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Summary

The putative tumor stem cell marker CD133 is the marker of choice for identifying brain tumor stem cells in gliomas,
but the use of different CDI33 antibody clones possibly recognizing different CD133 splice variants with epitopes of
different glycosylation status confuses the field. The aim was to investigate if current inconsistent CD 133 observations
could be a result of using different CD |33 antibodies for immunohistochemical identification of CD133.Ten glioblastomas
were immunohistochemically stained with four different CD 133 antibody clones (AC133,W6B3Cl, C24B9, and ab19898)
and analyzed by quantitative stereology. Moreover, the CD 33 staining pattern of each antibody clone was investigated
in kidney, pancreas, and placenta tissue as well as in glioblastoma and retinoblastoma cultures and cell lines. All antibody
clones revealed CD133+ niches and single cells in glioblastomas, but when using different clones, their distribution rarely
corresponded. Morphology of identified single cells varied, and staining of various tissues, cultures, and cells lines was
also inconsistent among the clones. In conclusion, the authors report inconsistent CD 133 detection when using different
primary CD 33 antibody clones.Thus, direct comparison of studies using different antibody clones and conclusions based

on CD 133 immunohistochemistry should be performed with caution. (J Histochem Cytochem 59:391-407,201 1)
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Introduction

CD 133 Is the Marker of Choice for
Identifying Brain Tumor Stem Cells

Identification of cells with tumor stem cell properties has been
reported in several solid tumors, including tumors of the brain
(Singh et al. 2004), breast (Al-Hajj et al. 2003), pancreas
(Hermann et al. 2007; Li et al. 2007), colon (Ricci-Vitiani
et al. 2007; O’Brien et al. 2007), ovary (Zhang S et al. 2008),
and prostate (Maitland and Collins 2008). The putative stem
cell marker CD133 is the marker of choice for identifying
brain tumor stem cells (BTSCs; Singh et al. 2004; Singh et al.
2003), but the use of different CD133 antibody clones possibly
recognizing different CD133 splice variants with epitopes of
different glycosylation status confuses the field (Mizrak et al.
2008; Bidlingmaier et al. 2008; Fargeas et al. 2004; Singh
et al. 2004; Singh et al. 2003). Studies investigating the
distribution and prognostic value of CD133 have reported
inconsistent findings (Zeppernick et al. 2008; Immervoll et al.
2008; Thon et al. 2010; Beier et al. 2008; Pallini et al. 2008;

Christensen et al. 2008; Sulman et al. 2008; Bidlingmaier et al.
2008; Florek et al. 2005; Singh et al. 2004; Singh et al. 2003)
and shown that CD133 epitopes can be lacking immunohisto-
chemically despite the presence of CD133 protein (Kemper
et al. 2010; Bidlingmaier et al. 2008). Some studies have
shown that CD133+ and not CD133- cells possess stem cell—
like and tumor-initiating properties (Singh et al. 2004; Singh
et al. 2003), whereas others have reported the direct opposite
(Clément et al. 2010; Clément et al. 2009; Wang et al. 2008;
Beier et al. 2007). The identification or isolation of CD133+
cells is typically carried out using CD133 antibodies, and
we hypothesize that some CD133 controversies could be a
consequence of using different poorly characterized primary
CD133 antibodies to identify or isolate CD133+ cells.
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Table I. CD133 Antibody Clones Used in the Present Study, Including Immunogens and Protein Sizes Reported by Studies
and Manufacturers as well as Immunohistochemical Methods, Positive Control Tissues, and Prognostic Data Obtained Using

Immunohistochemistry

HIER Detection Species and  Positive Size on IsCDI133
Antibody Clone  Company Immunogen  Buffer Conc. System  Clonality Control  Western Blot Prognostic?
CDI133/1 Miltenyi Second EDTA | +10 PV Mouse Kidney, ~120 kDa Yes (Pallini
(ACI133) extracellular monoclonal pancreas  (Florek et al. 2008;
loop of etal.2005;  Thon etal. 2010;
CDI33 Corbeil etal. Zeppernick et al.
(Kemper et al. 2000) 2008)
2010)
CD133/1 Miltenyi Glycosylated TEG | +40 PV Mouse Kidney, ~120 kDa No (Christensen
(W6B3Cl) epitope monoclonal  pancreas, et al. 2008)
| on the placenta
extracellular
domain of
CDI33
CDI133 Cell Signaling A non- EDTA | +50 EnV Rabbit Kidney, ~16 kDa NA
(C24B9) Technology  glycosylated monoclonal pancreas (Osmond
extracellular et al.2010)
region ~115-130 kDa
surrounding (Osmond
Asp562 of etal.2010)
CDI33
CDI33 Abcam Residue 800 TEG | +400 EnV Rabbit Kidney, ~110 kDa No (Sulman et al.
(ab19898) to the polyclonal  pancreas 2008)
C-terminus of
CD133

TEG,Tris 10 mM,EGTA, 0.5 mM, pH 9; EDTA, | mM, pH 8; HIER, heat-induced epitope retrieval; PV, PowerVision+; EnV, EnVision+; NA, not available.

Selection of CD |33 Antibody Clones

Initially, five antibody clones were selected for comparative
analysis (AC133, W6B3Cl1, 293C3, C24B9, and ab19898).
According to the manufacturers, AC133 and W6B3Cl target a
glycosylated extracellular epitope 1 of CD133, 293C3 targets
a glycosylated extracellular epitope 2 of CD133, C24B9 tar-
gets a non-glycosylated extracellular epitope of CD133, and
clone ab19898 targets a non-glycosylated intracellular epitope
of CD133 (Table 1). Clone 293C3 was not found suitable for
any immunohistochemical staining on paraffin sections and
was thus excluded from further analysis.

