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‡Visceral, Transplantation, Thorax, and Vascular Surgery, Universitätsklinikum Leipzig, Leipzig, Germany
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Liver cell transplantation (LCT) is a promising treatment approach for certain liver diseases, but clinical
implementation requires methods for noninvasive follow-up. Labeling with superparamagnetic iron oxide
particles can enable the detection of cells with magnetic resonance imaging (MRI). We investigated the
feasibility of monitoring transplanted liver cells by MRI in a preclinical swine model and used this approach
to evaluate different routes for cell application. Liver cells were isolated from landrace piglets and labeled
with micron-sized iron oxide particles (MPIO) in adhesion. Labeled cells (n = 10), native cells (n = 3), or
pure particles (n = 4) were transplanted to minipigs via intraportal infusion into the liver, direct injection
into the splenic parenchyma, or intra-arterial infusion to the spleen. Recipients were investigated by repeated
3.0 Tesla MRI and computed tomography angiography up to 8 weeks after transplantation. Labeling with
MPIO, which are known to have a strong effect on the magnetic field, enabled noninvasive detection of cell
aggregates by MRI. Following intraportal application, which is commonly applied for clinical LCT, MRI
was able to visualize the microembolization of transplanted cells in the liver that were not detected by
conventional imaging modalities. Cells directly injected into the spleen were retained, whereas cell infusions
intra-arterially into the spleen led to translocation and engraftment of transplanted cells in the liver, with
significantly fewer microembolisms compared to intraportal application. These findings demonstrate that
MRI can be a valuable tool for noninvasive elucidation of cellular processes of LCT and—if clinically
applicable MPIO are available—for monitoring of LCT under clinical conditions. Moreover, the results
clarify mechanisms relevant for clinical practice of LCT, suggesting that the intra-arterial route to the spleen
deserves further evaluation.
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INTRODUCTION (10,11). Although several studies have demonstrated the
safety and feasibility of this approach, clinical success
remains limited and questions remain concerning en-Liver cell transplantation (LCT) is considered to be a

potential alternative to orthotopic liver transplantation graftment, contribution to functional improvements, and
the long-term survival of liver cell grafts (8,10,11,25).for the treatment of inherited and acquired liver diseases
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Clinical LCT is generally performed by intraportal infu- facility of the Department of Comparative Medicine and
Laboratory Animal Sciences, Charité Universitätsmedi-sion, leading to occasional microembolization of trans-

planted cells in the liver (25). However, little is known zin Berlin, and received humane care. Experiments were
performed in accordance with the federal law regardingabout the mechanisms following cell application to the

spleen, which is the main ectopic implantation site for the protection of animals and approved by the relevant
federal authorities for animal research (G-0110/08).LCT (10,11). A major obstacle in clinical studies explor-

ing the outcome of LCT is the inability to noninvasively Study Design. Liver cells were transplanted using the
observe transplanted liver cells. following routes: 1) intraportal infusion into the liver, 2)

Magnetic resonance imaging (MRI) is currently the direct injection into the splenic parenchyma, 3) intra-
most promising approach for noninvasive tracking of arterial infusion into the spleen. Recipients were ran-
transplanted cells (20). Cellular labeling with superpara- domly allocated to the following groups: group 1, trans-
magnetic iron oxide particles (SPIO) generates hypoin- plantation of MPIO-labeled liver cells (n = 10); group 2,
tense contrast on T2/T2*-weighted MRI sequences, en- transplantation of native liver cells (n = 3); and group 3,
abling the in vivo detection of labeled cells by MRI (38). application of an equivalent number of pure particles
Initial clinical studies using nanometer-sized SPIO (Fer- (n = 4). Imaging and blood sampling were performed
idex, Bayer HealthCare) have shown encouraging results before transplantation and at days 2, 7, 14, 28, and 56
for imaging dendritic cells, neural stem cells, and islet after transplantation. Animals of group 1 were sacrificed
cells (5). To track liver cells in a clinical setting, where at each time point after transplantation, whereas all ani-
clinical MR equipment and abdominal imaging se- mals of group 2 were sacrificed at day 14. Animals of
quences are mandated, high relaxivity of the contrast group 3 were sacrificed at days 2, 7, 14, and 28.
agent is of particular importance. Compared to nanome-

