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Abstract

Cell transplantation is a potential treatment for the many liver disorders that are currently only 

curable by organ transplantation. However, until now there has been no report of a clinically-

relevant method to image transplanted hepatocytes both noninvasively and longitudinally after 

transplantation. We hypothesized that the thyroidal sodium iodide symporter (NIS) gene could be 

used to visualize transplanted hepatocytes in a rodent model of inherited liver disease, hereditary 

tyrosinemia type 1. Wildtype C57Bl/6J mouse hepatocytes were transduced ex vivo using a 

lentiviral vector containing the mouse Slc5a5 (NIS) gene under the control of the thyroxine-

binding globulin promoter. NIS-labeled cells could robustly concentrate radiolabeled iodine in 

vitro, with lentiviral transduction efficiencies greater than 80% achieved in the presence of 

dexamethasone. Next, NIS-labeled hepatocytes were transplanted into congenic 

fumarylacetoacetate hydrolase knockout (Fah−/−) mice, resulting in prevention of liver failure. 

NIS-labeled hepatocytes were readily imaged in vivo by single-photon emission computed 

tomography, demonstrating for the first time noninvasive 3D imaging of regenerating tissue in 

individual animals over time using clinically relevant methodology. We also tested the efficacy of 

primary hepatocyte spheroids to engraft in the liver. Using the NIS-reporter, robust spheroid 

engraftment and survival could be detected longitudinally after direct parenchymal injection, 

thereby demonstrating a novel strategy for hepatocyte transplantation.

Conclusion—This work is the first to demonstrate the efficacy of NIS-imaging in the field of 

liver regeneration. We anticipate that NIS-labeling will allow non-invasive identification of 

hepatocytes and stem cells in both preclinical models of liver disease and clinical cell 

transplantation studies.
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INTRODUCTORY STATEMENT

An alternative strategy to orthotopic liver transplantation is cell transplantation. A number of 

small animal models of metabolic liver diseases have been treated by hepatocyte 

transplantation. The first published partial correction of a metabolic disorder in humans was 

performed by Fox and colleagues in a patient with Crigler–Najjar syndrome type 1.(1) Since 

then a number of patients with metabolic disorders have undergone hepatocyte transfusions 

with encouraging, albeit modest, success (reviewed in (2)). More recently, a number of 

alternative cell therapy strategies for liver disease have been attempted, including 

transplantation of pluripotent stem cells, liver stem cells, directly differentiated hepatocyte-

like cells, and mesenchymal stem cells (reviewed in (3, 4)). One major limitation of current 

transplantation procedures is an inability to monitor cells noninvasively and longitudinally 

after infusion.(5) This current limitation is all the more important based on recent studies 

demonstrating extended periods of time, often up to six months, for complete differentiation 

of stem cells to occur in vivo.(6, 7) Additionally, the ability of hepatocytes to engraft and 

expand outside of the liver (8) requires that an appropriate method to accurately identify the 

location of transplanted cells. Noninvasive, longitudinal molecular imaging, therefore, will 

play an essential part in not only identifying transplanted cells, but also helping to decipher 

the fate and differentiation of transplanted stem cells.

The thyroidal sodium iodide symporter (NIS) reporter gene (Slc5a5) is a promising 

candidate for this purpose, not only in preclinical animal model studies, but also in clinical 

hepatocyte transplantations as this reporter has already been tested in other clinical human 

studies (reviewed in (9)). NIS is an intrinsic plasma membrane glycoprotein that co-

transports two sodium ions down the electrochemical gradient and one iodide ion up the 

electrochemical gradient from the plasma into the cell. NIS is normally expressed in thyroid 

follicular cells, stomach surface epithelium and salivary gland ductal cells with minimal 

expression in the liver. Upon addition of radiolabelled iodine (e.g. I125) or technetium 

pertechnetate (an iodide analog) in vitro or in vivo, NIS-expressing cells can uptake the 

radiolabel, allowing both qualitative and quantitative analysis of NIS-expressing cells by 

single-photon emission computed tomography (SPECT) or positron emission tomography 

(PET).(10) A key advantage to NIS imaging is that it is noninvasive, and can be performed 

longitudinally to track hepatocyte engraftment, survival and expansion.

In humans, hereditary tyrosinemia type 1 (HT1) is a severe, autosomal recessive inborn error 

of metabolism caused by deficiency of fumarylacetoacetate hydrolase (FAH), a metabolic 

enzyme that catalyzes the last step of tyrosine metabolism.(11) Fah-knockout (Fah−/−) mice 

have been used as a small animal model for hepatocyte transplantation.(12, 13) In this 

model, engrafted FAH-positive cells have a selective growth advantage and can repopulate 

the Fah−/− liver in the absence of NTBC. However, to date there has been no demonstration 

of a clinically-relevant imaging modality to monitor the fate of transplanted hepatocytes 

longitudinally in individual animals. In the present study, we used Fah−/− mice to test the 

hypothesis that NIS-labeled hepatocytes can be monitored noninvasively after 

transplantation using SPECT to assess their repopulation in individual mice over time.
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EXPERIMENTAL PROCEDURES

