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The detection of circulating tumour cells disseminated
from solid tumours requires extremely sensitive meth-
ods. Molecular genetic methods, which are most sen-
sitive, are not applicable to solid tumours because no
tumour-specific genetic markers are available. Detec-
tion of disseminated tumour cells by immunocyto-
chemistry is time-consuming, whereas fluorimetry is
fast and quantitative. The laser scanning cytometer
(LSC®) provides an automated microscopic procedure
for screening up to 5x10% cells in suitable time. Using
this system together with an enrichment procedure
which allows up to ten thousand-fold enrichment, we
have quantified minimal numbers of tumour cells. In
a model system, breast cancer cell line cells diluted
into peripheral blood mimicked seeding of tumour
cells into the periphery. After staining with fluorochro-
me-conjugated anti-epithelial antibody, slides were
screened for positive events directly or after enrich-
ment with antibody-coated magnetic beads. One pos-
itive cell was unequivocally detectable in 10* cells and
50 out of 60 tumour cells were reliably recovered from
a 20 ml blood volume, equal to 1-2 cells per 107, after
magnetic bead enrichment.

This method allows quantitation of tumour cells in
peripheral blood and bone marrow in reasonable time
and will, for the first time, enable extensive investiga-
tion of the seeding behaviour of tumours.

Key words: Solid tumours; Minimal residual disease;
Laser scanning cytometry.

Abbreviations: FITC, fluorescein isothiocyanate; HEA,
mouse anti-human epithelial antibody; LSC®, laser
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Introduction

In solid tumours, metastatic disease is the main reason
for cancer mortality. It is caused by the systemic com-
ponent represented by cells disseminated to the lymph
nodes and/or circulating in peripheral blood. Some of
the circulating tumour cells may eventually be trapped
in remote compartments where they can re-grow. Such

compartments are well known for some tumours, e.g.
liver and bone marrow in breast cancer and in colon
cancer. The frequency of tumour cells among normal
bone marrow cells is, at most, in the 10-3to 107 range.
However, a special procedure is required to obtain
samples for bone marrow diagnosis which cannot be
repeated frequently for follow-up. Access is much eas-
ier to peripheral blood in which still fewer tumour cells
are detectable. These circulating tumour cells have
also become a major concern because they may conta-
minate the graft in the high dose chemotherapy/autol-
ogous stem cell transplant setting (1, 2). Therefore,
highly sensitive systems are necessary to detect mini-
mal residual tumour cells (3-5). To date, the most sen-
sitive method is the polymerase chain reaction (PCR).
In haematological malignancies, PCR amplification of
tumour-associated gene sequences has shown a sensi-
tivity superior to conventional techniques for the de-
tection of minimal numbers of tumour cells. In solid tu-
mours, however, PCR analysis has to be performed on
normally expressed tissue-specific gene sequences
which are assumed not to be present in blood and bone
marrow. This raises a lot of questions with respect to
applicability, specificity and clinical impact of the re-
sults (6, 7). On the other hand, tissue- and maturation-
dependent expression of surface or intracellular anti-
gens can be used to discriminate immunologically the
epithelial cells normally not present in peripheral blood
and bone marrow from normal haematological tissue
(8). The frequency of 10-3 to 10-8 with which cells from
solid tumours can be expected to appear in peripheral
blood requires screening of a high number of negative
cells in order to find one positive cell. This is extremely
cumbersome if performed manually using the micro-
scope. Image analysis may improve the accuracy and
speed (9) but still requires several hours. Flow cytome-
try would be an extremely rapid method allowing
screening of tens of thousands of cells in seconds (10),
but without pre-selection the sensitivity of flow cytom-
etry is only in the percentage range, and without sub-
sequent sorting one can never be sure whether the rare
events detected are actually tumour cells.

With laser scanning cytometry there is now a
method available, which combines the speed of flow
cytometry with the power to analyse every single posi-
tive event for its morphological properties. The laser
scanning cytometer (LSC®) allows analysis of up to
50000 cells in 30 min. In order to test the limit of detec-
tion, we have prepared an artificial dilution series of tu-
mour cells in normal peripheral blood and determined
the number of intact cells carrying surface epithelial
antigens. Together with an enrichment step with mag-
netic beads and the unique relocation property of the
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LSC®, it was possible to reliably detect one live tumour
cell per 107 cells, to discriminate between nonspecific
fluorescence events and true cells and to define the na-
ture of such cells.

