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Abstract Tracking and tracing of transplanted cells in
mice is required in many fields of research. Examples are
transplantation of stem cells into organs of mice to study
their differentiation capacity and injection of tumor cells to
examine metastatic behavior. In the present study we tested
the lipid dye CM-Dil and red fluorescent nanoparticles
Qdot655 for their applicability in tagging and tracing of
human cells in mice. Labeling of different cell types,
including MCF-7 human breast cancer cells, human cord
blood derived cells, human NeoHep cells and human
hepatopancreatic precursor cells, is technically easy and did
not compromise further cell culture. After transplantation
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of CM-Dil or Qdot655 marked cells, red fluorescent struc-
tures could be detected already in unprocessed paraffin
slices of the studied organs, namely liver, lung, pancreas,
kidney, spleen and bone marrow. Next, we examined
whether the red fluorescent structures represent the trans-
planted human cells. For this purpose, we established an in
situ hybridization (ISH) technique that allows clear-cut
differentiation between human and murine nuclei, based on
simultaneous hybridization with human alu and mouse
major satellite (mms) probes. We observed a high degree of
coincidence between CM-Dil-marked cells and alu positive
nuclei. However, also some mms positive cells contained
CM-Dil, suggesting phagocytosis of the transplanted
CM-Dil-marked cells. The degree of such CM-Dil-positive
mouse cells depended on the cell type and route of adminis-
tration. From a technical point of view it was important that
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CM-Dil-positive structures in paraffin slices remained fluo-
rescent also after ISH. In contrast, Qdot655 positive struc-
tures faded during further staining procedures. In
conclusion, marking of cells with CM-Dil or Qdot655 prior
to transplantation facilitates recovery of human cells, since
a high fraction of positive structures in the host’s tissue
originate from the transplanted cells. However, CM-Dil or
Qdot655 positive staining of individual cells in transplanted
tissues is not sufficient to prove their human origin. Addi-
tional procedures, such as ISH with alu-probes, are essen-
tial, when characterizing individual cells.

Keywords Stem cell - Alu probe - In situ hybridization -
Mouse major satellite - CM-Dil - Qdot655 -
Hepatopancreatic precursor cells - MCF7

Introduction

Many fields of research require tracking of human cells
in mice. For instance, analysis of the metastatic proper-
ties of human tumor cells in mice demands a clear-cut
differentiation between the human and the host’s cells
(Voura et al. 2004; Chambers et al. 2002; Fidler 2003;
Friedl and Wolf 2003; Hengstler et al. 2006; Schmidt
et al. 2007; Tanner et al. 2006; Hausherr et al. 2006;
Spangenberg et al. 2006). Recently, numerous groups
have analyzed the fate and differentiation capacity of
human stem cells after transplantation into mice (Hengs-
tler et al. 2005; Aurich et al. 2007; Eberhardt et al. 2006;
Ruhnke et al. 2005a, b; Beerheide et al. 2002). These
studies usually aim at demonstrating that previously
silent markers of differentiated cells become expressed
in the transplanted stem cells. They require unambiguous
identification of the transplanted human cells.

The lipid dye CM-Dil and red fluorescent nanoparticles
(Qdot655) have been introduced for tagging and tracing of
cells (Andrade et al. 1996; Garon et al. 2007; Brulport et al.
2007). Both dyes allow marking of cells without causing
cytotoxicity. Marking with CM-Dil and Qdot655 is easy to
perform and the bright fluorescence of both dyes allows
detection even in tissues with high background fluores-
cence, such as liver. However, little systematic work has
been done to examine to which degree the (CM-Dil or
nanoparticle-positive) fluorescent structures in tissues
really represent the transplanted cells. Therefore, we estab-
lished in situ hybridization techniques that allow differenti-
ation between human and mouse nuclei and analyzed
fluorescent structures in mouse tissues after transplantation
of CM-Dil or nanoparticle marked cells. We report that
both fluorescent dyes are useful for specific applications.
However, pitfalls have to be anticipated to avoid misinter-
pretation.
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Materials and methods
Cells and culture conditions

