
19 *2TM, AA 8.21 14.1 3+, 100% (300) 3+, 2/8 25%)
20 *53M, AA 2.38 6.2 3+, 100% (300) 3+, 8/12 (66.7%)
21 #31M, AA 9.00 5.0 3+, 100% (300) 3, 3/10 (30%)

AA African American, C Caucasian American, L Latino American, F female, M male, FSGS focal segmen-
tal glomerulosclerosis, PT proximal tubules

*Human immunodeficiency virus (HIV) infection
#Coronavirus disease 19 (COVID-19)

The levels of sCr in negative controls (mean: 0.95 mg/dl)
and FSGS group (mean: 1.57 mg/dl) were significantly
lower than that of collapsing glomerulopathy group (mean:
5.15 mg/dl) (Table 1). Proteinuria data were not available
for the negative controls as their kidneys were sampled for
renal tumors. Mean protein/creatinine ratio in the FSGS
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group (mean: 6.46) reached nephrotic range proteinuria,
but was still significantly lower than that in the collapsing
glomerulopathy group (mean: 10.73). Individual data from
FSGS and collapsing glomerulopathy cases were listed in
Table 2.
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CD133 staining highlighted hyperplastic podocytes
in collapsing glomerulopathy

Negative controls revealed positive CD133 staining in
parietal epithelial cells without staining in the podocytes
(Fig. 1A). Most FSGS biopsies also only showed posi-
tive CD133 in parietal epithelium (Fig. 1B). Occasionally,
small clusters of hyperplastic podocytes were highlighted
by CD133 staining; this observation was noted in 7 out of
15 FSGS cases (Fig. 1C). The striking finding was that all
collapsing glomerulopathy biopsies showed positive stain-
ing in the clusters of proliferative podocytes (ranging from
14 to 81% of glomeruli), which displayed a mosaic pattern
intermingled with collapsed glomerular capillary loops
(Fig. 1 D-F). On dual CD133 and PAS-stained sections,
negative control revealed normal glomerular capillary loops
that stained positively for PAS (pinkish PAS staining), while
CD133 staining (brownish) was positive in the parietal epi-
thelial cells along the Bowman’s capsule but not in the podo-
cytes (Fig. 2A). Small hyperplastic podocytes were positive
for CD133 in a few of the FSGS cases (Fig. 2B). In contrast,
CD133 staining highlighted the florid podocyte hyperpla-
sia surrounding the collapsed PAS-positive glomerular
capillary loops of the collapsing glomerulopathy biopsies
(Fig. 2 C, D). It was noted that CD133-positive hyperplastic
podocytes were located outside of PAS-stained glomerular

Fig.1 CD133 expression in negative control, FSGS, and collapsing
glomerulopathy. A CD133 was expressed in normal parietal epithe-
lial cells along the Bowman’s capsule but not in podocytes. B In most
FSGS, parietal epithelial cells also stained positive for CD133, but
podocytes were negative for this staining. C Occasionally, CD133
were positive in a small cluster of immature podocytes of FSGS

basement membranes while endocapillary endothelial cells
and mesangial cells stained negatively for CD133 and were
located within PAS-stained glomerular basement mem-
branes. Electron microscopy revealed diffuse fusion of foot
processes in both the primary FSGS group and the collaps-
ing glomerulopathy group, confirming the nature of FSGS
and collapsing glomerulopathy. Statistically, the percent
of glomeruli with CD133-positive hyperplastic podocytes
in the collapsing glomerulopathy group (mean: 34.90%)
was significantly more than that in the FSGS group (mean:
8.98%) (Table 1). The combined score of positive CD133 in
glomeruli in the collapsing glomerulopathy group (mean:
93.31) was also significantly higher than that in the FSGS
group (mean: 15.43). The CD133-positive hyperplastic
podocytes from both FSGS and collapsing glomerulopathy
groups were significantly associated with the proteinuria
levels (r-value =0.359; p-value =0.0316).