Materials and Methods

Peripheral blood was mixed in different proportions with tu-
mour cells. Tumour cells were from a breast cancer cell line SK
Br2 (kindly provided by Dr. E. Schulze, Miltenyi, Bergisch-
Gladbach, Germany). Peripheral blood leukocytes as well as
the tumour cells were counted in a Cell Dyn 3200 (Abbott Lab-
oratories, Abbott Park, IL, USA). In the first dilution step, 6x10°
tumour cells were mixed with 100 pl whole blood containing
6x10° leukocytes. The next dilution steps were 6x10* tumour
cells and 6x10% tumour cells each added to 100 pl blood. In the
subsequent dilution steps 6x103% and 6x102tumour cells were
added to 1 ml blood and finally 6x10%2 and 60 tumour cells to 10
ml or 20 ml blood, the latter resulting in a final dilution of five
cells per 107 normal cells. For the 100 pl samples, 10 pl of anti-
body were directly added to the whole blood and incubated
for 15 min in the dark. Thereafter, red cells were lysed using
ammonium chloride lysis method. For the samples with
higher volume, staining was performed after the lysis buffer
was added to the cells. The pellets containing white blood
cells together with the tumour cells were washed once in
phosphate buffered saline (PBS) and resuspended in about
500 pl. The cells were then counted, readjusted to 5x10%-7 cells
per 100 pl and incubated with 10 pl of fluorescein isothio-
cyanate (FITC) conjugated mouse anti-human epithelial anti-
body (HEA, Miltenyi, Bergisch-Gladbach, Germany) for 15 min
in the dark. The samples were thereafter washed once in PBS.

For separation on magnetic columns (Miltenyi, Bergisch-
Gladbach, Germany) the cells were treated according to the
manufacturers instructions. In short, after red cell lysis 400 pl
of up to 5x107 cells of the same dilution series as before were
incubated with 100 pl of blocking reagent for 30 min in the
cold. The cells were then treated with the appropriate volume
(100 pl) of HEA microbeads (Milteny, Bergisch-Gladbach, Ger-
many), incubated for the indicated time and washed in ten-
fold volume of labelling buffer. The columns, provided by the
company, were attached to the magnet, washed according to
the instructions and the bead-coated cells applied to the col-
umn. Negative cells were then eluted by rinsing with 5x500 pl
of buffer and the columns removed from the magnet. The
cells retained in the columns were then flushed out with addi-
tional buffer, spun down and again stained with the FITC-con-
jugated antibody as above.

For the measurements the cells were applied to adhesion
slides (Menzel Glaser, Omnilabo, Breda, Netherlands). After
addition of 100 pl of cell suspension to the slides, live cells be-
came adherent to the slide surface after 10-15 min. Measure-
ments were started when the cells had settled and took about
20-30 min depending on cell density. For optimal measure-
ments it was imperative to have a single-cell suspension with
about 2-3 cell diameters space between the cells. The adher-
ent cells were measured using a laser scanning cytometer
(LSC® Compucyte Corporation, Cambridge, MA, USA). The
cells could easily and unequivocally be contoured using for-
ward scatter as a thresholding parameter at twenty-fold mag-
nification. According to the expected percentage of positive
cells, between 3000 and 50 000 cells were run. Background flu-
orescence was determined dynamically to calculate both peak
and integral fluorescence on a per-cell basis. This unique
method corrects for variation in background fluorescence and
makes the fluorescent calculation equivalent for all cells. The

FITC-HEA-positive cell fluorescence was collected using a
530/30 nm bandpass filter and amplified using a photomulti-
plier (PMT). In some experiments the cells were subsequently
spun down to the slides and dipped into PBS containing
1 pg/ml propidium iodide. In these cases threshold contouring
was based on red nuclear fluorescence. Red fluorescence was
collected using a 625/28 nm bandpass filter and amplified us-
ing a second PMT. The green and red fluorescence overlap
was compensated for using the WinCyte™ software (Com-
pucyte Corporation, Cambridge, MA, USA) supplied with the
LSC® and displayed as scattergrams and histograms, and per-
centages and mean values of FITC-positive and negative cells
were calculated from the region comprised of single cells
only. The LSC®enables the user to relocate cells from the pos-
itive and the negative region for visual examination with the
microscope. In addition, a CCD camera attached to the micro-
scope allows taking photo- and fluoromicrographs at the
same time. More detailed morphology could be determined in
conventional panoptic staining.