Isolation of human adherently proliferating cord blood cells
was done as previously described (Beerheide et al. 2002).
Briefly, umbilical cord blood was collected with informed
consent of the mothers and loaded onto Ficoll solution
(Biochrom, Berlin, Germany). After a density gradient cen-
trifugation (450g, room temperature, 25 min) the mononu-
clear cells (MNC) from the interface were collected and
washed twice in phosphate-buffered saline (2.7 mM KCl,
I.5mM KH,PO,, 140mM NaCl and 64 mM
Na,HPO, 12H,0, PBS). The cells were plated in 25 cm?
tissue flasks (Costar, Bodenheim, Germany). Adherent cells
were cultured until single clones were visible. Adherently
proliferating cord blood cells used for the transplantation
experiments originated from a single clone and were cul-
tured in 75 cm? tissue flasks (Greiner, Frickenhausen, Ger-
many). William’s Medium E supplemented with 10% fetal
calf serum (Seraplus), 100 U/mL penicillin, 0.1 mg/mL
streptomycin (all PAN Biotech, Aidenbach, Germany)
and 100 nM dexamethasone (Sigma-Aldrich, Munich,
Germany) was used as a cell culture medium for further
passaging of cord blood cells. As soon as an initial clone
resulted in a confluent culture on a 25 cm? tissue flask the
cells were named as “passage no. 1”. Cells from passage
no. 1 were harvested by trypsinization, split onto five fur-
ther 25 cm? tissue flasks resulting in passage no. 2, and so
on. Twice a week cells were fed with fresh cell culture
medium.

Generation of NeoHepatocyte (NeoHep) cells was per-
formed as previously described by Ruhnke et al. (2005b).
Briefly, mononuclear blood cells (MNCs) were isolated
from buffy coats of healthy donors. MNCs were differenti-
ated to NeoHep cells using a two-step procedure. In the first
period of 6 days, MNCs were dedifferentiated to program-
mable cells of monocytic origin (PCMO) using RPMI1640
cell culture medium without phenol-red and L-glutamine
(Cambrex, Baltimore, USA) supplemented with 10%
human serum type ABO, 100 U/mL penicillin, 0.1 mg/mL
streptomycin, 2 mM L-glutamine, 0.1 mM f-mercaptoetha-
nol (all chemicals from Invitrogen, Carlsbad, USA),
5 ng/mL M-CSF and 0.4 ng/mL IL-3 (both R&D Systems,
Wiesbaden-Nordenstedt, Germany). In order to generate Neo-
Hep cells the PCMOs were cultured for a period of 12 days
using a differentiation medium containing the same supple-
ments as the dedifferentiation medium, but 3 ng/mL fibro-
blast growth factor-4 (FGF-4) (R&D Systems, Wiesbaden-
Nordenstedt, Germany) instead of macrophage-colony
stimulating factor (M-CSF) and interleukin-3 (IL-3) and no
human serum type ABO, but 10% fetal calf serum (FCS).
PCMOs and NeoHeps were both cultured in 75 cm? tissue
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flasks (Sarstedt, Niimbrecht, Germany). Cell culture
medium was exchanged in intervals of 2 days.

Native and immortalized nestin-positive hepatopancre-
atic precursor cells were obtained from Dr. Henryk Zulew-
ski, University Hospital of Basel, Switzerland. Cells were
cultured in RPMI1640 cell culture medium supplemented
with 10% Seraplus, 100 U/mL, penicillin, 0.1 mg/mL strepto-
mycin (all PAN Biotech, Aidenbach, Germany), 1 mM
sodium pyruvate (Sigma-Aldrich, Munich, Germany),
50 uM  fS-mercaptoethanol, 10 mM HEPES (both Carl-
Roth, Karlsruhe, Germany), 20 ng/mL basic fibroblast
growth factor (bFGF) and 20 ng/mL epidermal growth fac-
tor (EGF) (both PAN Biotech, Aidenbach, Germany). Cells
were cultured in 75 cm? tissue flasks (Greiner, Frickenhau-
sen, Germany) and fed twice a week with fresh cell culture
medium.

Mesenchymal bone marrow cells were obtained from
Osiris (Osiris Therapeutics, Baltimore, USA), whereas
primary human hepatocytes were a kind gift from Prof.
Andreas Niissler, Fresenius Biotech, Germany. The same
cell culture medium used for adherently proliferating
cord blood cells was also applied to culture mesenchymal
bone marrow-derived stem cells and primary human
hepatocytes.