To confirm proliferative and undifferentiated nature of
hyperplastic podocytes in collapsing glomerulopathy, pro-
liferative marker Ki-67 and podocyte marker WT-1 were
stained in negative control and collapsing glomerulopathy
cases. Negative control glomeruli demonstrated no hyper-
plastic podocytes on routine hematoxylin/eosin-stained
section, negative staining for CD133 in podocytes, and
negative staining for Ki-67, but positive nuclear staining for
WT1 in terminally differentiated podocytes (Fig. 3A-D). In

(white arrow). In collapsing glomerulopathy (D, E and F), there was
a range of CDI133-positive staining in the proliferative podocytes
that was most characterized with a mosaic pattern intermingled with
collapsed glomerular tufts (wide base blue arrows). Magnifications
atx 600 in A-F
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Fig.2 CD133 and PAS dual stains in negative control, FSGS, and
collapsing glomerulopathy. A PAS-stained delicate glomerular cap-
illary loops with minimal mesangial cells. The parietal epithelium
stained positively for CD133 while podocytes were negative for
CD133 staining. B Occasional cluster of CD133-positive immature

constract, the hyperplastic podocytes of collapsing glomeru-
lopathy were identified on routine hematoxylin/eosin-stained
sections (Fig. 3E and I), with positive CD133 staining
(Fig. 3F and J), weakly positive staining for Ki-67 (Fig. 3G
and K), but negative staining for WT-1 (Fig. 3H and L), indi-
cating their proliferative but undifferentiated characteristics.

CD133 staining confirmed early acute tubular injury
and showed diffuse expressive pattern in collapsing
glomerulopathy

The negative controls revealed 1 or 2 CD133-positive progeni-
tor cells per cross section of proximal tubules, which stained
negatively for PAS, indicating that CD133-positive progenitor
cells did not have reabsorption capacity (Fig. 4A). It was also
interesting to see that the CD133-positive cells were actually
located at the tip of the less curevature of the turning sege-
ments of the proximal tubules; the turning location was high-
lighted by PAS-positive tubular basement membranes with
invaginations (Fig. 4A). At the early stage of acute tubular
injury, there were side-by-side and groups of two or three
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podocytes was seen in a few FSGS cases (white arrow). In collapsing
glomerulopathy, CD133 highlighted florid immature podocytes in C
and D (indicated by wide base blue arrows). Magnifications atx 600
in A-D

CD133-positive cells along proximal tubules, which were
also negative for PAS staining (Fig. 4B). With various renal
injury, there was a range of positive CD133 staining from 20
to 100% in proximal tubules, whereas PAS-positive brush bor-
ders were reduced proportionally in CD133-positive segments
(Fig. 5B-D). For biopsies with collapsing glomerulopathy, the
CD133 expression in the proximal tubules was strong (3 +)
and diffuse, ranging from 60 to 100% (Fig. 5D). Furthermore,
CD133 was found to be specific and sensitive in detecting
acute tubular injury in correlation with serum creatinine, by
showing an ROC area under the curve (AUC) value of 0.93
(very good category) (Fig. 6). CD133 combined scores of
proximal tubules were significantly higher in the collapsing
glomerulopathy group (mean: 252.38) when compared to the
other two groups (mean: 0.83 in controls vs 56.67 in FSGS)
(Table 1).
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Fig. 3 Hematoxylin/eosin staining, and immune stains for Ki-67 (pro-
liferative marker) and WT-1 (podocyte marker) in negative control
glomeruli and glomeruli with hyperplastic podocytes. Negative con-
trol glomeruli with A hematoxylin/eosin staining, B negative Ki-67

staining and C positive WT-1 staining in podocytes. Hyperplastic
podocytes with hematoxylin/eosin staining (D and G), positive Ki-67

staining (E and H) and negative WT-1 staining (F and I) from two
collapsing glomerulopathy cases. Magnification X 600 in A-L