Results

In order to mimic the situation as closely as possible to
that of circulating tumour cells in peripheral blood, cell
line cells were admixed to whole blood. No additional
separation step was performed apart from red blood
cell lysis, and washing steps were reduced to the ab-
solute minimum in order to reduce cell loss. The dilu-
tion series was repeated independently three times.
The tumour cells were distinguished from the remnant
blood leukocytes by their property to bind anti-epithe-
lial antibody tagged with the green fluorescent dye
FITC. The green fluorescence of positive cells was ei-
ther displayed as the maximal fluorescence intensity
measured per cell or as total fluorescence integrated
over each cell. The gate for the negative population
was set using normal leukocytes without admixture of
tumour cells, and cut-off level for the green fluores-
cence of the positive population was set excluding all
normal blood cells and easily defined as shown in Fig-
ure 1. The four low-fluorescing dots detected in the
control dot plot in the positive gate were visually iden-
tified as nonspecifically fluorescing particles. No posi-
tive cells were detectable without admixture of cell line
cells. In the 50% (histogram not shown), the 10%, the
1% and the 0.1% admixture of tumour cells, positive
cells could be readily detected and correctly deter-
mined (Figure 1) in direct measurements. The positive
population varied between 48 and 52% in the 50% ad-
mixture, between 10 and 14% in the 10% admixture,
between 0.8% and 2% in the 1% admixture and be-
tween 0.1% and 0.2% in the 0.1% admixture. Direct de-
termination of the proportion of positive cells became
difficult at the 0.01% level, being too high in one case
with 0.1% and in a second case with 0.03%, but this was
due to difficulties in adding a correct number of tumour
cells to the normal cells at this dilution. The correlation
between expected and observed values in this range is
shown in Figure 2, with a high correlation coefficient of
0.98.

At a 1075 dilution, as expected from the fact that only
up to 5x10* cells were measured per slide, no positive



Pachmann et al.: Quantitative determination of residual disease by LSC

813

w
)
B
B 1
2 ]
f
E
4 ew
Forw Scatter Integral FITC Fluor Integral
Rgn# Comt Pct Rgn# Count Pct
1 4 0.0% Total 22717
2 18522 815%
Total 22717
a)
w
i
§ 1
E
,m
Forw Scatter Integral FITC Fluor Integral
Rgn# Count Pct Rgn# Count Pct.
1 38 23% 1 33 20%
2 1611 97.5% Total 1652
Totsl 1652
o)
Fig. 1 Scattergrams and histograms of a) a normal blood

sample: size (forward scatter) vs. FITC-fluorescence intensity
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Fig. 2 Correlation between expected and obtained values of
positive cells for different dilutions of SKBr2 tumour cells in
peripheral blood. Squares, triangles and diamonds: results
from three different independent dilution experiments. Coeffi-
cient of correlation was 0.98.

cells were directly measurable. However, at this and
lower dilutions enrichment on the magnetic columns
with depletion of normal cells resulted in measurable
numbers of positive cells. Enrichment was 500-fold in
the 104 dilution, resulting in 5% positive cells, 8000-
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togram; b) a 1:10 dilution of SKBr2 breast cancer cell line cells
in normal peripheral blood, c) a 1:100 and d) 1:1000 dilution of
tumour cells in peripheral blood.

Tab. 1 Initial dilution and enrichment of cell line cells added
to normal peripheral blood.

Initial concentration Enrichment Final concentration
(%) (%)
0.000001 18000 0.9
0.00001 12000 1.2
0.0001 8000 8.0
0.01 500 5.0

fold in the 1075 dilution, resulting in 8% positive cells,
12000-fold in the 107¢ dilution, resulting in 1.2% posi-
tive cells, and 18000-fold in the10~7 dilution still result-
ing in 0.9% positive cells (Table 1). Even at this dilution,
50 of the 60 cells added could be retrieved. At these low
concentrations visual verification became essential
since not all positive events were tumour cells. Figure 3
shows an example how the relocation works. In Figure
3a all particles, contoured in the forward scatter as
cells, are shown with their location on the x- and y-axis.
In Figure 3b a gate is set over the positive events. For
relocation, the microscope walks along the events in
the positive fluorescence intensity gate. It stops at each
positive event (example shown in Figure 3c), allowing
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Fig. 3 Relocalisation of cells. a) The first dot plot shows all
cells with their localisation on the x- and y-axis. b) A gate is set
over the positive events. ¢) The scanning will then proceed
from the x, y position from d) one event in the positive gate to
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Fig. 4 Example of asampleinred vs. green fluorescence dis-
play. Events in gate 1 are negative cells. Events in gate 2 were
identified as nonspecifically fluorescing particles. Events in
gate 3 are positive cells, most of them tumour cells.