All cells were cultured in an incubator with a humidified
atmosphere at 37°C and 5% CO,. For passaging of cord
blood cells, mesenchymal bone marrow stem cells and
hepatopancreatic precursor cells, the culture medium super-
natant was removed and the cell monolayer was washed
twice with PBS. Then 2.5 mL of 0.05% trypsin/0.02%
EDTA (PAN Biotech, Aidenbach, Germany) was added to
a 75 cm? tissue flask and incubated at 37°C for up to 5 min.
Subsequently, incubation with trypsin was stopped by add-
ing 10 mL of cell culture medium containing fetal calf
serum to the tissue flask.

The MCF-7 breast carcinoma cell line was obtained
from American Type Culture Collection (ATCC) and cul-
tured at 37°C in humidified air atmosphere with 5% CO,.
Dulbecco's Modified Eagle’s Medium (DMEM)/10% fetal
calf serum (FCS) was used as growth medium (media and
standard cell culture reagents were purchased from PAN
Biotech, Aidenbach, Germany).

Marking of cells with CM-Dil

A stock solution of 1 mg/mL CM-Dil (Molecular Probes)
was prepared in dimethyl sulfoxide (DMSO) and stored at
20°C. For marking of cells, the stock solution was diluted
in cell culture medium to achieve a final concentration of
10 pg/mL. One million cells were suspended per mL and
incubated for 30 min at 37°C, whereby cells were gently
resuspended every 5 min. Afterwards, cells were washed
twice in PBS (centrifugation for 10 min at 400g at room

temperature) and resuspended in cell culture medium at
750,000 cells per 100 pL. The immunofluorescence of CM-
Dil was investigated by means of a fluorescence micro-
scope (BX41; Olympus, Japan) at an excitation wavelength
of 543 nm (red Cy3 immunofluorescence).

Transplantation into NOD/SCID mice

(i) About 8-12 weeks old, non-obese diabetic/severe com-
bined immune deficiency (NOD/SCID) male mice
were used. The mice were anesthetized with 61.5 mg/kg
ketamine (Ratiopharm) and 2.3 mg/kg xylazine hydro-
chloride (Bayer), whereby ketamine and xylazine were
freshly diluted in 0.9% NaCl for each experiment.
After disinfection with 70% ethanol and opening of the
peritoneal cavity 750,000 cells suspended in 100 pL of
cell culture medium were directly injected into the
parenchyma of the left liver lobe. Injection was per-
formed slowly over a period of 40-60s. Successful
injection was accompanied by a temporary pale color
of the injected liver lobe. The cell suspension was kept
on ice and heated to approximately 37°C immediately
before injection. The muscular layer and the skin were
closed by two sutures. After the time intervals given in
the “Results” section mice were killed by neck disloca-
tion. The peritoneal cavity was immediately opened,
the complete left liver lobe was removed and fixed in
4% buffered formalin for 5-7 days. In order to remove
erythrocytes, livers of some mice were perfused before
removing the left liver lobe. For this purpose, the mice
were anesthetized with 60 mg/kg pentobarbital, i.p.,
followed by cannulation of the lower vena cava, perfu-
sion with approximately 10 mL PBS (heated to 37°C)
at a flow rate of 10 mL/min followed by 50 mL 4%
buffered formalin, also at a flow rate of 10 mL/min.
After perfusion, the left liver lobe was removed and
stored in 4% buffered formalin for 5-7 days.

(i1) For tail vein injection, the MCF-7 cells were harvested
with trypsin and 5 x 10° cells were marked with
Qdot655 in accordance with the manufacturer’s proto-
col. A total of 10° cells were suspended in 100 pL
phosphate-buffered saline (PBS) and injected i.v. by tail
vein in CD1 nu/nu (n = 5; Charles River, Sulzfeld). The
mice were killed 6 h after injection and the organs were
fixed in formalin and embedded in paraffin. Slices were
prepared and all single cells marked with Qdot655 as
well as the marked cell clusters were counted.