Operative Procedures. All animals were kept underter-sized SPIO, micron-sized iron oxide particles (MPIO)
general anesthesia during operative procedures. Livershow increased relaxivities given equal iron contents
and spleen were accessed through laparotomy. Animals(32). Although not approved for clinical applications,
of groups 1 and 2 underwent transplantation with a meanseveral studies have successfully investigated MPIO for
of 72.9 ± 3.7 × 106 viable cells/recipient via all investi-cellular imaging, reporting successful detections at a sin-
gated administration routes. Intraportal cell applicationgle cell level under experimental conditions (30,32). We
was performed using a three-lumen central line intro-have previously developed a protocol for labeling pri-
duced into the portal vein. The cell suspension was appliedmary human hepatocytes with MPIO (27). In vitro, cells
under intermittent agitation through the distal 16-gaugewere detectable using 3.0 Tesla MRI and labeling had
branch at a rate of 20 million cells/min. Simultaneously,no adverse effects on the viability or metabolic activity
30 ml of heparinized saline (500 U) was applied throughof human liver cells. However, prior to possible transla-
the medial branch (22). For intrasplenic application, thetion of this method to the clinic, investigations with
spleen was exposed and 8 ml of cell suspension waslarge-animal models are required. Such studies must ad-
injected directly into the parenchyma using an 18-gaugedress the detectability of MPIO-labeled liver cells under
needle. The procedure was repeated three times in dis-conditions of clinical abdominal imaging.
tant areas of the splenic parenchyma. Hemostasis wasIn this study, a swine model was chosen for preclini-
obtained by local compression with Tabotamp (ETHICON,cal investigation. Initially, MPIO labeling of porcine
Norderstedt, Germany) and electrocautery. For the intra-liver cells was investigated in vitro. Next, a threshold
arterial route, the gastroepiploic artery, a small branchfor detectability of labeled cells using abdominal 3.0
of the splenic artery, was cannulated with an 18-gaugeTesla MRI was defined. Allogeneic liver cells were then
cannula. The spleen was flushed with 250 ml of heparin-transplanted via different routes into the liver or spleen
ized saline (500 U), cells were infused at a rate of 20and animals were investigated by repeated MRI up to 8
million cells/min, and the artery was ligated thereafter.weeks after transplantation. The aim of this study was
All animals were monitored for signs of medical compli-to investigate the safety and feasibility of noninvasive
cations after transplantation. For blood sampling, ani-monitoring of LCT using MRI and to use this approach
mals were sedated by ketamine/rompune.to evaluate different routes of application of liver cells.

Clinical Follow-up. Recipients were immunosup-
MATERIALS AND METHODS pressed with 250 mg IV methylprednisolone intraopera-

Animal Studies tively, cyclosporine at 10 mg/kg/day PO, and predniso-
lone at 1 mg/kg/day IM. Blood chemistry includedLiver cells were isolated from 17 male landrace pig-

lets (weight: 18–22 kg). Female minipigs (n = 51; Elleg- cyclosporine blood trough levels, electrolytes, renal and
liver profiles, iron metabolism parameters, and completeard, Dalmose, Denmark; weight: 28–35 kg) were used

as recipients. The animals were kept in the animal care blood counts.
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Liver Cell Processing Imaging Studies

During imaging, animals were intubated and main-Porcine liver cells were isolated using a two-step col-
tained on ketamine/rompune sedation and spontaneouslagenase perfusion technique as previously described
breathing. For temporary breath hold, animals received(26). Cells were cultivated on collagen-coated 175-cm2

a propofol bolus and were hyperventilated mechanically.culture flasks and six-well plates (Sarstedt, Nürnbrecht,
Imaging was performed in the prone position.Germany) with supplemented Williams’ medium E (Bio-

chrom AG, Berlin, Germany) (26). Superparamagnetic MRI. In vivo MRI was performed using a 3.0 Tesla
MPIO (Bangs Laboratories, IN, USA), with an average MR scanner (Signa 3T94, General Electrics Healthcare,
size of 1.63 µm, colabeled with Dragon-Green fluoro- Milwaukee, WI, USA) and a 4-channel torso phased
chromes (480/520 nm), and encapsulated in divinyl ben- array coil. Details of sequences used are summarized in
zene polymer microspheres as provided by the supplier, Table 1 (9). Gadolinium was infused at a flow rate of 2
were used for labeling. Cells were incubated for 4 h at ml/s in order to enhance the image background of T1-
60 particles/cell. Cells were washed twice with phos- weighted liver acquisition with volume acceleration
phate-buffered saline (PBS; PAA, Pasching, Germany), (LAVA) images for detection of signal voids in the
resuspended with 0.25/0.02% trypsin/ethylenediamine- liver. The phantom was investigated using the same scan
tetraacetate solution (Biochrom) (12), washed in PBS parameters. For MR mapping, liver lobes were perfused
(4°C), and immediately transplanted. Samples were taken with formalin and investigated ex vivo under the same
for in vitro studies and quality control. conditions.