the investigator to look at the cell, which is circled in the
fluorescence intensity gate (Figure 3d), in incident fluo-
rescent light. Relocation revealed four different situa-
tions. 1. Particles fluorescing nonspecifically in the red
and the green channel (Figure 4); they could be ex-
cluded using compensated red vs. green fluorescence
intensity (gate 2 in Figure 4). Live tumour cells were re-
stricted to the region of high green fluorescence (gate 3
in Figure 4). 2. Some of these positive cells were, how-
ever, enriched skin epithelial cells. They express hu-
man epithelial antigen like the tumour cells but were
easily visually distinguishable due to their pyknotic nu-
clei, their wide cytoplasm and their intracellular stain-
ing (Figure 5a). 3. True tumour cells were identified by
their typical ring or cap-formed staining and their high
nuclei to cytoplasm ratio (Figures 5b and c). 4. Visually
excluded were also fragmented or dead cells with cyto-
plasmic staining or particles without an intact nucleus.
Morphological restaining is shown in Figure 6. An ag-
gregate of four tumour cells is shown, each with differ-
ent staining pattern: one cell appearing evenly stained
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the next (circled the cell under consideration) allowing the ob-
server to visualise every event in the transmitted light and in-
cident fluorescence.

which may be a dying cell, one cell with a cap and two
showing only dots of staining. Panoptically, the dying
cell shows cytoplasmic effusions. Additionally to the
four fluorescent cells, a fifth cell appears, a polymorph
nucleated granulocyte which does not fluoresce at all.
Thus only relocalisation of positive events and subse-
quent morphological analysis allowed to determine
the true live tumour cells.

Several control studies in breast cancer patients us-
ing this method are now under way.

Discussion

In solid tumours, surgical resection of the tumour
mass, including unaffected margins, hopefully re-
moves most of the tumour load from the patient. Still,
dependent on the malignant cells and their stage of
maturation, frequently this does not lead to complete
eradication of the tumour. This is due to a systemic
component, tumour cells circulating in peripheral
blood which may represent the metastatic ability of the
tumour. Frequently tumour cells are also present in the
apheresis product collected for autologous stem cell
transplantation (1). Whether there is a correlation be-
tween the detection of tumour cells and the time to re-
lapse is still a matter of debate (8, 10, 12, 13). Since the
frequency of circulating tumour cells is low, a sensitive
and quantitative detection system is required. PCR is
assumed to be the most sensitive method, but it needs
a genetic marker, is difficult to quantify, and, with re-
spect to epithelial cells, it is charged with a high rate of
false positives (11). Specificity is high if the amplified
sequence is a typical mutation carried only by the tu-
mour cells, but this is the case only for a minority of tu-
mour types, primarily haematological malignancies
(14). Amplifying mRNA specific for the tissue the tu-
mour is originating from, is a method preferentially ap-
plied to the detection of occult disease in solid tumours
(15). Such an approach is hampered by the fact that
these mMRNAs are also present in normal tissue and the
presence of normal cells may impair specificity as well
as sensitivity (16). In addition, illegitimate transcription
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Fig.5 Micro-fluorographs of a) typical skin epidermal cells
of flat appearance with a small condensed nucleus and even
HEA-staining, b) tumour cells stained with FITC-HEA showing

b

C

rim-like fluorescence without propidium iodide staining, and
c) a large nucleus with propidium iodide staining.

Fig. 6 Relocalisation of an aggregate of four tumour cells
showing different characteristic forms of fluorescence stain-
ing: one with even, one with formed cap and two with dotted
staining. The same cells in panoptic staining reveal one stain-

of such genes in tissues, where they are usually silent,
has to be considered as a source of false-positive re-
sults (11).

Immunocytological analysis using eitherimmunocy-
tochemistry or immunofluorescence is one of the next
most sensitive methods. The specificity and the sensi-
tivity of detection of cancer cells is, however, prone to
the pitfalls of variable antigen expression in tumour
cells (17) and the technical problems of immunochem-
ical staining (18). More importantly, evaluation of
immunocytochemistry is subjective and very time-con-
suming, and therefore not amenable to routine diag-
nosis.

ing cell with cytoplasmic effusion which may be a dying cell
and an additional granulocyte which is negative in fluores-
cence staining.