(iii) For intrapancreatic transplantation, the mice were anes-
thetized and prepared as described above. After open-
ing of the peritoneal cavity, 500,000 hepatopancreatic
precursor cells suspended in 100 pLL PBS were directly
injected with a syringe (Micro-Fine, U-100, 29G,
Becton Dickinson, USA) into the parenchyma of the
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Fig. 1 Tagging of cells with the lipid dye CM-Dil and with red fluores-
cent nanoparticles (Qdot655). a Cultured cord blood cells tagged with
Qdot655 after alu- in situ hybridization. Cultured cord blood cells
tagged with CM-Dil (b) or with Qdot655 (¢). After injection into mouse
liver, red fluorescent structures can be identified already in unprocessed
paraffin slices of the injected tissue. Human cord blood derived cells
were tagged with CM-Dil (d) or with Qdot655 (e), injected into the left
liver lobes of NOD/SCID mice and analyzed 12 h after injection. The
scale bar is 50 pm in (a), 20 um in (b, ¢) and 100 um in (d)

pancreatic organ. Successful injection was accompa-
nied by an edematous swelling of the whole pancreas.
After the time intervals given in the “Results” section,
the mice were killed by neck dislocation. The perito-
neal cavity was immediately opened and the complete
pancreatic organ was removed and fixation was per-
formed as described above for the liver experiments.
(iv) For intracardiac transplantation, the mice were anesthe-
tized as described above and after disinfection with 70%
ethanol the skin of the ventral chest was opened by a mid-
line incision. The muscles were cut in order to expose the
ribs close to the pericardium, which allowed locating the
beating heart. A total of 500,000 hepatopancreatic precur-
sor cells suspended in 100 pL. PBS were directly injected
with a syringe (Micro-Fine, U-100, 29G, Becton Dickin-
son, USA) into the beating heart without opening the
chest. To avoid an injection of the cells into the heart ven-
tricles, a successful injection was controlled by aspiration.
When no blood could be aspirated after drawing back the
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Fig. 2 Red fluorescent structures in unprocessed paraffin slices of
lung tissue 6 h after injection of Qdot655-tagged MCF-7 human breast
cancer cells into the tail vein of CD1 nu/nu mice. The scale bar is
100 pm

Table 1 Red fluorescent structures in paraffin slices of various organs
6 h after injection of 1 million Qdot655-tagged MCF-7 cells into the
tail vein of mice

Organ No. of red fluorescent structures®
Blood 0.25 £0.23
Bone marrow 330+ 1.49
Kidney 0.20 £0.17
Liver 430 £2.16
Spleen 0.40 £ 0.30
Heart 0.00 + 0.00
Small intestine 0.00 £ 0.00
Lung 444 £1.27

Most red fluorescent structures were observed in lung, liver and bone
marrow, whereas heart and small intestine were free of nanoparticles

4 Mean values and standard error of five slices

syringe piston, one-third of the cell suspension was
injected into the heart muscle. This procedure was
repeated two times in order to transplant the total amount
of 100 pL of the cell suspension. After the time intervals
given in the “Results” section, the mice were killed by
neck dislocation. The chest was immediately opened the
heart was removed and fixation was performed as
described above for the liver experiments.

In situ hybridization with alu- and mouse major satellite
probes

Sections were deparaffinized in xylene and rehydrated in
graded ethanol series. The epitope retrieval was performed
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Fig. 3 Mouse major satellite
(mms) DNA and human alu se-
quences were detected by in situ
hybridization. Murine liver from
non-transplanted animals (a) and
human liver (¢) were incubated
simultaneously with alu probe
(green) and mms probe (pink) to
demonstrate specific hybridiza-
tion to the respective DNA se-
quences without cross
hybridization. b Nuclear DAPI
staining merged with the mms
signal in (a). d Nuclear DAPI
staining merged with the alu sig-
nalin (c¢). The scale baris 50 pm

Fig. 4 Identification of human hepatocytes after transplantation into
the left liver lobe of a NOD/SCID mouse. Slides were incubated with
both, alu probe (green fluorescence) and mouse major satellite (mms)
probe (pink dots). A total of 750,000 human hepatocytes were injected
into the left liver lobe of an NOD/SCID mouse. Analysis was per-

using 0.01 M citrate buffer (citric acid, Carl-Roth, Kar-
slruhe, Germany), pH 6.0, in a microwave oven. After cool-
ing down, fluorescein-labeled alu-probe (BioGenex, San
Ramon, CA, USA) and DIG (digoxigenin)-labeled major
mouse satellite DNA were added simultaneously to the tis-
sue slides, covered with coverslips and sealed with rubber
cement. The sections were denaturated in a hybridizer
(DakoCytomation, Denmark) at 95°C for 10 min followed
by hybridization at 30°C overnight. The rubber cement and

