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The sensitive detection of bone marrow involvement
is crucial for tumor staging at diagnosis and for mon-
itoring of the therapeutic response in the patient’s
follow-up. In neuroblastoma, only conventional cyto-
morphological techniques are presently accepted for
the detection of bone marrow involvement, yet since
the therapeutic consequences of the bone marrow
findings may be far-reaching, the need for highly
reliable detection methods has become evident. For
this purpose, we developed an automatic immunoflu-
orescence plus FISH (AIPF) device which allows the
exact quantification of disseminated tumor cells and
the genetic verification in critical cases. In this study,
the power of the immunofluorescence technique is
compared with conventional cytomorphology. 198
samples from 23 neuroblastoma patients (stages 4
and 4s) at diagnosis and during follow-up were inves-
tigated. At diagnosis, 45.6% of the samples (26 of 57)
which were positive by AIPF investigation were neg-
ative by cytomorphology. During follow-up, 74.2%
(49 of 66) of AIPF-positive samples showed no cyto-
logical signs of tumor cell involvement. False negative
morphological results were found in up to 10% of
tumor cell content. A tumor cell infiltrate below 0.1%
was virtually not detectable by conventional cytomor-
phology. Using the sensitive immunofluorescence

technique, the analysis of only two instead of four
puncture sites did not lead to false negative results.
Thus, the immunofluorescence technique offers an
excellent tool for reliable detection and quantification
of disseminated tumor cells at diagnosis and during
the course of the disease. (Am J Pathol 2003,
163:393-399)

Unambiguous demonstration of tumor cell dissemination
to the bone marrow at diagnosis of neuroblastoma is of
crucial importance for clinical staging. Prerequisite for
this procedure and for all other studies on disseminated
tumor cells is a reliable and sensitive detection system.
We therefore developed a detection system fulfilling all
these requirements.”? Beside diagnostic information, the
clearance rate of the metastatic infiltration as a response
to induction therapy was suggested to have an important
prognostic impact in advanced disease.®>“ ¢ The initial
cytomorphological examination of Wright-Giemsa-stained
smears for tumor cells from two bone marrow aspirates is
incorporated in the recommendations of the International
Neuroblastoma Staging System (INSS).” However, neuro-
blastoma cells may escape microscopic detection
because of their relatively unspecific morphological
appearance, especially when present as single cells.
Moreover, the detection of disseminated disease is
furthermore complicated by the uneven distribution of
tumor cells in the body, which may result in false
negative findings by classical cytology or histology.®*°
Therefore, in contrast to the INSS recommendations,
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analysis of four iliac crest punctures for more precise
assessment of BM infiltration has been emphasized.

The demonstration of minimal tumor cell amounts is
certainly important, not only initially but also for judging
responses to specific therapeutic applications. During
the last decade, numerous alternative approaches using
immunological’™®'® and molecular biological meth-
ods™ '8 were described with the intention of improving
the detection of minimal neuroblastoma involvement in
bone marrow, peripheral blood, and stem cell products.
However, the reliability of tumor cell detection and quan-
tification by these methods is still controversial. For rou-
tine detection of minimal amounts of tumor cells in clinical
samples, high sensitivity and specificity as well as the
ability for tumor cell quantification are vital prerequisites.

In our laboratory, a novel microscopic device for auto-
matic immunofluorescence plus FISH analysis (AIPF) was
developed (Metafer4/RCDetect, MetaSystems, Al-
tlussheim, Germany)'® which enables fast analysis and
exact quantification of immunofluorescence-labeled tu-
mor cells in hematopoietic samples at the sensitivity of
1/10% and below.?° By the use of this device, automatic
search for disseminated neuroblastoma cells was rou-
tinely performed in bone marrow samples following im-
munofluorescence labeling of the neuroblastoma specific
ganglioside GD2. The cytogenetic aberrations found in
the primary tumor were sequentially demonstrated in
case of questionable morphology by fluorescence in situ
hybridization (FISH), providing further evidence for the
neoplastic nature of the target cell. Molecular cytogenetic
verification allowed an observer independent identifica-
tion of tumor cells which turned out to be essential in
samples with low tumor cell infiltration, as false positive
immunological reactions accounted for 38.5% of all ana-
lyzed bone marrow samples from localized neuroblas-
toma patients.?