High numbers of cells can be analysed in reasonable
time by flow cytometry (10, 19). This has been facili-
tated by immunomagnetic enrichment of cells positive
for epithelial surface antigens (20), e.g. in epithelial tu-
mours. However, flow cytometry measures fluorescent
events, the true-positive cells being frequently con-
founded by admixture of nonspecific fluorescing
events which may mimic cells. As long as the positive
events cannot be controlled visually, it is difficult to
separate true tumour cells from nonspecific events.

Therefore, we have combined the new technique of
laser scanning cytometry, a method which enables au-
tomated relocalisation of events with defined fluores-
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cence intensity and visual identification, with immuno-
magnetic bead enrichment in a model system for the
detection of very rare tumour cells. Tumour cells were
added to whole blood and not, as in other model sys-
tems (3, 9), to the already isolated white blood cells.
Thus, loss of tumour cells due to isolation and washing
procedures could be taken into account. We chose not
to perform any other separation step than red cell lysis
and reduce washing steps to a minimum. The anti-ep-
ithelial antibody could be added either directly to the
cell pellet or the cells were reacted with anti-epithelial
microbeads separated over magnetic columns and
then stained with the antibody. Realistic numbers of
cells to be measured per slide were in the 5x10* range.
Thus it was possible to detect one tumour cell in 10*
normal leukocytes without previous enrichment. For
this and the subsequent dilutions it turned out to be
more time-saving to perform an enrichment step than
to measure higher numbers of cells. We could show
that even out of 60 cells diluted in 20 ml blood, 50 cells
could reliably be retrieved. Thus, at these low concen-
trations the recovery from the magnetic columns was
still 80%, although the purity was only 0.9%. We ob-
served, however, that using enrichment steps, not only
tumour cells were enriched but also normal skin epi-
dermal cells were now detectable, as well as a number
of nonspecific particles. Thus, out of the positive
events only half to one third were true cells. Some of
the nonspecific events could already be separated from
the tumour cells by their property of emitting fluores-
cence in the red and in the green emission range, but
skin epithelial cells, reacting specifically with the anti-
body, could only be distinguished by morphological
analysis. In order to obtain a true value of the present
live tumour cells, all positive events were relocated in-
dividually and reanalysed. Only cells with surface
staining were included in the analysis. Dead cells with
intracellular nuclear or cytoplasmic staining were ex-
cluded by morphology. Fluorescent particles ingested
by macrophages or nonspecific fluorescence of
eosinophilic grains in granulocytes thus could also be
excluded. Nonspecific staining of other haematological
cells was not observed when staining live cells even af-
ter immunomagnetic enrichment. May Grinwald-
Giemsa staining for morphology also allowed exclu-
sion of such cells.

Using this combination of methods, we were thus
able to standardise the analysis of rare tumour cells
with respect to the analysed volume, staining speci-
ficity and cell morphology and to exclude all troubles
which hitherto have been responsible for the inconsis-
tency of results. The procedure is fast and robust, yield-
ing results the same day the samples are received, and
it allows quantitative determination of the number of
tumour cells present in the circulation.

For the determination of minimal residual disease in
solid tumours, immunologic analysis may be prefer-
able to PCR analysis (6, 7, 11, 15), not only because the
amplified tissue-specific gene sequences can have
been erroneously induced (21), but also because quan-
tification is difficult. Immunological evaluation of rare

cells, on the other hand, should only be performed in
conjunction with morphological analysis, which is eas-
ily possible in LSC® in contrast to flow cytometry (22). It
is known, that tumour cells are heterogeneous with re-
spect to antigen expression and metastatic cells can
loose their original antigenicity (23). Therefore it may
be necessary to use a cocktail of antibodies for the de-
tection of tumour cells (24). Using this approach, we
have now started analysing patient samples. We were
able to detect circulating epithelial cells in 80% of
breast cancer patients at different stages of disease but
so far none in 50 healthy normal donors. Additionally,
we have started to combine the analysis with methods
such as FISH (15) and in situ PCR (25) for e.g. Her2/neu
and adhesion markers in individual cells to further dis-
tinguish tumour cells with metastatic properties. This
will, hopefully, help to clarify the extent to which circu-
lating and contaminating tumour cells are responsible
for relapse. In addition, our approach is quantitative.
This allows monitoring of the number of circulating tu-
mour cells in response to adjuvant therapy.

To further analyse the stage of dormancy in the same
cells, we have started combining proliferation markers
with immunofluorescence using the relocation prop-
erty ofthe LSC. Longitudinal studies are now under way
to solve the question how circulating tumour cells be-
have under different conditions such as adjuvant
chemotherapy or peripheral stem cell mobilisation (26).
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