Fa
-

Cc

formed 12 h after injection. In situ hybridization clearly differentiates
between human and mouse nuclei. a Merged signals of alu (green),
mms (pink) and nuclear DAPI staining (blue). b Green and pink fluo-
rescence without DAPL ¢ Green fluorescence only. The scale bar is
50 um

the coverslips were removed and the sections were washed
stringently. The stringent washing procedure was carried
out using SSC buffer (saline sodium citrate) with 0.1%
sodium dodecyl sulphate (SDS): 2x SSC/0.1% SDS for
2 x 5 min at room temperature, 0.1x SSC for 10 min at
40°C and 2x SSC/0.1% SDS for 5 min at room tempera-
ture. Unspecific binding sites were blocked with 3% bovine
serum albumin (BSA)/1x PBS/0.1%Tween 20 for 1 h at
room temperature, followed by an avidin-biotin-block
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(Vector Lab., Burlingame, USA, SP-2001) as described by
the manufacturer’s protocol. The human probe detection
was achieved using a biotinylated anti-fluorescein antibody
(Vector Lab, Burlingame, USA, BA-0601; dilution 1: 100),
followed by Streptavidin-Cy2 (Jackson ImmunoResearch
Baltimore, MD; 016-220-084; dilution 1:100). The mouse-
specific probe was visualized by using Cy3-conjugated sec-
ondary antibody against DIG (Jackson ImmunoResearch
Baltimore, MD; 200-162-156; dilution 1: 250). After each
antibody incubation, the slides were washed three times
with PBS (pH 7.4). Afterwards, the nuclei were stained
with 2.35 pg/mL 4’,6-diamidino-2-phenylindole (DAPI,
Invitrogen, USA) for 5 min, followed by three washing
steps in PBS for 5 min each. The immunofluorescence was
investigated by means of a fluorescence microscope
(BX41; Olympus) at an excitation wavelength of 543 nm
(red Cy3 immunofluorescence) and 488 nm (yellow-green
Cy2 immunofluorescence).

Results

Recovery of CM-Dil- and nanoparticle-marked human
cells in mouse tissues

Both, the lipid dye CM-Dil and nanoparticles (Qdot655)
allowed an efficient marking of human cells in vitro
(Fig. 1). Qdot655 led to small, red fluorescent spots in the
cytoplasm (Fig. 1a, c¢), whereas CM-Dil caused a diffuse
cytoplasmic staining (Fig. 1b). After staining with CM-Dil
or Qdot655, cells could be further cultivated in vitro. Mark-
ing with CM-Dil and Qdot655 was performed with MCF-7
human breast cancer cells (Fig. 2), human cord blood cells
(Brulport et al. 2007), human hepatocytes, hepatopancre-
atic precursor cells (Eberhardt etal. 2006) and human
blood monocyte-derived cells (Ruhnke etal. 2005a, b)
showing that different cell types can be stained with similar
efficiency.

In a next step, we transplanted CM-Dil and Qdot655-
marked human cells into NOD/SCID mice. After injection
of 7.5 x 10° CM-Dil or Qdot655-marked cells into the left
liver lobes of NOD/SCID mice, we observed relatively
large red fluorescent regions up to 2 months after transplan-
tation, the longest time period analyzed in this study (CM-
Dil, Fig. 1d; Qdot655: Fig. 1e). These red fluorescent struc-
tures could already be seen in unprocessed paraffin. Three
mice each were analyzed 4, 12 and 24 h, and 3 weeks and
2 months after injection of human cord blood cells and 10
mice were mock-transplanted. Similar structures as shown
in Fig. 1d and e were observed in all transplanted animals,
but not in mock transplanted mice. After transplantation of
cells into the left liver lobe, red fluorescent structures were
also observed in lung tissue (Supplemental Figure 1). This
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Fig. 5 Identification of human hepatopancreatic precursor cells after
transplantation into the pancreas and heart muscle. Prior to the trans-
plantation, the cells were labeled with nanoparticles and injected into
the pancreas (a) of NOD/SCID mice. A total of 750,000 human cells
were injected. Analysis was performed 12 h after injection. b Trans-
planted human cell in the heart muscle after alu- in situ hybridization.
The green signal indicates an alu positive cell, the pink spots refer to
mms and the blue signals show nuclear staining with DAPI. The scale
bar is 50 pm in (a) and 20 pm in (b)