The purpose of this paper is to show to what extent the
immunofluorescence-based automatic bone marrow
analysis improves the detection of low-level tumor cell
infiltration in comparison to cytomorphological examina-
tion of Wright-Giemsa-stained slides. The new approach
was applied independent of, but parallel to, classical
cytomorphological examinations of bone marrow smears
from neuroblastoma patients at the St. Anna Children’s
Hospital, enabling the comparison of results gained via
both techniques. By the ability to automatically determine
absolute tumor cell quantities, we demonstrate the limi-
tations of bone marrow cytology for the analysis of mini-
mally disseminated neuroblastoma cells. Furthermore,
we analyzed whether punctures from more than two BM
sites significantly improve the efficacy of tumor cell de-
tection at elevated tumor cell detection sensitivity.

Materials and Methods

The extent of initial bone marrow involvement and the
effect of chemotherapy was determined in 17 stage 4 and
6 stage 4s neuroblastoma patients. For this purpose,
diagnostic bone marrow aspirates were taken from one to
four iliac crest puncture sites in general anesthesia fol-

lowing a written consent signed by the parents of the
patients. Bone marrow punctures were performed at di-
agnosis for initial staging and in the course of the disease
to control response to cytotoxic therapy. The first drops of
the aspirate were placed on microscopic slides to pre-
pare 10 smears for conventional cytomorphological anal-
ysis following the Wright-Giemsa staining. 2- to 5-ml of
bone marrow were then aspirated into a syringe supplied
with heparin using the same needle from each puncture
site. For further details of the handling of the bone marrow
and laboratory and interpretation guidelines see Ambros
and Ambros.2" The mononuclear fractions were immedi-
ately isolated by density gradient centrifugation (Lym-
phoprep; Nycomed, Oslo, Norway) and the cells were
processed for immunofluorescence analysis as de-
scribed earlier.'®2° Briefly, approx. 0.5 x 10° to 10°
mononuclear cells were cytospun to microscopic slides
(Hettich, Tuttlingen, Germany) and reacted with a GD2-
specific monoclonal antibody following drying and fixa-
tion of the slides in buffered 3.7% formaldehyde solution
for at least 1 hour, but ideally overnight at 4°C. The
GD2-specific mab 14.18 (kindly provided by R.A. Reis-
feld, The Scripps Research Institute, La Jolla, CA), pre-
viously described as highly specific to neuroblastoma
cells,?? was used for immunolabeling. The specific bind-
ing was detected by a FITC-conjugated anti-mouse sec-
ondary antibody (DAKO, Glostrup, Denmark) and the
slides were covered with an antifade medium containing
the nuclear stain DAPI (Vectashield/DAPI; Vector Labo-
ratories, Burlingame, CA). 0.8 to 3 X 10° MNCs were
analyzed per puncture site.

Cells with FITC immunofluorescence are selected by
the Metafer4/RCDetect automated image analysis sys-
tem (MetaSystems). This system enables automatic
search and quantification of immunofluorescence-la-
beled cells according to their fluorescence pattern and
intensity. During the scanning procedure, FITC-positive
cells are automatically digitally photographed and the
slide positions are recorded. The automatic scanning
procedure per slide containing 10° MNCs takes 15 to 25
minutes depending on the number of positive cells. Cells
which fulfill the search criteria (FITC and DAPI positivity,
size and contour of the FITC-fluorescent object, and ratio
of FITC and DAPI fluorescence area) are automatically
captured by the system. The parameters for the search
criteria were carefully set and verified in a number of
control experiments to avoid false positive and false neg-
ative results. These search criteria are usually specific for
a certain tumor type but have to be newly defined for
most tumor entities. The fluorochromes can be chosen
according to the laboratory settings and also three color
analyses (eg, FITC*/TRITC~/DAPI* fluorescence) are
possible. After these fully automatic steps the observer
can have a quick look at the cells on the screen or can
have a close look directly in the microscope as every
positive cell is precisely relocated by the automatic mi-
croscope. However, this microscopical analysis following
the repositioning of isolated cells frequently does not
support tumor-typical cell morphology. Features such as
irregular broad cytoplasms, kidney-shaped small nuclei,
condensed chromatin, and no prominent nucleoli could