CTA. Computed tomography angiography (CTA)
In Vitro Studies

was performed at day 7 following cell or particle appli-
Liver cells from 5 of the 17 donors were divided into cation. A 64-row CT scanner (Light speed VCT, Gen-

four groups (A: native/adherent; B: labeled/adherent; C: eral Electric Healthcare) was used for imaging and Xen-
native/resuspended; D: labeled/resuspended) and culti- etix 350 (Guerbet GmbH, Sulzbach, Germany) was
vated for 6 days for in vitro studies. applied as contrast agent.

Morphological Investigations. Particle uptake and Imaging Analysis. Images were analyzed using
retention were evaluated in six-well plates at days 2, 4, OsiriX DICOM Viewer [Version 3.6.1, Osirix Founda-
and 6 after labeling by light microscopy. For morpho- tion, Geneva, Switzerland (http://www.osirix-viewer.
logical investigation, cells from groups C and D were com)]. Signal-to-noise ratio (SNR) was measured three
recultivated in the SlideReactor, a hollow fiber-based times. SNR was calculated as [signal − noise (mean)]/
bioreactor system suitable for real-time morphologic noise (SD).
analysis of cultured cells (29).

Assessment of Liver Cell EngraftmentEnzyme Leakage and Synthesis Activity. Biochemical
parameters were analyzed from the culture supernatants Tissue was sampled systematically from liver and
from days 2 to 6 on a daily basis. Aspartate aminotrans- spleen of animals from all groups. To guarantee an exact
ferase (AST) and alanine aminotransferase (ALT) en- correlation with MRI data, samples were taken follow-
zyme activities were measured (NobiFlow GOT-IFCC ing ex vivo MRI mapping at days 2, 7, and 14 after the
and GPT-IFCC). Urea formation was detected via an en- intraportal application of labeled cells. Tissue was fro-
zyme-based detection kit (NobiFlow Harnstoff-UV, all zen or fixed in formalin.
HITADO, Möhnesee, Germany). Protein concentration Morphometric Evaluation. Tissue sections under-
was determined from whole cell lysates (Interchim, went hematoxylin and eosin (H&E) or Perl’s Prussian
Mont Lucon, France) on day 6 and enzyme levels were blue staining. For immunohistochemistry, sections were
normalized to protein. All measurements were per- stained with mouse monoclonal cytokeratine (CK) 18
formed at least twice. antibody (ab668; Abcam, Cambridge, UK) or mouse

monoclonal macrophage antibody (ab22506; Abcam).Phantom Preparation for In Vitro MRI. A dilution
series from 5,000 to 200,000 labeled and native liver Fluorescence in situ hybridization (FISH typing) was

performed using Porcine IDetect Chromosome Y probescells was prepared in 1.8 ml cryotubes (Sarstedt). Cell
suspensions were layered on 2% agarose (Eurogentec, (548/573 nm) (IDPR1065; ID Labs Inc., London, ON,

Canada). Slides were analyzed with a combined lightSeraing, Belgium) with 0.2 mmol/L gadolinium (Do-
tarem, Guerbet GmbH, Sulzbach, Germany). Cryotubes and fluorescence microscope (Axio Imager M1, Zeiss,

Jena, Germany) or a confocal microscope (Leica SP5,were fixed in gelatin and placed in a 50-cm-diameter
water bowl for MRI. Experiments were repeated three Leica, Wetzlar, Germany). Ultrathin sections were

stained with 4% uranyl acetate and Reynolds lead citratetimes.
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Table 1. MRI Sequences and Parameters

TR/TE ST FOV BW
Sequence (ms) FA (mm) (cm) (kHz) Matrix Additional Parameters

3D T1-weighted LAVA 3.464/1.6 10° 3/1.5 34 × 32 100 256 × 256 Breath hold, gadolinium enhanced
T2-weighted fast spin echo 9,090/105 90° 6 30 × 27 41.67 320 × 256 Respiratory triggering
T2*-weighted 500/30 20° 3 34 × 32 122.1 256 × 256 Breath hold

MRI was performed with a 3.0 T MR scanner using a 4-channel torso phased array coil. Repetition time (TR), echo time (TE), flip angle (FA),
slice thickness (ST), field of view (FOV), receiver bandwidth (BW), liver acquisition with volume acceleration (LAVA).