AC133 was selected because the vast majority of studies
use this clone to identify brain tumor stem cells in glioblas-
tomas (Zeppernick et al. 2008; Thon et al. 2010; Pallini
et al. 2008; Singh et al. 2004; Singh et al. 2003). It has been
used to isolate brain tumor—initiating cells (Singh et al.
2004; Singh et al. 2003) and to show a negative prognostic
significance of CD133 in both frozen (Zeppernick et al.
2008; Thon et al. 2010) and paraffin-embedded brain tumor
sections (Pallini et al. 2008). W6B3C1 was chosen because
it has been used in a study from our group that rejected
CD133 as a sole prognostic marker in a series of 114
paraffin-embedded astrocytomas (Christensen et al. 2008).
AC133 and W6B3CI1 both target a supposed glycosylated
epitope 1 of CD133 and should consequently display con-
cordant immunolabeling. A recent study, however, has

mapped the AC133 epitope to the extracellular loop 2 of
CD133 and suggested that binding of AC133 is not glyco-
sylation dependent (Kemper et al. 2010). Bidlingmaier et al.
(2008) have suggested that C24B9 could be a suitable anti-
body for identifying BTSCs in gliomas as it recognizes a
non-glycosylated extracellular epitope of CD133. If tumor
cells can change the glycosylation status of their CD133
proteins when they differentiate (Mizrak et al. 2008; Florek
et al. 2005; Corbeil et al. 2000), one could bypass problems
regarding this matter by using an antibody targeted against
non-glycosylated parts of the protein. Clone ab19898 from
Abcam (Cambridge, UK) was selected because this or an
analogous clone was used in an immunohistochemical
study with 70 paraffin-embedded glioblastomas (Sulman
et al. 2008), revealing no prognostic significance of CD133.
Why these discrepancies exist has yet to be eluded.

To our knowledge, this is the first study comparing
CD133 expression profiles of four different and commonly
used CD133 antibody clones. The comparison included
paraffin-embedded sections of glioblastoma, normal healthy
adult brain, kidney, pancreas, and placenta tissues, as well
as spheroids and cells derived from the short-term culture
SJ-1 and conventional cell lines U87 and Y79. SJ-1, which
has been established in our laboratory, is a glioblastoma
short-term culture with tumor stem cell properties (Kolenda
et al. 2010). U87 is a commonly used commercial cell line
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Table 2. Characteristics of the 10 Glioblastoma Patients
Included in This Study

Age at Surgical

Gender Resection, y Survival Period, mo
M 68 33

M 62 42

M 42 24

M 70 I

F 59 7

M 40 0

F 6l 0

F 44 6

F 77 3

M 56 37
Male-female ratio, 1.5 Mean age, 58 Mean survival, 16

for glioblastoma in vitro research with conflicting reports
regarding CD133 expression (Christensen et al. 2010;
Brehar et al. 2009; Platet et al. 2007). Y79 is a retinoblas-
toma cell line that has been reported to be CD133+. Studies
have confirmed CD133 expression by fluorescence-activated
cell sorting (FACS), PCR, and Western blot analysis (Thon
et al. 2010; Seigel et al. 2007; Yin et al. 1997).

In the present study, we obtained discordant CD133 expres-
sion in glioblastomas, various normal tissues, cultures, and cell
lines when using four different CD133 antibody clones. This
clearly highlights that choice of CD133 antibody clone most
likely is critical for CD133 research and that direct comparison
of studies using different CD133 antibody clones for both
isolation and identification of CD133 is problematic.

Materials and Methods
Human Subject Tissue

Tissue from 10 glioblastoma patients was chosen (Table 2).
All glioblastoma tumor samples were classified by a
neuropathologist according to the 2007 World Health
Organization (WHO) guidelines (Louis et al. 2007). Patients
underwent initial surgical resection for glioblastoma
between January and May 2006 at the Department of
Neurosurgery, Odense University Hospital, Denmark. Prior
to surgical resection, the patients had not received any treat-
ment. To obtain comparable and reproducible results, a
series of exclusion criteria for used human subject tissue
was defined. Glioblastomas where histological material had
been frozen before paraffin embedding were excluded
because the morphology of frozen tissue is compromised
compared to the morphology of paraffin-embedded tissue
(Shi et al. 2008). Because of pronounced tumor heterogene-
ity, it was not optimal to assess CD133 expression in small
biopsy specimens. Tumor biopsies with a diameter of less
than 4 mm were thus excluded. Finally, tumors resected

only by ultrasonic aspiration were excluded because of
varying degrees of tissue degradation (Silverman et al.
1989; Malhotra et al. 1986). The project has been approved
by the Data Protection Authority (j.nr. 2009-41-3070) and
the Scientific Ethical Committee in Denmark (S-20070021).

Culturing of Cells

In the present study, the recently established glioblastoma
short-term culture SJ-1 was used as well as the commercial
glioblastoma cell line U87 and the commercial retinoblas-
toma cell line Y79. SJ-1 is a new glioblastoma short-term
culture with tumor stem cell properties established in stem
cell medium in our laboratory according to the literature
(Lee et al. 2006). After several passages, it is capable of
spheroid formation at clonal density, expression of stem
cell markers in formed spheroids, and expression of neuro-
nal and glial markers upon differentiation (Kolenda et al.
2010). Cells were cultured under normal in vitro culturing
conditions (37C, 21% 02, 5% CO2) in a Thermo Steri-cycle
CO2 incubator (Thermo Electron Corp., Waltham, MA).
Serum-free so-called stem cell medium was chosen for
culturing of SJ-1 and U87 cells, whereas serum-containing
medium was chosen for Y79 (Seigel et al. 2007; Seigel et
al. 2005). Composition of the stem cell medium: Neurobasal
A (Sigma-Aldrich, Broendby, Denmark), B27 without vita-
min A (Invitrogen A/S, Taastrup, Denmark), N-2 (Invitrogen
A/S, Taastrup, Denmark), L-glutamine (Lonza, Verviers,
Belgium), Pen/strep (Lonza, Verviers, Belgium), 50 ng/ml
epidermal growth factor (EGF; Sigma-Aldrich, Broendby,
Denmark), and 50 ng/ml basic fibroblast growth factor
(bFGF; Trichem A/S, Skanderborg, Denmark). Composition
of serum-containing medium: Dulbecco’s modified Eagle’s
medium (DMEM) (D-5671; Sigma-Aldrich), 10% fetal
bovine serum (FBS; Fisher Scientific, Roskilde, Denmark),
2 mM NaP (Sigma-Aldrich), 2 mM L-Glutamine (Cambrex,
East Rutherford, NJ), 1% non-essential amino acids
(NEAA; Cambrex), and 1% penicillin/streptomycin
(Cambrex). All cells were cultured in 20 ml medium in
75-cm’ culturing flasks (NUNC, Roskilde, Denmark).
Using the given culture conditions, SJ-1 and U87 grew as
spheroids and Y79 grew in large clusters.