refer to damaged tumor cells due to eg, the cytotoxic
treatment but also to falsely positive macrophages or
other hematopoietic cells. Therefore, such cells are de-
fined as “ambiguous”. To achieve a high degree of reli-
ability one can either use another antibody or subject the
cells to sequential FISH analysis directed to tumor typical
cytogenetic aberrations found in the primary tumor. To
enable the sequential genetic testing by FISH, slides are
taken out of the stage and are re-inserted after successful
FISH. The automatic relocation function allows the repo-
sitioning of all previously immunologically-positive cells.
In this way every questionable cell can be re-evaluated
and the genetic make-up can be studied in detail. In
neuroblastomas 179 gain, MYCN amplification and 1p
deletion are the most common aberrations, whereas
stage 4 tumors show at least one of these aberrations,
with very few exceptions. MYCN amplification was stud-
ied using the Oncor probe or an FITC-labeled BAC clone
(RP11-355H10, provided by Dr. Pieter de Jong, BACPAC
Resource Center at Children’s Hospital, Oakland Re-
search Institute, Oakland, CA) in combination with a sub-
telomeric sequence from chromosome 2p (08-103-1,
kindly provided by Dr. Rocchi, Bari, Italy), deletions or
imbalances at 1p36.3 were monitored using probes
D1Z2/D1Z1,232% gain of 17q material was visualized us-
ing 17p/17g probes (411G7, 22G12, and 388C12,
516M14, kindly provided by Dr. Rocchi). Most of the
stage 4s tumors, however, do not display the above
mentioned aberrations, but usually display trisomies or
polysomies of different chromosomes therefore centro-
mere and subtelomere specific probes were used (eg,
D171, 411G7, 22G12). GD2-positive cells with the ex-
pected cytogenetic aberrations were interpreted as “un-
ambiguous” tumor cells. GD2-positive cells lacking the
expected tumor-typical cytogenetic aberrations were ex-
cluded from the evaluation as neuroblastoma cells but
were also reported. FISH was performed in all 94 bone
marrow samples, which contained less than 100 GD2*
cells.

The cytomorphological examination of Wright-Giemsa-
stained bone marrow smears was performed by the he-
matology specialists of the St. Anna Children’s Hospital
and was reported independently of the immunofluores-
cence results. The GD2 immunofluorescence was exam-
ined in a blinded fashion. Both the number of GD2-
positive tumor cells and the number of analyzed MNCs
were reported. For better comparison of the relative tu-
mor cell contents of samples from different patients, tu-
mor cell numbers were extrapolated to absolute cell num-
bers of 10° analyzed MNCs.

Results

Tumor Cell Detection by Cytomorphology

The initial bone marrow status was analyzed in all 23
patients (66 puncture samples), whereas disease moni-
toring (follow-up analysis) was performed at 49 time
points (132 puncture samples). Bone marrow positivity
appeared as a spectrum from massive tumorous infiltra-
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Table 1. BM Cytomorphology and Results of GD2
Immunofluorescence
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*Cells lacking tumor-typical MYCN amplification.

tion to isolated cell nests in the smear. The cytomorpho-
logical analysis in Wright-Giemsa-stained slides revealed
positivity in 14 of 23 (60.9%) initial examinations, 31 of 66
initial (46.9%) samples and 12 of 49 (24.5%) follow-up
examinations, and 18 of 132 follow-up (13.6%) samples.
Altogether, 49 of 198 positive results (24.7%) were ob-
tained (Table 1).

Tumor Cell Detection by GD2
Immunofiuorescence Plus FISH Technique

Automated analysis of GD2 immunofluorescence-de-
tected tumor cells in the range from 3 cells in 3.1 X 10°
MNCs to 80% tumor cell content. However, the number of
total cells provided for the analysis was also in a wide
range (0.1 to 3.1 X 10° mean 0.88 X 10° MNCs). Posi-
tivity was shown in 57 of 66 initial samples (86.4%), while
66 of 132 (50%) bone marrow samples contained GD2™"
tumor cells at follow-up bone marrow examinations. Alto-
gether, 123 of 198 positive samples were detected by
GD2 immunofluorescence. In 94 (24 initial and 70 follow-
up) samples less than 100 GD2* cells per 10° mononu-
clear cells were found, which showed, by original definition,
“ambiguous” positivity. In these samples, the specificity of
the test was achieved by sequential FISH analysis visualiz-
ing tumor-typical cytogenetic aberrations.