and imaged using an electron microscope (EM 906, was not affected by resuspension and remained stable
throughout the investigation period of 6 days (Fig. 1C).Zeiss).
As parameters for cellular integrity, leakage of the liver-Molecular Confirmation. The sex-determining re-
specific enzymes AST and ALT was investigated. Bygion Y (SRY) gene and β-actin gene DNA were investi-
culture day 2, both enzyme concentrations were highergated by PCR. Genomic DNA was isolated from frozen
for resuspended cells compared to continuously adherentliver tissue (Nucleospin Tissue, Macherey-Nagel, Düren
cells, due to previous trypsin treatment for enzymaticGermany). Tissue isolates were tested for male cells uti-
resuspension. Throughout the rest of the culture period,lizing primer specific to the SRY (sense 5′-CGGG
enzyme levels and urea formation remained similar forCAAGGCAGACCCCAAG-3′; anti-sense 5′- AGGG
all groups (Fig. 1D–F). These experiments showed thatGAAGGCCGAGCCGTAG-3′). β-Actin-specific primers
MPIO labeling did not affect porcine liver cells, similar(sense 5′-CTGGACTTCGAGCAGGAGATG-3′; anti-
to our previous findings with primary human hepato-sense 5′-TGTCGACGTCGCACTTCATG-3′) were used
cytes (27).for controls. The PCR protocol consisted of an initial

step at 94°C for 3 min, followed by 60 cycles: denatur-
Aggregates of MPIO-Labeled Cells Induced Signalation at 94°C for 30 s, annealing at 61.4°C (SRY gene)
Extinctions That Were Detectable Using Abdominalor 59.7°C (β-actin) for 30 s, and elongation at 72°C for
3.0 Tesla MRI1 min. Cultivated and resuspended male donor cells

To determine the in vitro threshold for the detectionwere used as a positive control for the SYR gene; liver
of MPIO-labeled liver cells under conditions of abdomi-tissue from female animals receiving pure particles
nal MRI, dilution series of labeled and native cells wereserved as negative control.
investigated using a whole-body coil. Labeled cells in-

Statistical Analysis duced a hypointense signal on T1- and T2-weighted MR
images (Fig. 1G). The SNR of labeled cells was signifi-All data are expressed as mean ± SEM. Statistical

analysis (one-way ANOVA with subsequent post-hoc cantly lower compared to native cells from a number of
at least 10,000 cells (Fig. 1H), defining an aggregate ofpairwise comparisons, chi-square test, two-tailed Stu-

dent’s t-test, Wilcoxon test, Bonferroni correction) was labeled cells necessary for the induction of signal
changes detectable by abdominal 3.0 Tesla MRI.performed using Microsoft Excel for Mac 2004

(V11.3.6, Microsoft Corporation, Redmond, WA, USA)
Transplantation of Labeled Cells Induced Signal Voidsand SPSS version 15 for Windows (SPSS Inc., Chicago,
in the LiverIL, USA). A value of p < 0.05 was considered statisti-

cally significant. The gadolinium-enhanced, T1-weighted, transversal
LAVA gradient echo sequence was used for liver im-

RESULTS
aging. On pretransplant images, the liver parenchyma

Labeling of Porcine Liver Cells With MPIO Had no was homogenous (Fig. 2A). Following intraportal appli-
Adverse Effects With Cells Remaining Stable In Vitro cation of labeled cells, signal voids appeared in the pe-

riphery of the liver (Fig. 2B, C). Signal voids were de-Liver cells were cultivated in adhesion for 24 h prior
to transplantation. Mean viability after liver cell labeling tected in 9 out of 10 animals and showed no change

in number or localization from day 2 to day 56 afterand preparation for transplantation was 46.8 ± 2.4%.
Mean particle uptake was 20 ± 1 particles/cell with a la- transplantation. CTA at day 7 following transplantation

excluded artifacts caused by entrapped air and showedbeling efficiency of 94.6 ± 0.8%. Observations in the
SlideReactor indicated no differences in morphology be- no perfusion inhomogeneities or morphological correla-

tions for signal voids (Fig. 2D). In contrast, applicationtween native and labeled cells (Fig. 1A, B). Labeling
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Figure 2. Detection of signal voids by MRI after intraportal liver cell transplantation (LCT) of labeled cells. In vivo MRI of the
same animal before LCT (A), 7 days (B), and 14 days (C) after intraportal infusion of MPIO-labeled liver cells showed signal
voids after application of MPIO-labeled cells (3D T1-weighed angio LAVA). Computed tomography angiography (CTA) of the
same animal excluded artifacts due to entrapped air within the liver parenchyma and showed no perfusion inhomogeneities (D).
Application of native cells (E) or pure particles (F) in control groups induced no signal voids (day 7 after application). Scale bars:
50 mm (A–F).