Preparation of Tissues and Cell Cultures for
Immunohistochemistry

Fresh tissue biopsies from all glioblastoma patients and con-
trol tissues, including brain, kidney, pancreas, and placenta
tissue, were all fixed in 4% neutral-buffered formalin with
subsequent paraffin embedding. SJ-1, U87, and Y79 cells
were likewise prepared for immunohistochemical staining
by transference to 4% neutral-buffered formalin overnight
followed by paraftin embedding. Then, 3-um sections were
cut on a microtome and placed on Superfrost plus slides
(Thermo Fisher Scientific, Copenhagen, Denmark).
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Immunohistochemistry

Immunohistochemical staining was carried out on a Dako
Autostainer Universal Staining System (Dako Denmark A/S,
Glostrup, Denmark). The 3-um paraffin sections were dewaxed
with xylene and rehydrated with ethanol. Endogenous peroxi-
dase activity was quenched by 1.5% hydrogen peroxide. To
obtain the optimal staining protocol, various heat-induced
epitope retrievals (HIER) and non-HIERs were tested as well
as tests of preincubation and different detection systems. The
protocol with the highest signal-to-noise ratio was selected as
the final, optimized protocol for every CD133 antibody clone
(Table 1). To control that changes in procedure only altered the
intensity and not the pattern of staining for any given clone,
staining of glioblastoma tissues and tissue arrays, including 28
human normal tissues and 12 human tumors, using the same
HIER and/or detection system for each antibody in addition to
the optimized protocol was compared. This was confirmed for
all tissues, but the use of different HIER buffers sometimes
introduced or eliminated cross-reactivity with human serum
inside blood vessels, a general problem with these antibodies
(ACI133 in Figs. 1 and 2, ab19898 and C24B9 in Fig. 2). Five
epitope retrieval reagents were tested: protease (0.05% prote-
ase type XIV; Sigma-Aldrich, St Louis, MO) in TBS (0.05 M,
pH 7.4), citrate (10 mM citrate buffer, pH 6), TEG (Tris 10
mM, EGTA 0.5 mM, pH 9), TRS (Target Retrieval Solution,
pH 6; Dako Denmark A/S), and EDTA (1 mM, pH 8). Next,
preincubation with 0.5% casein, 5% normal serum from sec-
ondary antibody species, and 2% bovine serum albumin or
Tween-20 detergent was tested. Sections were then incubated
for 60 min with primary antibodies diluted in EnVision FLEX
Antibody Diluent (Dako Denmark A/S). Visualization of the
antigen—antibody complex was carried out with EnVision+
(Dako Denmark A/S), PowerVision+ (Dako Denmark A/S), or
CSAII (Dako Denmark A/S) detections systems according
to the manufacturer’s manual. DAB was used as chromo-
gen. Finally, sections were counterstained with Mayer’s
hematoxylin (Bie & Berntsen, Herlev, Denmark) for 2 min,
and coverslips were mounted with Aquatex (Merck,
Darmstadt, Germany). Positive and negative controls were
included in every run. Kidney, pancreas, and placenta tissues
served as CD133 reference tissues as they have been reported
to be CD133+ (Immervoll et al. 2008; Christensen et al. 2008;
Florek et al. 2005). Omitting primary antibodies served as
negative controls as well as controls for nonspecific staining
induced by the detection systems alone. Mouse IgG1 and rabbit
IgG isotype controls (X0931, X0903, and X0936; Dako
Denmark A/S) revealed no relevant staining in glioblastoma,
cell culture, or CD133 reference sections. Four CD133 anti-
body clones were used: CD133/1 AC133 (Miltenyi, Bergisch
Gladbach, Germany), CD133/1 W6B3C1 (Miltenyi), ab19898
(Abcam), and CDI133 C24B9 (Cell Signaling Technology,
Danvers, MA) (Table 1). CDI133 antibody clone CD133/2
293C3 (Miltenyi) was also tested but was not found suitable for
immunohistochemical detection of CD133 using any combina-
tion of primary antibody dilution, HIER, and detection system.

Assessment Guidelines

Adjacent sections of 10 glioblastomas were simultaneously
stained with the four antibody clones and subsequently
evaluated using Computer Assisted Stereology Toolbox
(CAST) 2.1.6.0. (Visiopharm, Hoersholm, Denmark) cou-
pled to an Olympus BX50 light microscope equipped with
a motorized XY stage (Prior ProScan, Rockland, MA). The
immunostainings were evaluated by a trained PhD student
(S.K.H.) in close collaboration with an experienced neuro-
pathologist (B.W.K.). The evaluation was blinded (i.e., the
observer had no knowledge of which CD133 antibody
clone was evaluated). Adjacent sections stained with
Mayer’s hematoxylin were used to identify areas with vital
tumor tissue and exclude any invasion zone and necrotic or
damaged areas. First, the region of interest was outlined at
low magnification (2x objective). The CD133+ niches were
quantified with a 4x objective using a point grid, whereas a
higher magnification (20x objective) was used for evalua-
tion of single cells and blood vessels. On each section, 500
to 800 points were evaluated to ensure that 200 valid points
were counted per section (Gundersen 1992; Gundersen et
al. 1988; Gundersen and Jensen 1987). A niche was defined
as a clearly demarcated entity of cells corresponding to a
minimum of five cells (Gilbertson and Rich 2007). In case
of large CDI133+ niches with staining that gradually
decreased toward the periphery, the niche had to be distinct
from the surrounding background. Both CD133+ and nega-
tive blood vessels were counted.