Correlation of BM Cytomorphology and GD2
Immunofluorescence

The correlation of the findings obtained by classical cy-
tomorphology and automated search for GD2 immuno-
fluorescence is presented in Table 1. 34.8% (8 of 23) of
the initial examinations (26 of 66, 39.4% of the individual
punctions) and 24.5% (12 of 49) of the follow-up exami-
nations (49 of 132, 37.1% of the individual punctions)
showed divergent findings when comparing the two
methods. Moreover, the discrepancy represented 45.6%
(26 of 57) and 74.2% (49 of 66) of all positive samples in
the respective sample group. While the overall rate of
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tueacee 1ooecee S Table 2. Distribution of Cytomorphological and GD2-AIPF
Positive Punctures
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Figure 1. Quantitative distribution of neuroblastoma cells detected by cyto- A only 0 R only 0
morphology and/or automatic GD2 immunofluorescence plus FISH analysis.
a: Distribution of tumor cell numbers in samples which were found to be P only 0 L only 0
positive by automatic GD2 immunofluorescence analysis. b: Number of Aand P 20 Rand L 20
tumor cells in samples positive both for cytomorphology and GD2 immuno- Total 20 20

fluorescence. ¢: Distribution of tumor cell numbers in samples negative by
cytomorphology and positive by GD2 immunofluorescence. The number of
tumor cells was extrapolated to 10° analyzed MNCs. y axis: number of tumor
cells/10° MNCs

corresponding samples, which was found to be positive
by GD2 immunofluorescence/verified by FISH and neg-
ative by cytomorphology, was 37.9% in this study (75 of
198), there was only one sample in which a single tumor
cell nest was described in the Wright-Giemsa-stained BM
smear, but no evidence of GD2-positive tumor cells could
be detected by immunofluorescence. However, the tar-
geted molecular cytogenetic analysis of the MYCN onco-
gene, which was carried out subsequently on the ques-
tionable Wright-Giemsa-stained cell nest, revealed two
MYCN copies per cell. The primary tumor from this pa-
tient showed, in contrast, a well demonstrable 20-fold
amplification of the MYCN oncogene in all three tumor
pieces analyzed.

Sensitivity of BM Cytomorphology and GD2
Immunofiuorescence/FISH

The comparison of the AIPF and cytomorphology data
suggested a significantly lower sensitivity limit for cyto-
morphological analyses as compared to the immunoflu-
orescence approach. This could be further supported by
the quantitative evaluation of results based on AIPF
search data. The AIPF enables the simultaneous deter-
mination of both the number of immunologically positive
tumor cells and all mononuclear cells present in the sam-
ple, according to the nuclear DAPI staining. For a better
comparison of the quantity of tumor cells in different
samples, the number of positive cells was extrapolated to
10° MNCs. The distribution of quantitative GD2-immuno-
fluorescence findings per 10° MNCs are presented in
Figure 1a. The quantitative results of those samples
which were found to be positive for tumor cells by both
methods (cytomorphology and GD2 immunofluores-
cence) are displayed separately (Figure 1b). Figure 1c,
on the other hand, displays relative tumor cell quantities
of those bone marrow samples which were found to be
positive only by GD2 immunofluorescence, but not by
cytomorphology. The detectability of tumor cells by the
latter method became increasingly inconsistent at tumor
cell concentrations between 10-2and 10 %; 78.1% of the

A, anterior; P, posterior; R, right; L, left.

positive samples at 1072, 88.6% of the positive samples
at 1073, and 92.8% of the positive samples at 10~* tumor
cell concentrations were missed. On the other hand,
automatic search for GD2 immunofluorescence and sub-
sequent FISH gave reproducible findings even when only
a single tumor cell per one million MNCs was present
(1/10° concentration).