was not unexpected, since cells directly injected into the
liver tissue are known to find their way into the venous sys-
tem (Nussler et al. 2006). In order to study the applicability
of Qdot655 for tracking of human tumor cells, we injected
10° nanoparticle (Qdot655)-marked MCF-7 cells into the
tail vein of five mice. Qdot655-positive structures could be
observed in unprocessed paraffin slices of not only lung tis-
sue (Fig. 2), but also in liver, kidney, small intestine, bone
marrow and blood (Table 1). In conclusion, red fluorescent
structures could be reproducibly observed in mouse tissues
after transplantation of several CM-Dil or Qdot655 marked
cell types. An advantage of Qdot655 is their excellent con-
trast to background fluorescence. Excitation with 226 nm
ultraviolet (UV) light and emission at >655 nm led to a
dark blue background fluorescence of mouse tissues
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allowing an easy and reliable differentiation of the red fluo-
rescence of Qdot655.

Correlation of CM-Dil- and nanoparticle positive structures
with human nuclei

Identification of CM-Dil- or nanoparticle (Qdot655)-posi-
tive structures does not automatically prove the human ori-
gin of these cells. One of several possibilities is that the
fluorescence dye may be released from deteriorating cells
and taken up by the surrounding mouse cells. In order to
study whether CM-Dil and Qdot655-positive structures
match human cells, we established an in situ hybridization
technique that allows differentiation between mouse and
human nuclei. Human nuclei are identified by alu-probes,
resulting in green fluorescence of the complete nuclei
(Fig. 3c). Mouse nuclei are visualized by hybridization with
mouse major satellite (mms)-probes leading to red nuclear
spots (Fig. 3a). Both probes (alu and mms) were simulta-
neously hybridized onto the same tissue slice. Combined
alu- plus mms-hybridization allowed the unambiguous
identification of human cells transplanted into mouse tis-
sues. Examples are human hepatocytes after transplantation
into mouse livers (Fig. 4a—c) and hepatopancreatic precur-
sor cells after transplantation into the heart muscle (Fig. 5a)
and pancreas (Fig. 5b). Thus, in situ hybridization with alu-
plus mms-probes allows a clear-cut differentiation between
human and mouse nuclei.

In a next step, we combined the analysis of CM-Dil fluo-
rescence with alu- in situ hybridization in order to investi-

Fig. 6 Combined analysis of
CM-Dil fluorescence with alu-
in situ hybridization. Red fluo-
rescence was observed in cells
with alu positive nuclei. How-
ever, in a smaller number of cells
red fluorescence occurred also in
alu-negative cells. The insets
show the alu positive cells with-
out green fluorescence. This
demonstrates that the green alu-
signal corresponds to the blue
nuclear DAPI stain. a—c A total
of 750,000 human NeoHep cells
were injected into the left liver
lobe of NOD/SCID mice. Analy-
sis was performed 2 days after
injection. ¢ Mms-and alu- in situ
hybridization was carried out. d
A total of 750,000 human cord
blood cells were injected into the
left liver lobe of NOD/SCID
mice. Analysis was performed
3 weeks after injection. The
scale bar is 20 pm

gate the degree of coincidence of CM-Dil-marked cells and
cells with alu positive human nuclei. Three weeks after
transplantation of CM-Dil-marked human cells into the left
liver lobe of NOD/SCID mice, we observed red fluorescent
cells in liver tissue that also showed alu positive nuclei
(Fig. 6a—d), obviously representing the initially trans-
planted human cells. Often CM-Dil-positive cell clusters
were observed, whereby only a minority of CM-Dil-posi-
tive cells had alu positive nuclei (Fig. 6d). In situ hybrid-
ization with mms-probes demonstrated that CM-Dil can
also occur in mms positive cells suggesting phagocytosis of
the transplanted CM-Dil-marked human cells (Fig. 7). Sim-
ilarly, we analyzed Qdot655-marked cells after in situ
hybridization with alu-probes. However, Qdot655 faded
and no longer showed red fluorescence after the in situ
hybridization procedure.