Counted CD133+ single cells were dispersed, had a positive
membrane and/or cytoplasm together with visible nuclei, were
clearly distinct from the background, and did not belong to a
niche. Single cells were subclassified into angular single cells,
including tumor cells, with ramifications, protrusions, and spin-
dle-shaped morphologies or smooth cells without any cellular
protrusions. All CD133+ neutrophils in and around the tumor
tissue were excluded. Tumor volume fractions of total CD133+
cells, CD133+ niches, and CD133+ angular and smooth single
cells were calculated as well as CD133+ blood vessel volume
fractions (Gundersen 1986). Intraobserver variance was deter-
mined by sampling sections from each antibody group again
and comparing data from this run with data from the initial run.
Intraobserver variance was always less than 10%.

Statistical Analysis

Statistical comparison of CD133+ niches, CD133+ single
cells, and CD133+ blood vessel volume fractions was carried
out using one-way analysis of variance (ANOVA) with
Bonferroni’s multiple comparison test. To test whether sig-
nificant correlation existed between volume fractions,
Pearson’s linear correlation coefficient () was computed with
two-tailed p values and > 0.8 indicating strong correlation.
The statistical tests were performed using GraphPad Prism
5.01 software (GraphPad Software, La Jolla, CA), and an
overall significance level of p<0.05 was defined.
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C24B9 W6B3CI AC133

ab19898

Figure 1. All clones ACI33 (A, B), W6B3ClI (C, D), C24B9 (E, F), and ab19898 (G, H) identified niches of perivascular tumor cells in
the glioblastomas.W6B3Cl also showed staining of the basal endothelial membrane of most blood vessels (arrows, D). Clone ab19898
intensely stained dispersed cells within the niches (arrows, H).Vessel lumen is indicated by an asterisk (B, D, F, H),and N denotes niches.

Scale bars: 50 pm (A, C, E, G); 30 um (B, D, F H).

Results

Identification of CD 133+ Niches in
Glioblastomas

In glioblastoma tissues, all antibody clones identified CD133+
tumor cells in niches of diverse size, localization, and intensity
(Table 3). The size of the niches varied from large positive
areas to small perivascular niches comprising only a few cells
(Fig. 1). All antibody clones displayed intense cytoplasmatic
staining of a small fraction of cells within the CD133+ niches,

and this phenomenon was prevalent with ab19898 (Fig. 1H,
arrows). When comparing the distribution of CD133 staining,
using the different clones in adjacent sections of the same
glioblastomas, differences became apparent, as the niches
were rarely located in the same areas (Fig. 2). In one glioblas-
toma, WOB3Cl1 identified a clearly demarcated perivascular
niche (Fig. 2C), whereas AC133, C24B9, and ab19898
showed little or no reaction in the same area (Fig. 2A,E,G). In
another glioblastoma, AC133 and W6B3C1 identified distinct
niches in the same area (Fig. 2B,D), whereas C24B9 and
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Figure 2. Immunohistochemical staining of adjacent glioblastoma sections with the CD133 antibody clones ACI133 (A, B), W6B3CI (C,
D), C24B9 (E,F),and ab19898 (G, H). Differences in intensity and appearance of CD 133+ niches were evident. In glioblastoma |,W6éB3Cl
identified a clearly demarcated perivascular niche (C), whereas AC133,C24B9,and ab19898 showed little or no reaction in the same area
(A,E, G). In glioblastoma 2, both AC133 and W6B3Cl| identified niches of CD 133+ cells (B, D), whereas C24B9 and ab19898 did not (F,
H).Ab19898, however, did identify dispersed single cells with intense cytoplasmatic staining in the same area (arrows and inserts, H). N
denotes niches, and vessel lumen is indicated by an asterisk. Scale bar: 100 pm.

ab19898 did not (Fig. 2F,H). Dispersed single cells with
intense cytoplasmatic staining were, however, observed in this
area with ab19898 (Fig. 2H, arrows and insert).

Quantitative analysis revealed that W6B3C1 identified
most CD133 (max = 2.8%, mean = 1.3%) and that signifi-
cantly higher total CD133+ volume fractions were obtained
using W6B3C1 compared to AC133 (p<0.01; Fig. 3A).
CD133+ niche volume fractions obtained for the different

clones were not significantly different from each other (Fig.
3B). Figure 4 shows the volume fractions obtained when
using the four different clones in each of the 10 glioblasto-
mas. Looking at total CD133+, a strong correlation existed
between AC133 and ab19898 (r = 0.856, p=0.002) as well
as W6B3C1 and C24B9 (r = 0.803, p=0.005). Regarding
niches, a strong correlation (» > 0.800) was also identified
between AC133 and ab19898 (r=0.831, p=0.003; Table 4).
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Table 3. Overview Table Illustrating the Presence of Inconsistent Staining Characteristics

ACI33 Wé6B3CI C24B9 ab19898
Glioblastomas
CD133+ niches + + + (+)
CD133+ single cells (+) + + +
CD133+ single-cell phenotype Smooth Smooth Smooth Angular
(angular)
CD133+ blood vessels - + - -
Stem cell zones
CD|133+ SVZ ependymal cells - + - +
CD 133+ SVZ subependymal cells + + + +
CDI133+ SGZ cells - - + +
Cell cultures
CDI133+ §)-1 cells (+) + + (+)
CD133+ U87 cells - +) +) +
CDI133+Y79 cells +) + + (+)
Positive control tissues
Kidney
CD 133+ Bowman'’s capsule + + + -
CD133+ tubuli ) ) + +
Pancreas
CD 133+ islets of Langerhans - - + -
CD 133+ pancreatic acini/tubules + + + +
Placenta
CD 133+ trophoblasts/syncytiotrophoblasts - + - +

+, positive; —, negative; (+), few positive; SVZ, subventricular zone; SGZ, subgranular zone.