Influence of the Number of BM Punctures on
Bone Marrow Positivity

The influence of the number and the site of punctures on
the result of the BM examination was tested by compar-
ing the AIPF with cytomorphology results of four iliac
crest punctures with the analyzed BM samples. From 11
cytomorphological examinations with a positive finding, 3
(27.2%) and 5 (45.4%) cases displayed side-specific
positivity in the antero-posterior or left-right relation, re-
spectively (Table 2). On the other hand, despite signifi-
cant differences in the amount of tumor cells in individual
puncture samples, no side-specific difference concern-
ing sample positivity or negativity was observed in any of
the 20 positive examinations analyzed by AIPF for four
puncture sites.

Discussion

Cytomorphological examination to detect rare tumor cells
is limited by numerous factors, eg, the small round-cell
morphology of the tumor cells, lack of tumor cell nests,
and lack of possibilities for quantification. Many immuno-
logical and RT-PCR applications, directed to detect rare
solid tumor cells in hematological samples, were de-
scribed to reach extremely high sensitivity levels (1076 to
10~7) through demonstration of tissue-specific target
molecules. However, they are often obscured by artificial
immunological staining of non-tumorous cells, especially
in alkaline phosphatase or peroxidase-stained slides or
by the elevated probability to amplify non-specific tar-
gets.?>2% Immunological demonstration of the neuroblas-
toma-specific cell-surface gangliosid GD2, otherwise a
reliable cell-surface marker in all analyzed neuroblasto-
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Figure 2.a and c¢: Bone marrow cells from a neuroblastoma patient stained with FITC labeled GD2 antibody. b and d: After automatic relocation of the
GD2-positive cells these cells were subsequently analyzed by FISH using a MYCN specific probe (FITC) and a chromosome 2-specific probe (TRITC). Only the
GD2-positive cell shown in a and b displays the tumor typical MYCN amplification (b). The three GD2-positive cells shown in ¢ show a normal MYCN copy
number (d). Applying this genetic verification procedure (AIPF), tumor cells can be unambiguously discriminated from normal cells.

mas®”?® highlighting all neuroblastoma cells in the BM,®
was also found to be associated with false positive reac-
tions.?° Fortunately, fluorescence microscopic visualiza-
tion enables further analysis and verification of every
questionable positivity by sequential molecular cytoge-
netic analysis or by further immunological characteriza-
tion. In a recent report we could unambiguously show by
sequential FISH analyses of GD2-positive bone marrow
cells that rare GD2-positive cells, occasionally present in
the BM of patients with localized/regional neuroblastoma,
were not of tumorous nature.? These findings are con-
trasting with previous reports demonstrating tumor cells
in 34% of the patients with localized disease using light
microscopical detection of the immunological target.'?
Limitations in the sensitivity of the AIPF system cannot
explain the differences because we are also able to
unambiguously recognize very rare disseminated GD2-
positive tumor cells with verified tumor typical genetic
aberrations (down to 1/10°) in bone marrow samples from
stage 4 and 4s neuroblastomas.? Sampling error can also
cause some false negative results. Statistical models in-
dicate that at least 3 X 10° cells need to be analyzed to
achieve a 95% probability to recognize 1 tumor cell in 10°
MNCs.?? Accordingly, the theoretical chance to detect 1
tumor cell in 10° MNCs lies, in our study, between 63%
and 95%.

In the present study, 94 of 199 samples were pro-
cessed for FISH analysis. These cases mostly contained
few immuno-positive cells requiring further genetic veri-
fication. The remaining samples were either negative or
displayed convincing numbers (>100) of immunologi-
cally positive cells which could be identified as tumor
cells on morphological criteria. The genetic verification
was undertaken in all these cases to make sure that no
false positive reaction was overlooked. By doing this
stringent comparison between immunologically positive
cells with the genetic make-up we learned to better dis-
criminate between tumor cells and false positive reac-
tions solely on the basis of immunological staining pattern
and morphological features. Current studies are under-
taken to find immunological markers to further discrimi-
nate between tumor cells and non-tumor cells, to facilitate
the unambiguous and simple identification of dissemi-
nated tumor cells (DTCs).