Fig.4 CD133 in the normal proximal tubules and the proximal
tubules with early tubular injury. A In normal proximal tubules, the
CD133-positive progenitor cells were located at the niches of tubular
turning segments (with PAS-positive tubular basement membranes
showing invagination), which were not covered by PAS staining on
their surfaces (green arrows). The remaining proximal tubular epithe-

lial cells were negative for CD133 staining but were covered by PAS-
positive brush borders. B At the early stage of acute tubular injury,
CD133-positive cells extended the signals to the surrounding cells
clustered in groups of two or three cells (orange arrows), which were
also negative for dual-PAS staining on the surface. Magnifications
atx 600 for A, B
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Fig.5 Grading CD133 and PAS in acute tubular injury. A CD133
staining was graded as 0 in normal proximal tubules with intact brush
border staining by PAS. B Mild scattered CD133 staining was graded
as 1+ with mild reduced PAS staining. C Darker CD133 staining

Discussion

Our data indicate that CD133-positive hyperplastic podo-
cytes, located outside of PAS-positive glomerular base-
ment membranes, were unique features in supporting the
diagnosis of collapsing glomerulopathy. It should be noted
that a few FSGS cases showed occasional CD133-positive
podocytes as well. This indicates that there may be a small
overlap between FSGS and collapsing glomerulopathy.
Therefore, the activation of new podocyte production from
the parietal epithelium can occur in any podocytopathy,
although the proliferative activity of hyperplastic podo-
cytes becomes more obvious in the cases of collapsing
glomerulopathy. Smeets et al. have characterized this type
of hyperplastic podocytes into 60% of immature podocytes
(CD133*, CD24", PDX ", nestin "), 30% of mature podocytes
(CD133~, CD24~, PDX™, nestin™) and 10% of transitional
podocytes (CD133*, CD24", PDX ", nestin~) [18]. The cur-
rent study showed that some of hyperplastic podocytes were
positive for a proliferative marker Ki-67, but negative for
another podocyte marker WT-1 as shown previously [20],
consistent with some proliferative but immature hyperplastic
podocytes in the collapsing glomerulopathy [18, 20]. The
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in more proximal tubules was graded as 2+. D Strong and diffuse
CD133 staining in a collapsing glomerulopathy was graded as 3 +.
Magnifications at X 600 for A-D

overall finding indicates that glomerular hyperplastic lesions
are derived from the proliferation of parietal renal progeni-
tors at different stages of their differentiation toward mature
podocytes [18].

Smeets et al. also indicate that cellular crescents in cres-
centic glomerulonephritis and proliferative podocytes in
collapsing glomerulopathy all come from the same pari-
etal epithelium of the glomeruli [18]. Indeed, based on our
stains from a previous study [11] and the current investiga-
tion, the biomarkers CD133, proliferative marker Ki-67 and
WT-1 showed similar expressions in both cellular crescents
and hyperplasic podocytes (Supplement Table 1), but both
entities have different morphologic appearances and occur
in different clinical scenarios. The cellular crescents are
composed of more spindle-shaped epithelial cells, directly
derived from random areas of the parietal epithelial cells
along the Bowman’s capsule and attached to the Bowman’s
capsule. Their aggregated crescentic cells can physically
cause the collapse of glomerular capillary loops (Supple-
mentary Fig. 1, the top half of schematic drawing). In con-
trast, the hyperplastic podocytes appear to follow the differ-
entiation pathway from parietal epithelial cells to podocytes,
look more cuboidal and are distributed along glomerular
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Fig.6 Receiver operative characteristics (ROC) curve with analysis
of area under the curve (AUC) for the performance of CD133 stain-
ing based on a range of serum creatinine levels in all three groups.
The overall cases had an AUC of 0.93 (very good category)