Identification of CD |33+ Single Cells in
Glioblastomas

In the glioblastomas, variations in morphology, distribu-
tion, and intensity of dispersed single cells were observed.
All antibody clones identified a range of dispersed single
cells with sizes varying from small to larger and multinu-
cleated types as well as cells with ramifications, protru-
sions, and spindle-shaped and smooth morphologies (Fig.
5, Table 3). Clone AC133 identified few single cells, and
staining of identified cells was cytoplasmatic and/or mem-
branous. Identified cells predominantly displayed a round,
smooth phenotype, but angular cells with protrusions were
also observed (Fig. 5A, arrowhead). With W6B3C1, the
cell membrane typically stained stronger than the cyto-
plasm (Fig. 5B, arrows). The morphology of identified
single cells was often round and smooth (Fig. 5B, arrows),
but angular cells with protrusions and/or processes were
also observed (Fig. 5B, arrowhead). Clone C24B9 identi-
fied round and smooth cells with a staining that was con-
stricted to the cytoplasm (Fig. 5C, arrow). Clone ab19898
identified smaller single cells with a round morphology as
well as large multinucleated cells with eccentric nuclei
(Fig. 5D) and angular cells with protrusions and processes
(Fig. 2H). The staining was always cytoplasmatic, and the
larger cells were often intensely stained (Fig. 5D).

The identified volume fraction of CD133+ angular sin-
gle cells was significantly higher when using ab19898 than
when using AC133 and C24B9 (Fig. 3C; p<0.05). In con-
trast, the identified volume fraction of CD133+ smooth
single cells was significantly higher when using W6B3Cl1
than when using AC133 and ab19898 (Fig. 3D; p<0.05).
AC133 identified almost no single cells with mean volume
fractions only ranging between 0% and 0.1%. Regarding
angular single-cell volume fractions, a strong correlation
was found between W6B3C1 and C24B9 (» = 0.824,
p=0.003; Table 4). Likewise, a dominating pattern of simul-
taneous high smooth single-cell volume fractions was
observed using these clones (Fig. 4D, Table 4; » = 0.904,
=0.000).

Only Clone Wé6B3C| Identified CD |33+
Blood Vessels in Glioblastoma

W6B3C1 was the only clone to stain tumor blood vessels
in the investigated glioblastomas (Table 3). Staining of
blood vessels was mostly located to the basal or luminal
endothelial membrane, but some vessels also showed dis-
tinct staining of the outer vessel border near the tunica
adventitia, resulting in a railway-like staining pattern (Fig.
6A). Clone W6B3C1 labeled 82.8% (mean) of all tumor
blood vessels (Fig. 6B).
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Figure 3. Scatter plots showing the tumor volume fractions of total CD 133 positivity (A), CD133+ niches (B), CD 133+ angular single
cells (C), and CD133+ smooth single cells (D) obtained by staining adjacent sections with CD 33 antibody clones AC133,Wé6B3ClI,
C24B9, and ab19898 in 10 glioblastomas. Total CD 133+ volume fraction (A) includes volume fractions of CD 133+ niches (B), angular
single cells (C),and smooth single cells (D). Significantly higher total CD 133+ volume fractions were identified using W6B3C| than when
using AC133 (*¥).The volume fraction of CD 133+ angular single cells identified using ab19898 was significantly higher than the volume
fraction identified using AC133 and C24B9 (C, *). Tumor volume fraction of CD 133+ smooth single cells was significantly higher when
identified by W6B3CI than when identified with AC133 and ab19898 (D, *). Horizontal lines denote mean and standard error of mean.

*p<0.05. *p<0.01.

CD 133 Staining in Stem Cell Zones

Comparative staining of adjacent paraffin sections of stem
cell regions in adult healthy brain tissue revealed consider-
able differences (Fig. 7, Table 3). All antibody clones did,
however, identify a subpopulation of cells in the subventricu-
lar zone of the lateral ventricle with a juxtanuclear staining
that seemed to be constricted to one pole of the cell. The
majority of these cells were clustered in subependymal bands
(Fig. 7A,C,E,G). Clones W6B3C1 (Fig. 7C) and ab19898
(Fig. 7G) revealed staining of ependymal cells, whereas no
ependymal positivity was seen using AC133 (Fig. 7A) and
C24B9 (Fig. 7E). Clones C24B9 and ab19898 displayed
weak to moderate cytoplasmatic staining of cells in the hip-
pocampal subgranular zone (Fig. 7F,H), whereas AC133 and

W6B3C1 did not (Fig. 7B,D). Moreover, all clones, except
ACI133, showed diffuse staining of the entire hippocampal
subgranular zone. Only W6B3Cl1 identified blood vessels
(arrows and inserts, Fig. 7D).

CD 133 Staining of Cell Cultures

Comparative staining of three different cell lines also
revealed differences (Table 3). Intense CD133 expression
was seen in SJ-1 spheroids with W6B3C1 and C24B9 (Fig.
8D,G), whereas sparse staining was seen with AC133 and
ab19898 (Fig. 8A,J). Very little staining was observed in
spheroids derived from the commercial glioblastoma cell
line U87 using clones AC133, W6B3Cl1, and C24B9 (Fig.
8B,E,H), but clone ab19898 intensely stained numerous
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Figure 4. Graphs showing tumor volume fraction variation of total CD |33 positivity (A), CD 133+ niches (B), CD 133+ angular single
cells (C),and CD 133+ smooth single cells (D) obtained by staining adjacent sections from |0 glioblastomas with CD |33 antibody clones

ACI133,W6B3Cl, C24B9, and ab19898.

cells (Fig. 8K). The staining of SJ-1 and U87 spheroids was
mostly cytoplasmatic, but membranous staining was also
seen. All clones showed some immunoreactivity in the
retinoblastoma cell line Y79. The staining generally had a
dotted membranous and/or cytoplasmatic localization, but
dispersed juxtanuclear staining was also observed (Fig.
8C,ELL). Staining was more widespread and distinct with
clones W6B3C1 and C24B9 (Fig. 8F,I) than with clones
AC133 and ab19898 (Fig. 8C,L).