By the use of a computer-supported automatic device,
the sensitivity of the bone marrow examination in neuro-
blastoma could be significantly enhanced. Using this
method, an increase in the number of positive bone mar-
row examinations by more than 40% (41.3%) was
achieved (overall increase of positive punctures by AIPF
was 60.2%), as compared with classical BM cytology. On
the contrary, only one sample negative by AIPF displayed
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a nest of possible tumor cells by classical cytological
examination. Interestingly, none of the cells within this
single cell group showed MYCN amplification by FISH,
whereas the primary tumor displayed a 20-fold MYCN
amplification (Figure 2). Thus, we can conclude that this
particular cell nest was not composed of tumor cells.

The vast majority of stage 4 tumors show genetic ab-
errations, ie, MYCN amplification, del1p36, and gain 179,
the latter representing the most frequent cytogenetic ab-
erration in disseminated stage 4 patients as it has been
described to be present in 85% of the analyzed tumors®°
(Stock et al, unpublished). In particular, gain of chromo-
somal regions and gene amplifications are ideal FISH
targets because the risk of wrong interpretation of the
FISH signals is reduced, as compared to the detection of
deletions or imbalances. In theory the possibility of cyto-
genetic heterogeneity in disseminated tumor cells also
exists in DTCs as it has been shown to occur at low
frequency in primary tumors.®" Our data, however, dem-
onstrate that DTC always showed the same genetic ab-
erration(s) as it was present in the primary tumor. In case
of genetically heterogeneous primary tumors, not all ab-
errations found in the primary tumor are necessarily
present in the DTCs. Because the genetic make-up of the
primary tumor is usually known, the adequate DNA
probes recognizing these aberrations can be applied. In
cases where the genetic composition is not known, gain
of 17g and MYCN amplification are ideal targets for tumor
cell verification.

To prove whether the genetic aberrations are lost in
DTCs or not, we analyzed the three different cytogenetic
markers sequentially in the identical disseminated tumor
cells from 7 neuroblastoma patients; no loss of genetic
aberrations was found.? The improbability of obtaining
false negative results by the automatic immunofluores-
cence/FISH approach is supported by mixing experi-
ments.?°

The combination of two or possibly even more meth-
ods seems to be the best strategy to overcome the prob-
lems of false positive and/or false negative results in the
detection of rare tumor cells. The example given in this
paper where we used the high sensitivity of immunolog-
ical detection systems and combined this method with
the high specificity of the FISH technique can be extrap-
olated to other techniques. For example the combination
of immunological and PCR techniques can also be used
to reduce the chance of detecting false positive or false
negative results.

Disseminated tumor cells below 1/10° MNC concen-
tration were not detected reliably by cytomorphological
examination. A significant part of the BM samples, espe-
cially samples from patients undergoing chemotherapy,
displayed less tumor cells than this number, as demon-
strated by the immunofluorescence technique. 76.8% of
the positive samples from follow-up patients could only
be detected by the latter method, but not by classical
cytology. Accordingly, a 3 log (10%) improvement in the
sensitivity was reached by the AIPF method. We con-
clude that classical BM cytology was not sufficient for
monitoring the response to cytotoxic therapy in stage 4
disease.

So far, evaluation of four puncture sites within one
bone marrow examination was emphasized to increase
the sensitivity of bone marrow analysis and avoid false
negativity. When comparing the AIPF and CM results of
the BM examinations from four individual puncture sites,
we found that separate analyses of bone marrow sam-
plings from four different sites were only of benefit to
bone marrow cytomorphology, but did not change the
number of positive samples when applying the AIPF ap-
proach. With the enhanced detection sensitivity of the
latter method, the likelihood of false negativity by analysis
of only two puncture sites was virtually eliminated. In the
light of these data it seems sulfficient to analyze, in agree-
ment with INSS, samples from two puncture sites (left and
right), provided that the detection method used guaran-
tees a high sensitivity.

These data demonstrate the superior sensitivity and
specificity of the automatic immunofluorescence detec-
tion technique compared to conventional bone marrow
cytology for the detection of disseminated neuroblastoma
cells, enabling a 3 log increase in the detection sensitiv-
ity. The less risky as well as time- and cost-saving anal-
ysis of bone marrow samples from two puncture sites
provides reliable quantitative data at initial diagnosis and
for disease monitoring. Future studies will have to illumi-
nate the clinical value of quantitative bone marrow anal-
ysis with elevated sensitivity for staging and monitoring of
advanced neuroblastoma but also of other solid tumors.
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