capillary loops (Supplementary Fig. 1, the bottom half of
schematic drawing). Clinically, cellular crescents occur
mainly in primary crescent glomerulonephritis associated
with either ANCA or anti-glomerular basement antibodies
and these patients often present with acute renal failure and
nephritic symptoms, hematuria and some proteinuria. In
contrast, the hyperplastic podocytes are seen in the collaps-
ing glomerulopathy and these patients often present with
renal failure and severely nephrotic range of proteinuria.
From an embryology point of view, both parietal and vis-
ceral epithelial cells are derived from the cap mesenchyme
in metanephors and form a double-layered network cover-
ing the glomerular capillary loops [21, 22]. Both podocytes
and glomerular endothelium contribute to the building of
glomerular basement membranes [23-25]. The podocytes
interact with glomerular basement membranes through their
foot processes and cellular cross-communication, which may
play a key role in tethering and keeping the glomerular capil-
lary loops open [26, 27]. During the development of collaps-
ing glomerulopathy, the residual differentiated podocytes
were reduced and partially replaced by clusters of imma-
ture hyperplastic podocytes in Bowman’s space [28]. This
may significantly reduce the role of podocytes in stretching
the glomerular loops outward and hence reduce the cross-
communication and support to the glomerular endothelium.
These factors would hence result in the collapse of glomeru-
lar capillary loops [25] (Supplementary Fig. 1, the bottom

half of schematic drawing). In other words, the CD133-pos-
itive hyperplastic podocytes are immature podocytes that
cannot carry out the normal function that only terminally
differentiated (CD133-negative) podocytes can.

Common etiologies of collapsing glomerulopathy are
HIV infection and mutation of APOL1 alleles in individu-
als of African American descent, but other infections and
drug reactions can cause the disease as well [20, 29-31].
Since the beginning of 2020, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infected millions of
people and caused many deaths worldwide. SARS-CoV-2
is known to cause coronavirus disease 19 (COVID-19) char-
acterized by severe lung infection with subsequent infection
of other organs through viral interaction with cell surface
receptors (angiotensin-converting enzyme 2) [32-34]. Scat-
tered studies using immunofluorescent staining and electron
microscopy have reported direct renal infection in patients
with COVID-19, causing acute tubular injury and collaps-
ing glomerulopathy [15, 35, 36]. But several recent studies
using RNA in-situ hybridization and electron microscopy
report no definite SARS-CoV-2 detected in the renal biop-
sies or autopsy kidneys from COVID-19-positive patients
[16, 17,37, 38]. All of our glomerulopathy patients with col-
lapsing glomerulopathy were of African American descent.
Although our study did not conduct genetic studies for the
African American patients with collapsing glomerulopathy,
previous studies have demonstrated that nearly all patients
with collapsing glomerulopathy are from African descent
and posses genetic vulnerability for APOL1 mutation,
regardless of viral infection status [16, 29, 39].

Our second finding is that the CD133-positive progeni-
tor cells were scattered along the proximal tubules, mostly
seated at the tip of the lesser curvature of the turning proxi-
mal tubules (CD133 staining in Fig. 4A and a schematic
illustration in Fig. 7A), similar to what has been reported by
Lindgren et al. in 2011 [10]. They have also documented that
the CD133 + tubular progenitor cells are co-localized with
several biomarkers including vimentin, cytokeratin-7, and
bel-2 [10]. In this study, we found that CD133 + tubular pro-
genitor cells stained negatively for PAS, indicating that they
did not have the brush borders, thus most likely lacking of a
reabsorption capacity. Taken together with the co-localiza-
tion stains done by Lindgren et al. [10], the overall findings
suggest that the CD133 + tubular progenitor cells may repre-
sent a second population of cells along the proximal tubular
epithelium. It is well known that HIFs are the master tran-
scription factors regulating hypoxia-associated transcription
response [40, 41]. With normal oxygen, HIF-1a is degraded.
In contrast, hypoxia results in a retention of HIF-1a that
subsequently activates many genes, such as erythropoietin
and CD133, to deal with the hypoxic challenge [3, 4, 40].
Therefore, we raise a possibility that the CD133 + progenitor
cells along proximal tubules act either as “watch dogs” or
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A Normal nephron