CD 133 Staining in Kidney, Pancreas, and
Placenta Tissues

Staining of tissues reported to be CD133+ in the literature was
also inconsistent among the clones (Fig. 9, Table 3). In kidney
tissue, only three out of four clones showed staining of parietal
layer cells in the Bowman’s capsule (Fig. 9A,D,G), and kidney
duct cells were stained in varying degrees. Duct cell staining
with AC133 (arrow, Fig. 9A) and W6B3C1 (not shown) was
apical and membranous, whereas staining with C24B9 and

ab19898 was mostly cytoplasmatic (Fig. 9G,J). In pancreas
tissue, the four antibodies showed a varying degree of apical/
endoluminal staining in the majority of acini and ducts, but the
overall signature remained consistent (Fig. 9B,E,H,K). Still,
some diffuse staining of the islets of Langerhans was only
observed with C24B9 (Fig. 9, arrow in H), and cytoplasmatic
staining of pancreatic duct cells was mainly observed with
ab19898 (Fig. 9, arrow in K). In placental tissue, only two out
of four clones stained trophoblasts/syncytiotrophoblasts in
chorionic villi (Fig. 9C,F,LL).

Discussion

CD 133 Staining in Glioblastomas Varies
among the Clones

The present study shows that the use of different CD133
antibody clones for immunohistochemical identification of
CD133+ cells in glioblastomas caused different results
(Table 3). To our surprise, the identified cells rarely seemed
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Table 4. Correlation Matrix of Identified Volume Fractions Listing Pearson Correlation Coefficients (r) at the Top and Significances (p)

at the Bottom

% Total CD 133+

% CD 133+ Niches

ACI33  W6B3CI C24B9 ab19898 ACI33 W6B3CI C24B9 ab19898
ACI33 1.000 ACI33 1.000
W6B3CI 0.654 1.000 WeéB3ClI -0.155 1.000
0.040 — 0.670 —
C24B9 0.609 0.803 1.000 C24B9 0.120 0.309 1.000
0.062 0.005 — 0.742 0.385 —
ab19898 0.856 0.639 0.632 1.000 ab19898 0.831 0.104 0.009 1.000
0.002 0.047 0.050 — 0.003 0.775 0.981 —
% CD 133+ Angular Single Cells % CD 133+ Smooth Single Cells
ACI33  W6B3CI C24B9 abl19898 ACI33 W6B3CI C24B9 ab19898
ACI33 1.000 ACI33 1.000
W6B3CI 1.000 W6B3CI 0.761 1.000
— 0.011 —
C24B9 0.824 1.000 C24B9 0.599 0.904 1.000
0.003 — 0.067 0.000 —
ab19898 0.251 0.232 1.000 ab19898 0.259 0.427 0.592 1.000
0.485 0.520 — 0.471 0.218 0.071 —

to be identical (Fig. 2), and the quantitative analysis
revealed a clear difference between the clones regarding
fractions of total CD133+, CD133+ niches, and single cells
(Figs. 3 and 4).

We obtained most CD133 expression using clone
W6B3Cl1 (Fig. 3A), further highlighted by this being the
only clone to identify tumor blood vessels (Fig. 6A). In con-
trast to previous quantitative CD133 studies, we never
found that CD133 volume fractions amounted between
30% and 60% of the brain tumor sections (Son et al. 2009;
Zeppernick et al. 2008; Zhang M et al. 2008; Singh et al.
2004). Our results are more in agreement with quantitative
results reported by flow cytometric studies (Clément et al.
2009; Joo et al. 2008; Shu et al. 2008) and a recent study
using clone AC133 on snap-frozen brain tumor sections
(Thon et al. 2010), thus supporting the hypothesis that
tumor stem cells are a rare population of cells in solid
tumors.

Regarding total CD133+, a correlation existed between
AC133 and ab19898 as well as between W6B3C1 and
C24B9 (Fig. 4A, Table 4). However, qualitative data
strongly suggested that cells identified with these clones
were not identical (Figs. 2 and 5). Mean CD133+ niche vol-
ume fractions were not significantly different (Fig. 3B), but
regarding the clones’ individual niche identification in each
tumor, a correlation only existed between AC133 and
ab19898 (Fig. 4B, Table 4). As above, a qualitative com-
parison of this correlation strongly indicated that cells iden-
tified with AC133 and ab19898 were not identical (Fig. 2).

Evidence suggests that neural stem cells and tumor stem
cells lie within a protective niche in close proximity to the
vasculature (Calabrese et al. 2007; Scheres 2007). We have
previously shown that CD133 can be used to identify peri-
vascular niches in glioblastomas (Christensen et al. 2008),
and to our knowledge, we are the only group who has
reported quantitative data of CD133+ niches in glioblasto-
mas. When investigating dispersed single cells, it quickly
became apparent that cell populations differed so much in
form and size that cells should be divided into angular and
smooth single cells to minimize sampling bias. Clone
ab19898 identified most angular single cells, whereas
W6B3Cl1 identified most smooth single cells (Fig. 3C,D).
Angular and smooth single-cell volume fractions obtained
using W6B3C1 and C24B9 were strongly correlated (Table
4), and qualitative data in glioblastomas and cell lines
suggested the same (Fig. 8). Thus, these two clones may
identify some of the same tumor single cells, but regarding
tumor blood vessels (Fig. 6), stem cell zones in healthy
brain tissue (Fig. 7), and control tissues (Fig. 9), differences
were still evident.

Thus, it is very likely that the inconsistent CD133 immu-
nolabeling obtained in CD133 studies is a result of using dif-
ferent antibody clones binding to different poorly
characterized epitopes. Other contributors could be protocol
differences with use of different detection systems such as
the ultra-sensitive detection system CSA II (Christensen et al.
2008), overnight incubation times (Zhang M et al. 2008;
Singh et al. 2004; Singh et al. 2003), paraffin (Pallini et al.
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Figure 5. All clones identified CD133+ dispersed single cells
in glioblastomas, but their morphology ranged from cells having
ramifications and protrusions (arrowheads, A, B) to small (arrows,
B, C) or bigger multinucleated cells (arrow, D). W6B3ClI had a
tendency to stain tumor cell plasma membranes more than the
cytoplasm (arrows, B), whereas ACI133, C24B9, and ab19898
mostly stained the cytoplasm (arrowhead, A; arrows, C, D).
Asterisks denote blood vessel lumen. Scale bar: 30 pm.