Discussion

Tracking and tracing of transplanted cells in mice is
required in many fields of research (Lewin et al. 2000;
Voura etal. 2004; von Mach et al. 2004; Schiffer et al.
2003; Mohrmann et al. 2005; Trost et al. 2005; Eger et al.
2004). Tracking of individual cells can be achieved by
three strategies: (1) expression of marker proteins, such as
enhanced green fluorescent protein (EGFP) or ff-galactosi-
dase, (2) fluorescent dyes, exogenously loaded into the cells
(Zhang et al. 2002) and (3) inorganic nanocrystals or nano-
particles (Koeppel et al. 2007; Jaiswal et al. 2004; Larson
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Fig. 7 Red fluorescence in the cytoplasm of a mouse-major-satellite
positive nucleus. A total of 750,000 human cord blood cells were in-
jected into the left liver lobe of NOD/SCID mice. Analysis was per-
formed 3 weeks after injection. Merged signals of alu (green), mms
(pink) and nuclear DAPI staining (blue). a, b Open arrowheads indi-
cate nuclear mms-signals. Closed arrowheads show cytoplasm marked
with CM-Dil. Obviously, both mms and CM-Dil are observed in the
same cells. The scale bar is 20 pm

et al. 2003). These nanoparticles can be excited by a wide
spectrum of excitation light and have the advantage of nar-
row emission spectra (Chan et al. 2002; Dabbousi et al.
1997, Jaiswal et al. 2003; Lim et al. 2003).

In the present study, we tested the lipid dye CM-Dil and
red fluorescent nanoparticles Qdot655 for their applicabil-
ity in tagging and tracing of human cells in mice. Labeling
of cells with CM-Dil or Qdot655 is technically easy and
can be performed within minutes. After transplantation of
different human cell types with CM-Dil as well as Qdot655,
we reproducibly observed red fluorescent structures in the
transplanted mouse tissues. An obvious advantage of
Qdot655 is their specific excitation/emission constellation.
Excitation at 260 nm and emission at 655 nm result in a
bright red fluorescence of Qdot655 and a dark blue back-
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ground fluorescence of mouse tissues, which can be easily
distinguished (for example: Fig. 2). This technique allows
rapid screening of tissue slices. A disadvantage of Qdot655
is fading during additional staining procedures, such as in
situ hybridization and immunostaining. Therefore, pictures
of tissue slices containing Qdot655-marked cells have to
be taken before and after staining in order to match the
corresponding structures, which is laborious and time
consuming. In contrast, CM-Dil-positive structures do not
fade during in situ hybridization or immunostaining, which
facilitates further analysis.

After transplantation of CM-Dil-marked cells into mice,
we analyzed red fluorescent structures in mouse tissues by
in situ hybridization using alu- and mms-probes, which
allow differentiation between human and mouse nuclei.
Human (alu positive) nuclei were reproducibly detected
within CM-Dil-positive structures. However, not all CM-
Dil-positive cells in mouse tissues were of human origin.
The presence of CM-Dil fluorescent dye in some mouse
(mms-positive) cells demonstrates the potential for transfer
of fluorescent dye from grafted cells to host cells. The most
probable scenario is that CM-Dil is released from deterio-
rating transplanted cells and taken up by the surrounding
cells of the host. This is a critical source of misinterpreta-
tion, since the CM-Dil-positive mouse cells might be mis-
taken for transplanted cells. False positive results may be
obtained when stem cells are transplanted into mice in
order to analyze whether previously silent markers of
mature cells become expressed. In order to avoid such
problems, clear-cut results can be obtained by a combina-
tion of CM-Dil marking and alu-in situ hybridization. The
green fluorescent nuclei in cells with CM-Dil-stained cyto-
plasm unambiguously identifies them as transplanted
human cells (example: Fig. 6a). Additional combination
with immunostaining for markers of mature cells (for
instance, albumin in case of hepatocytes) allows further
characterization of the grafted cells (Brulport et al. 2007).

In our experience, the degree of transfer of CM-Dil or
Qdot655 from transplanted cells to the host’s tissues
depends on the cell type and route of administration. For
instance, direct injection of human cord blood cells into
liver tissue, conditions under which a relatively large frac-
tion of transplanted cells deteriorate (Brulport et al. 2007),
results in relatively high levels of dye transfer. In contrast,
injection of MCF-7 cells into the tail vein followed by
active extravasation into lung tissue resulted in lower levels
of dye transfer.

In conclusion, we have validated CM-Dil and Qdot655
cell-marking techniques for tagging and tracing of human
cells transplanted into mice. Both techniques allow identifi-
cation of the transplanted cells. From a technical point of
view it is easier to identify CM-Dil- or Qdot655-positive
cells in tissue slices than performing in situ hybridization
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for alu positive nuclei. However, false positive results may
be caused by dye transfer to the host’s cells. Therefore, val-
idation with alu-in situ hybridization is required to confirm
the human origin of CM-Dil or Qdot655-positive cells.
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