of native cells or pure particles induced no change in of 52.4 ± 5.8% of liver sections/recipient, not reaching
the threshold for detectability given the applied MRIhomogeneity of the liver parenchyma (Fig. 2E, F).
protocol. MPIO labeling did not interfere with integra-

Signal Voids Were Caused by Labeled Cells Embolized tion of donor cells into the liver parenchyma, because
in Distal Portal Branches similar numbers of FISH-positive native cells were

found to be engrafted in periportal areas compared toHistological examinations of tissue from hypointense
areas (Fig. 3A) revealed microthrombi of Perl’s Prussian labeled cells. PCR for the male cell-specific SRY gene

verified the presence of male donor cells. Microemboli-blue-positive cells wedged into peripheral branches of
the portal vein (Fig. 3B). Hypointensity was caused by zation was not caused by MPIO labeling, because sam-

ples from animals receiving native cells exhibited simi-the presence of MPIO, which was validated by electron
microscopy (Fig. 3C). FISH typing revealed donor cells lar microthrombi. In control groups with the intraportal

application of pure particles, microthrombi were notas the origin of the microthrombi (Fig. 3D). At day 14
after transplantation, microthrombi were infiltrated with found, excluding that signal voids were induced by mac-

rophages having taken up circulating MPIO and accu-macrophages, colocalized with most of the particles
from ingested donor cells (Fig. 3E). FISH-positive cells mulated in the portal periphery.
were mainly localized in the periphery of microthrombi

Intrasplenically Transplanted, Labeled Liver Cellsand were negative for the hepatocyte-specific CK 18 at
Were Engrafted in the Spleen and Led to Distinctday 14 following transplantation (Fig. 3F), presumably
Areas of Hypointensitydue to ingestion of donor cells by macrophages resolv-

ing the microthrombus. Portal vein radicles were not en- For imaging of the spleen, the T2-weighted fast spin-
echo sequence was used. Intrasplenic injection of MPIO-tirely occluded and no signs of abnormal changes in

liver parenchyma were found following histopathologi- labeled cells induced distinct areas of hypointensity
around the three puncture sites in the spleen of 9 out ofcal examinations. Individual FISH-positive, labeled do-

nor cells (data not shown) were found in periportal areas 10 recipients (Fig. 4A). Localization and the number of
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hypointense areas were stable throughout the observa- 18-positive cells, mainly localized in splenic red pulp
(Fig. 5C). Because the blood flow to the liver had nottion period. CTA excluded hematomas at injection sites,

which would have similar MRI appearances (Fig. 4B). been blocked, cells did not seed in the splenic pulp and
were cleared into the portovenous system. Under MRI,Staining for CK-18 revealed liver cells that were en-

grafted in clusters within the splenic parenchyma (Fig. the liver had a homogeneous appearance after intra-arte-
rial infusion of labeled cells, with signal voids found in4C). Under electron microscopy, MPIO was apparent

within the liver cells, indicating particle retention fol- only two cases (Fig. 5D). Evaluation with Perl’s Prus-
sian blue (Fig. 5E) showed MPIO-labeled donor cellslowing the transplantation of labeled cells (Fig. 4D).

Histological evaluation of the liver of the same animals engrafted in periportal areas of liver plates in 43.7 ±
11.43% of liver sections/recipient. FISH typing (Fig. 5F)identified small numbers of Perl’s Prussian blue-positive

cells within liver plates (Fig. 4E). The application of and PCR (Fig. 6A) verified the presence of donor cells.
Cell engraftment after intra-arterial infusion and subse-native liver cells induced no detectable signal changes

of the spleen on MRI (data not shown), but injection of quent translocation to the liver was similar to that fol-
lowing intraportal application (Fig. 6B), but histologicalpure particles led to hypointense areas similar to MPIO-

labeled cells (Fig. 4F). findings confirmed significantly less frequent microem-
bolization detectable by MRI after LCT via the intra-

Intra-arterially Infused Cells Were Carried arterial route (p = 0.005).
to the Liver and Engrafted in Liver Plates
With Significantly Fewer Microembolizations Application of MPIO-Labeled Liver Cells Had

no Adverse Clinical EffectsIntra-arterial infusion of MPIO-labeled cells as well
as native cells or pure particles induced no detectable Splenic vein thrombosis was found in two cases fol-

lowing intrasplenic injection; thrombosis of main portalsignal changes in the spleen (Fig. 5A). Immunohistolog-
ical evaluation identified small numbers of single CK- branches was found in 30% of the recipients following