2008; Christensen et al. 2008; Zhang M et al. 2008; Singh
etal. 2004; Singh et al. 2003) or cryostat sections (Zeppernick
et al. 2008; Thon et al. 2010), semi-quantitative scoring
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Figure 6. W6B3CI displayed a railway-like staining pattern of some
blood vessels (A), whereas no stained blood vessels were identified
using AC133,ab19898, or C24B9.The percentage of CD 133+ blood
vessel volume out of total blood vessel volume obtained by each
antibody clone was estimated (B). Scalebar: 30 pm, **5<0.001.

systems (Zeppernick et al. 2008; Pallini et al. 2008; Zhang M
et al. 2008), and inter- and intraobserver variability.

The Use of CD 133 as a Marker for Tumor
Stem Cells Is Controversial

CD133 is a glycoprotein (Corbeil et al. 2000; Miraglia et al.
1997), and tumor stem cells may change the glycosylation
status of CD133 when they differentiate (Mizrak et al. 2008;
Florek et al. 2005; Corbeil et al. 2000). Using antibodies that
only identify the glycosylated epitopes may therefore cause
identification of only a subset of CD133+ cells. According to
the manufacturers, two of the antibodies used in the present
study (AC133 and W6B3Cl1) target a glycosylated extracel-
lular epitope of CD133, and they may therefore not identify all
CD133+ cells. By using the CD133 antibody clone C24B9, an
antibody targeted against a non-glycosylated epitope, one
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Figure 7. Comparative staining on sections of stem cell regions in healthy adult brain tissue using antibody clones ACI33 (A, B),
W6B3CI (C, D), C24B9 (E, F), and ab19898 (G, H). A subependymal cell population with juxtanuclear staining was identified in the
subventricular zone (SVZ) of the lateral ventricle by all antibody clones. The juxtanuclear staining was constricted to one pole of the
cells, and the majority of positive cells were clustered in subependymal bands delineated by dotted lines (arrows and inserts,A, C, E, G).
W6B3CI and ab19898 also stained ependymal cells in SVZ (C, G), whereas no ependymal positivity was seen using AC133 and C24B9 (A,
E). C24B9 and ab19898 stained the cytoplasm of few cells in the hippocampal subgranular zone (arrows and inserts, F,H), whereas AC133
was blank negative (B). Clone W6B3CI was the only antibody to identify brain blood vessels (arrows and inserts, D). Scale bar: 100 um.

could theoretically be able to bypass problems concerning
glycosylation and overcome problems with false-positive
identification of irrelevant glycosylated epitopes (Bidlingmaier
et al. 2008). If CD133 glycosylation was the only variable,
then C24B9 staining would also be present in areas stained by
the other clones. However, this is not the case, as seen in
Figure 2, suggesting that the picture may be more complex
than first assumed.

A recent publication has shown that glioblastoma cells
negative for AC133 are positive for C24B9 and that the pro-
tein identified by C24B9 is truncated (16 kDa; Osmond
et al. 2010). This seems to indicate that, in addition to prob-
lems regarding glycosylation status, there are problems
with antibodies not identifying all variants of CD133.
Interestingly, at least 28 alternatively spliced CD133 iso-
forms have been shown to exist (Fargeas et al. 2007; Jaszai
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Figure 8. Comparative staining on paraffin sections of glioblastoma short-term culture S)-1 spheroids, glioblastoma cell line U87
spheroids, and retinoblastoma cell line Y79 clusters.W6B3C| and C24B9 identified intense expression of CD133 in §)-1 (D, G), whereas
ACI133 and ab19898 did not (A, J). Little immunoreactivity was seen in U87 using AC133,W6B3Cl, and C24B9 (B, E, H), but ab19898
displayed intense cytoplasmatic staining of numerous cells (K).All clones stained cells from the Y79 cell line, and the staining was mostly
dotted and membranous and/or cytoplasmatic with the appearance of dispersed juxtanuclear staining as well (C, F, I, L). Images of S)-1
and U87 were from adjacent sections of the same spheroid. Scale bar: 30 pm.

et al. 2007; Fargeas et al. 2004), primarily showing
C-terminal domain variations (Fargeas et al. 2007; Fargeas
et al. 2004), which could be problematic for antibodies tar-
geted to this area. According to the manufacturer, ab19898
is targeted to this area, and it seems to identify a slightly
truncated protein (Table 1), which, according to the present
study, mostly is present in cells with an angular morphology
(Figs. 2H and 3C). As different CD133 antibodies, most
likely, do not cover all splice variants, this could be why
inconsistent immunolabeling was obtained in the present

study and why different protein sizes were identified in
various Western blots (Table 1).

Previous studies have shown that the AC133 epitope is
downregulated upon tumor cell differentiation, which the
authors explained to be due to loss of glycosylation (Mizrak
et al. 2008; Florek et al. 2005; Corbeil et al. 2000). To add
to the complexity, a recent colon cancer study has shown
that the binding of AC133 is not dependent on glycosylated
epitopes (Kemper et al. 2010). Instead, they suggest that the
observed downregulation is due to inaccessibility of the
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Figure 9. Comparative staining of kidney (A, D, G, ), pancreas (B, E, H, K), and placenta (C, F I, L) tissues. A varying degree of CD133
positivity was observed in kidney glomeruli, tubuli, and collecting ducts between the clones (A, D, G, J). Arrow in A shows a stained
collecting duct. Positive reaction in pancreas was mainly constricted to the apical/endoluminal surface of glandular epithelial and ductal
cells (B, E, H, K), but some diffuse staining of islets of Langerhans (arrow, H) and cytoplasmatic staining of pancreatic ductal cells could
be observed (arrow, K). Placental tissue was negative using AC133 and C24B9 (C, 1) and positive in trophoblasts/syncytiotrophoblasts of
chorionic villi usingW6B3CI and ab19898 (F, L). Scale bars: 100 ym (A, D, G, J); 50 ym (B, C,E,F H, 1, K, L).