B Collapsing glomerulopathy

Fig.7 Schematic comparison of normal nephron and collapsing glo-
merulopathy. A Normal glomerulus have orange-colored CD133-
positive parietal epithelial cells with CD133-negative podocytes and
scattered CD133-positive progenitor cells at the tip of the less curva-
ture of the turning proximal tubules. B In collapsing glomerulopathy,

“oxygen sensing receptor cells” and may represent a part of
the HIF-associated hypoxic sensing and signaling mecha-
nism. With early tubular injury, we identified that there were
clusters of CD133-positive tubular cells in the absence of
PAS staining. This implies that CD133-positive tubular pro-
genitor cells, as potential “oxygen sensing receptor cells”,
may spread their injury signals to the surrounding epithelial
cells first before they could spread their injury signals to the
rest of the tubular epithelium.

Over a range of acute tubular injury, the staining for
CD133 has provided us with a sensitive and specific tool
to detect the acute tubular injury along proximal tubules
based on the ROC curve presented. The mechanism of
repairing proximal tubular injury has been debatable. In
recent years, the theories for tubular repair mainly include
two possibilities. The first theory is that the surviving
tubular epithelial cells would repair the injured tubular
epithelium [42]. The second theory would be that intraepi-
thelial CD133-positive stem/progenitor cells can perform
the repair [10—12]. Although both theories can play their
roles in different stages of acute tubular injury, our obser-
vations indicate that stem/progenitor cells can repair tubu-
lar injury at least during the early stages of proximal tubu-
lar injury. CD133 can also be used to identify acute tubular
injury of proximal tubules in any renal biopsies such as
some FSGS cases in the primary FSGS group. However,
the diffuse and strong expression of CD133 was the other
unique feature in biopsies with collapsing glomerulopathy

@ Springer

the orange-colored CD133-positive podocytes are clustered outside of
the collapsed glomerular tufts and CD133 staining also shows diffuse
expression in dilated and flat proximal tubular epithelial cells, indicat-
ing severe tubular injury

and correlated with severe acute renal failure in the vast
majority of this renal disease. Both groups of FSGS and
collapsing glomerulopathy had high levels of proteinu-
ria but much less acute tubular injury was seen in FSGS
group. Therefore, the severe acute tubular injury in the
collapsing glomerulopathy group most likely resulted from
collapsing loops associated ischemic insults to the proxi-
mal tubules rather than proteinuria alone.

In summary, a normal nephron has CD133-positive pari-
etal epithelial cells and scattered CD133-positive progenitor
cells along the proximal tubules (Fig. 7A). The dual features
of CD133 expression in hyperplastic podocytes and injured
proximal tubules can support a final diagnosis of collaps-
ing glomerulopathy (Fig. 7B), particularly when hyperplas-
tic podocytes are not florid and tubular cystic dilation is
not obvious. CD133-positive hyperplastic podocytes may
represent a common phenomenon seen over a spectrum of
podocytopathies from FSGS to collapsing glomerulopathy
in adults [18, 19]. Based on the CD133 staining patterns in
both immature podocytes and proximal tubules, we suspect
that some FSGS cases, such as case #9 in the FSGS group
(Table 2) can be re-classified as a collapsing glomerulopa-
thy. In collapsing glomerulopathy, the florid magnitude of
immature hyperplastic podocytes (positively stained for
CD133) appears to be an indirect index that reversely reflects
sharply reduced functional podocytes (negative CD133
staining). The decrease in functional podocytes may be the
key event that results in collapsed glomerular capillary loops
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and subsequently ischemic injury to the proximal tubules
(diffuse positive CD133 staining).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11255-021-03078-0.
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