Figure 3. Signal voids in the liver were caused by microembolization of labeled cells. Histology revealed intraportal microthrombi
as morphological correlations of signal voids (A, arrow), containing Perl’s Prussian blue-positive (B), MPIO-labeled cells (C,
signed with arrows). The presence of Y-chromosomes within the embolus confirmed MPIO-labeled donor cells as the origin of
microthrombi (red: Y-chromosome, blue: nuclei, green: MPIO) (D). The embolus was infiltrated with macrophages (E) and labeled
cells were not positive for cytokeratine (CK)-18 at day 14 after transplantation (F). Scale bars: 20 mm (A); 100 µm (B, D–F); 2.5
µm (C), 20 µm (D, inlay).
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Figure 4. Intrasplenic LCT led to distinct areas of hypointensity in the spleen. Engraftment of intrasplenically injected, labeled
cells induced distinct areas of hypointensity (signed with arrows) (A, day 14 after transplantation). CTA excluded hematoma at the
injection site (B). Immunohistology showed clustering of liver cells engrafted within the spleen, positive for CK-18 at day 14 after
transplantation (C). Electron microscopy confirmed particle retention within engrafted liver cells (2 days after transplantation) (D).
The liver showed small numbers of Perl’s Prussian blue-positive cells, mainly localized in the adventitia of portal vessels (E).
Application of particles caused comparable areas of hypointensity (F). Scale bars: 50 mm (A, B, F); 100 µm (C, E); 10 µm, 5 µm
(D, inlay).

intrasplenic or intraportal application. In contrast, intra- erties of transplanted cells, but they remain distant from
clinical application (6,20). In contrast, cell tracking byarterial infusion caused no thrombosis. Signs of infec-

tion due to particle applications were not observed. MRI has already reached clinical trials and protocols for
labeling of human liver cells with MRI contrast agentsAside from transiently increased liver enzymes follow-

ing surgery, the investigated parameters indicated no ef- are available (5,21). We aimed to investigate the feasi-
bility of monitoring LCT in a swine model with MPIO-fects on liver physiology on account of either particles

or labeled cells. Evidence for the degradation of MPIO labeled liver cells using clinical MRI.
According to our protocol for labeling of human liveror iron metabolism impacts were not observed, with

blood ferritin and iron levels not increased by labeled cells with MPIO (27), we performed labeling in adhe-
sion culture, which necessitated enzymatic resuspensioncells as compared to native cells (data not shown). His-

tologically, no signs of malignant transformation in the of cells for transplantation. Enzymatic detachment is
known to have negative effects on liver cells and is con-area of the engrafted cells were observed. Investigated

parameters revealed no systemic effects of MPIO- sidered to be responsible for the low viability of MPIO-
labeled cells (less than 50%), which would be too lowlabeled liver cells compared to native cells or pure parti-

cles. for clinical transplantation (11). Further improvements
of the labeling protocol as well as up-scalable purifica-
tion procedures are necessary to prepare MPIO-labeled

DISCUSSION
liver cells with higher viability. However, analogous to
our previous studies using human liver cells, in vitroThe inability to track transplanted cells in vivo in an

efficient, noninvasive manner is a major obstacle for the investigations showed satisfying recovery of liver cells
from the labeling and resuspension procedure.clinical translation of cellular therapies in regenerative

medicine. Multimodal or molecular imaging strategies A 3.0 Tesla MR scanner, routinely available in most
hospitals, was used for imaging and sequences withare of great promise for evaluating the functional prop-
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shortened scan times were applied to generate high spa- cell, (i.e., about 20 pg) this is 4000-fold more iron, in-
ducing significantly stronger disruption of the magnetictial resolution images with reduced respiratory motion

artifacts (9). Under these conditions, the threshold study field. Therefore, MPIO-labeling should enable the detec-
tion of liver cell aggregates as opposed to single cells inrevealed that at least 10,000 MPIO-labeled cells were

necessary to induce signal loss that was detectable by the clinical setting of LCT, contrary to expectations
raised by previous small animal studies on cell trackingabdominal MRI in vitro. This was attributed to the lower

field strength applied in our preclinical setting compared by MRI (4,15,30). These results underline the advan-
tages of using MPIO for monitoring after cell transplan-to experimental studies (30,32), because a decrease in

field strength leads to a reduction in sensitivity, contrast, tation under conditions of clinical abdominal MRI. Us-
ing clinically approved SPIO, which are known toand resolution (18). Unlike our previous in vitro experi-

ments, we used a whole-body coil, increasing the field induce lower signal extinctions at similar iron load com-
pared to MPIO (32), the detection threshold of labeledof view by decreasing image resolution. Moreover, the