AC133 epitope, which may depend on changing of tertiary
structure or binding of another protein (Kemper et al. 2010).

The controversy is further substantiated by several stud-
ies reporting the existence of CD133— tumor stem cells
derived from gliomas or glioma cell lines (Son et al. 2009;
Joo et al. 2008; Gunther et al. 2008; Wang et al. 2008; Beier
et al. 2007). An interesting quandary is whether these
CD133- cells really are CD133— or if CD133 status is con-
cluded on the basis of using CD133 antibodies that are not
detecting CD133.

CD 133 and Clinical Outcome

It is hard to ignore CD133 as a marker of immature stem-
like tumor cells with tumor-initiating capabilities, but its
detection is problematic. No prognostic significance has
been reported with other CD133 antibodies than AC133
(Zeppernick et al. 2008; Thon et al. 2010; Pallini et al.
2008) and 293C3 (Beier et al. 2008), suggesting that cells
expressing these antigens are unique and different from
cells expressing other CD133 antigens. Thus, it is most
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likely the distribution of AC133 and 293C3 antigen and not
the distribution of CD133 protein itself that is prognostic.
AC133 has been used to show a negative prognostic sig-
nificance of CDI133 in both frozen (Zeppernick
et al. 2008; Thon et al. 2010) and paraffin-embedded brain
tumor sections (Pallini et al. 2008), and 293C3 has been
used to correlate the presence of CD133+ cells in high-
grade brain tumors with a poor clinical outcome (Beier
et al. 2008). The latter used flow cytometric isolation of the
CD133+ cells, which subsequently formed neurospheres,
differentiated into all neural lineages, and were tumorigenic
in nude mice (Beier et al. 2008)—all the hallmarks of true
tumor stem cells. An important question is whether CD133+
cells identified by immunohistochemistry and flow cytom-
etry are identical and whether the use of different CD133
antibody clones and protocols interfere with the results.

Neural Stem Cells, Cell Lines, and
Control Tissues

The CD133 antibody clones all identified a subpopulation of
cells in the subventricular zone of the lateral ventricle with a
juxtanuclear staining that seemed to be constricted to one
pole of the cells. The majority of these cells were clustered
in subependymal bands (Fig. 7) as previously reported
(Sakariassen et al. 2007). This is in accordance with the gen-
eral idea of neural stem cells residing in discrete stem cell
niches in the adult subventricular zone (Riquelme et al. 2008;
Zhu et al. 2005). Juxtanuclear accumulation of CD133 has
previously been reported (Sakariassen et al. 2007), but why
this is seen has yet to be elucidated. However, CD133 has
previously been proposed to have a role in membrane protru-
sions and to be associated with cholesterol-based membrane
micro domains (Corbeil et al. 2001). It could be speculated
that the CD133 juxtanuclear accumulation could be related
to plasma membrane organization. Another possibility could
be that the stained dots represent CD133 protein undergoing
posttranslational modification in the Golgi apparatus because
shaping of the stained dots has a close resemblance to shap-
ing of the Golgi apparatus.

When investigating CD133 expression in SJ-1, U87, and
Y79 cells, inconsistent results were apparent (Fig. 8, Table
3). In spheroids from SJ-1, a glioblastoma short-term culture
with tumor stem cell properties established in the Department
of Pathology, Odense University Hospital, intense CD133
expression was only obtained when using W6B3C1 and
C24B9 (Fig. 8D,G). U87, which is a commonly used com-
mercial cell line for glioblastoma research, has previously
been shown not to express CD133 using AC133, 293C3
(Platet et al. 2007), or W6B3C1 (Christensen et al. 2010) and
to express CD133 using 293C3 (Brehar et al. 2009). We also
obtained low CDI133 levels in U87, except when using
ab19898, as this antibody displayed a distinct and ubiquitous
cytoplasmatic staining of cells (Fig. 8K). CD133 expression
in Y79 has previously been confirmed by PCR and Western

blot analysis (Thon et al. 2010; Seigel et al. 2007), and in Y79
sections, we obtained most positive cells with W6B3C1 and
C24B9, suggesting that their antigens are more widely dis-
tributed in this cell line (Fig. 8E]I). It is somewhat problem-
atic that anything from no CD133 expression to high CD133
expression can be obtained depending on which antibody is
being used. These findings make direct comparison of stud-
ies using different CD133 antibody clones for both isolation
and identification of CD133 problematic.

Our results on kidney, pancreas, and placenta tissue (Fig.
9, Table 3) supported many previous observations
(Immervoll et al. 2008; Christensen et al. 2008; Florek et al.
2005). However, qualitative comparison of the four anti-
bodies revealed a dissimilar overall CD133 distribution.
Furthermore, some of the tissues found positive for the
AC133 antigen in the present study have previously been
reported as negative in other immunohistochemical studies
using the same clone (AC133) (Thon et al. 2010; Miraglia
et al. 1997). This discrepancy could be due to our optimized
protocol for formalin-fixed, paraffin-embedded tissues
using detection systems with enhanced sensitivity, specific
HIER protocols, and high antibody concentrations.

In conclusion, we obtained qualitative and quantitative
discordant immunohistochemical CD133 expression in all
investigated tissues using the four different CD133 anti-
body clones (AC133, W6B3C1, C24B9, and ab19898). We
conclude that the use of different CD133 antibody clones
for immunohistochemical identification of CD133 in paraf-
fin sections will most likely cause different results. It is a
problem in this field of research that anything from no
CD133 expression to high CD133 expression can be dem-
onstrated depending on which antibody is being used. The
present study emphasizes that choice of CD133 antibody
clone is critical and that conclusions based on the use of
CD133 primary antibodies should be drawn with caution.
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