T2*-weighted sequence, which usually yields the best cells or cell aggregates could be even higher, which
would lead to presumably even worse detectability andresults for imaging labeled cells, was not applicable be-

cause of the lengthy breath hold periods needed for ab- the impossibility to evaluate cellular processes on a de-
tailed level in vivo. This assumption is in line with re-dominal MRI at 3.0 Tesla. Barnett et al. had previously

achieved single cell detection in a swine model of islet cent results from a study of Shi et al. on tracking of
SPIO-labeled mesenchymal stem cells (MSCs) using 1.5cell transplantation (2). In order to obtain strong labeling

combined with immunoprotection, they embedded islets Tesla MRI after intraportal transplantation in a swine
model of acute liver injury (31). They observed generalin alginate with Feridex particles, containing 81 ng of

iron per capsule. Compared to an MPIO-labeled liver decrease of signal intensity of the recipient liver 6 h

Figure 5. Intra-arterial transplanted cells were carried to the liver and engrafted in periportal areas. MRI showed no detectable
signal changes in the spleen after intra-arterial application of labeled cells (A). Only a small number of liver cells were retained in
the spleen (H&E: B, CK-18: C). Microthrombi within the liver were not detectable by MRI after cell application via this route,
with the exception of two cases (D), but Perl’s Prussian blue-positive cells were engrafted within the periportal areas of the liver
(E). Fluoresence in situ hybridization (FISH) typing confirmed the presence of male cells within the liver after intra-arterial infusion
and portovenous translocation (red: Y-chromosome, blue: nuclei, green: MPIO) (F). Scale bars: 50 mm (A, D); 100 µm (B, C, E);
10 µm (F).
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Figure 6. Comparison of cell engraftment in the liver after application via different routes. PCR for the sex-determining region Y
(SRY) gene confirmed the presence of male cells in liver samples following intraportal or intra-arterial LCT (A). Cell engraftment
was evaluated at day 14 after transplantation (n = 6 animals per group). The number of Perl’s Prussian blue-positive liver sections/
recipients was not significantly different (chi-square test, p = 0.441) after intraportal infusion compared to intra-arterial infusion
into the spleen and portovenous translocation to the liver (B). Cell translocation and engraftment was significantly lower following
intrasplenic injection compared to intraportal infusion (p = 0.007) or intra-arterial infusion (p = 0.036).

after transplantation of labeled MSCs that gradually ap- is not adequate for their visualization. Microemboliza-
tion occurred in almost all animals following intraportalproached to normal levels during the follow-up, presum-

ably due to cell division or break down of particles with LCT, the route most commonly utilized in clinical LCT.
Cells were transplanted without prior damage to thesignal decreasing below detection threshold.

We have to emphasize that the particles used in our liver and were thus infused into an intact vascular bed,
similar to that of patients suffering from inborn meta-study are not clinically approved. Possible challenges

for clinical approval may arise due to the fact that non- bolic liver disease. As recently demonstrated by Quaglia
et al., microembolization is not an uncommon event indegradable particles such as the polymer-coated MPIO

are likely to persist in the body of the recipient, which these patients after intraportal LCT (25). Furthermore,
microembolization has been observed in large-animalin turn would not occur when using biodegradable SPIO.

However, independent of further clinical applicability, models without a preparative regimen prior to intraportal
LCT (1,17,22,37). It might be worth considering whetherMPIO should be useful for noninvasive elucidation of

cellular processes of LCT in ongoing preclinical large embolized cells may contribute to temporary recovery
of metabolic function after LCT (25). However, it is evi-animal studies.

In order to show the feasibility of this approach, we dent that these cells do not engraft in the recipient liver
parenchyma, a step required for the definitive cure ofused MPIO-labeled cells to evaluate different routes of

administration for liver cells with MRI monitoring. Clin- metabolic liver disease. Our data confirm that microem-
bolization is frequent following intraportal cell applica-ically, both the liver and spleen are considered primary

implantation sites, with consensus on the liver as the tion, and we assume that this mechanism is, among oth-
ers, responsible for the limited outcome of clinical LCT.most appropriate place for the long-term function of

liver cell grafts (11). For successful integration into liver To avoid embolization, enhance engraftment, and induce
proliferation of transplanted cells, strategies such as par-plates, transplanted cells need to cross the sinusoidal

barrier following accumulation in periportal vessels and tial portal embolization or irradiation are investigated
(7,39). An alternative route for cell delivery to the liverhepatic sinusoids, with occasional microthrombi forma-

tion (13). Our study shows that MRI enables visualiza- could be the hepatic artery, which was recently used for
transplantation of human fetal liver-derived stem cellstion of microembolization by MPIO-labeled liver cells,

whereas differentiation between labeled donor cells and (16). For clinical studies on the improvement of liver
cell engraftment and possible comparison of both routesmacrophages that infiltrated the microthrombus was not

possible. Previously, these microthrombi have not been for cell infusion to the liver, transplantation of a fraction
of MPIO-labeled cells and follow-up MRI monitoringdetected with noninvasive methods (25), because CTA
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could be of major interest. The absence of signal voids fect may be explained by the gradual clearance of non-
attached cells from the spleen via the portovenous sys-should exclude the microembolization of transplanted

cells of a certain aggregate size and indicate successful tem and needs to be further investigated. Our findings
are of great clinical importance, because LCT in chil-cell engraftment.

The spleen was previously considered to be the ideal dren with metabolic liver disease is currently performed
by intraportal application (11). LCT via the intra-arterialectopic implantation site for hepatocytes, with possible

advantages for patients with chronic liver disease, where route could enable successful cell engraftment in the
liver without microembolization, avoiding the need fordamaged liver architecture prevents hepatocyte engraft-

ment (11). For the administration of liver cells to the a preparative regime and possibly enhancing long-term
outcomes of LCT for the treatment of metabolic liverspleen, two routes are possible, namely intrasplenic in-

jection and intra-arterial infusion. It is well known in disease. Moreover, this finding should be relevant for
stem cell applications to the liver (11,14).rodents that cells may be carried to the liver following

intrasplenic application (24), but little attention has been The results of our study are limited by the low num-
ber of cells used for transplantation. For MRI monitor-paid to this phenomenon in the clinic, although donor

cell engraftment in the liver after LCT via the splenic ing, a fraction of cells should be labeled prior to trans-
plantation. Further studies should investigate the ratio ofartery has been demonstrated (3,36). Interested in the

fate of liver cells after transplantation into the spleen, labeled versus native cells necessary for signal induction
by embolized cells. Application of large volumes ofwe investigated both routes using MRI. We observed

hypointense areas in the spleen following intraparenchy- liver cells via the intra-arterial route has been shown to
cause severe medical complications (23,28), and as amal injection of labeled cells. Similar MR images were

obtained following the injection of pure particles, dem- consequence repeated cell infusions with small volumes
should be evaluated for clinical applications (19). An-onstrating the infeasibility of distinguishing between la-

beled cells and scattered particles, a requirement for other limitation is that we did not investigate possible
effects of hepatic damage in our study. As far as clinicalmonitoring cell loss after transplantation. The majority

of cells remained entrapped in the splenic parenchyma relevant disease liver models are available (33), both de-
tectability of cell aggregates as well as cell engraftmentafter injection, while a small number of labeled cells

were found in the recipient liver. This is in contrast to after translocation from the spleen will be further inves-
tigated.rodents, where intrasplenic injection is the preferred

route for cell delivery to the liver, and might be due In conclusion, our study shows that MRI can be a
valuable tool for noninvasive elucidation of cellular pro-to differences in the microanatomy of the rodent spleen

compared with larger mammals (34). cesses of LCT under clinical conditions. MRI can be
used to visualize the microembolization of transplantedFollowing intra-arterial infusion, the preferred method

for clinical LCT because of the lower risk of medical liver cells following intraportal infusion, undetectable
with conventional noninvasive imaging modalities. In-complications, we observed no MRI signal changes in

the spleen, correlating with the small number of liver tra-arterial infusion to the spleen leads to efficient trans-
location of transplanted cells to the liver, while dramati-cells found in the spleen. Therefore, we could not dem-

onstrate considerable hepatization of the spleen, which cally decreasing the amount of microembolization that is
detectable by MRI compared to intraportal application.was previously used as an explanation for the clinical

improvements seen after LCT via the intra-arterial route These findings may be clinically relevant for the treat-
ment of metabolic liver disease, because LCT via the(3,35,36). However, cells were transferred to the liver

via the portovenous system, which to date has not been spleen may promote cell engraftment in the liver without
significant microembolization, possibly enhancing long-observed in preclinical models of LCT. Histological ex-

amination of the liver showed efficient cell engraftment term outcomes of the therapy. Our data suggest that the
intra-arterial route deserves further clinical evaluation,in periportal areas, with microthrombi detected in only

two cases. This finding proved the hypothesis that suc- with a special focus on cell engraftment within the liver
rather than hepatization of the spleen.cessful engraftment of labeled cells induces no detect-

able signal changes in liver MRIs. In clinical studies,
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