Plasmid construction

pSIN-CSGWdlNotl-based lentiviral vectors were produced from the parent vector pSIN-

CSGWdlNotl-SFFV-EGFP that contained the EGFP transgene under the control of the 

spleen focus forming virus (SFFV) promoter.(14) Initially, the SFFV promoter was replaced 

with a construct that contained two copies of a human α1-microglobulin/bikunin enhancer 

and the promoter from the human thyroid hormone-binding globulin (TGB) gene.(15, 16) 

Subsequently, the mouse Slc5a5 cDNA(17) was cloned into the TBG vector in place of 

EGFP to produce the LV-TBG-NIS expression construct. In order to generate viral vectors, 

the LV-TBG-NIS expression construct, along with the packaging plasmid pCMVR8.91(18) 

and the vesicular stomatitis virus glycoprotein G (VSV-G)-expressing plasmid, pMD.G,(18) 

were transiently transfected into 293 cells using Fugene6 (Roche, Indianapolis, IN). 

Transfected cells were washed after 16 hours, and grown for another 48 hours, after which 

supernatants were harvested and passed through a 0.45-μm filter. Vector supernatants were 

concentrated by ultracentrifugation (25,000RPM, 1.5 hours at 4°C), and resuspended in 

serum-free media (OptiMEM, Life Technologies, Grand Island, CA), aliquoted, and stored 

at −80°C.

Animals and animal care

All animals received humane care in compliance with the regulations of the Institutional 

Animal Care and Use Committee at Mayo Clinic. Donor C57Bl/6J mice (Stock # 000664) 

were purchased from the Jackson Laboratories. Recipient Fah−/− mice(13) on the C57Bl/6J 

background were administered NTBC (Yecuris, Portland, OR) in the drinking water at 8 

mg/L to prevents acute liver injury prior to transplantation.

Lentiviral transduction optimization

The lentiviral vector LV-SFFV-EGFP was transduced into primary mouse hepatocytes at a 

MOI of 10. Media was changed every two days, and cells were analyzed for GFP expression 

by flow cytometry after five days. To dissociate cells into a single cell suspension, 0.05% 

Tryspin/EDTA was used. Cells were washed and fixed in 1% paraformaldehyde for 15 min 

prior to analysis on a FACSCalibur (BD Biosciences, San Jose, CA). Data were analyzed 

using FlowJo (Treestar, Ashland, OR).

In vitro iodine uptake assay

The lentiviral vector LV-TBG-NIS was transduced into primary mouse hepatocytes in a 12-

well tissue culture plate at a MOI of 10. Media was changed every two days, and cells were 

assayed for the ability to uptake radiolabeled iodine after five days, as previously described.

(19) Briefly, cells were washed with Hanks’ Balanced Salt solution (HBSS; Sigma-Aldrich, 

St. Louis, MI) containing 10mM HEPES and incubated with an activity of 1× 105 cpm 

NaI(125I)/0.1 mL in 1 mL HBSS containing HEPES. 100μM KClO4 was added to inhibit 

NIS-mediated iodide influx in control wells. Plates were incubated at 37°C for 45 minutes. 

Cells were washed twice with ice-cold HBSS containing HEPES buffer. Cells were lysed 
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with 1M NaOH and the activity was determined by γ-counting. All data points were 

measured in triplicate and displayed as means ± SEM.

SPECT/CT imaging system

Imaging was performed in the Mayo Clinic Small Animal Imaging Core using a U-SPECT-

II/CT scanner (MILabs, Utrecht, The Netherlands)(20). Scan-volumes for both the SPECT 

and CT were selected based on orthogonal optical images provided by integrated webcams. 

Micro-CT image acquisition was performed in 4 min for normal resolution (169-μm square 

voxels, 640 slices) at 0.5 mA and 60 kV. Image acquisition time was approximately 20 

minutes for SPECT (24 projections at 50 seconds per bed position). All pinholes focus on a 

single volume in the center of the tube and by using an XYZ stage large volumes up to the 

entire animal can be scanned at uniform resolution.(21) Coregistration of the SPECT and CT 

images was performed by applying pre-calibrated spatial transformation to the SPECT 

images to match with the CT images. In order to mask background signal from the stomach, 

animals were administered 350 μl undiluted barium sulfate (40% w/v, Tagitol V, E-Z-EM, 

Lake Success, NY, USA) by oral gavage using a 22-gauge plastic feeding tube (Instech 

Laboratories, Plymouth, PA, USA), as previously described.(22)

Image reconstruction and data processing

SPECT reconstruction was performed using a POSEM (pixel-based ordered subset 

expectation maximization) algorithm(23) with 6 iterations and 16 subsets. CT data were 

reconstructed using a Feldkamp cone beam algorithm (NRecon v1.6.3, Skyscan). After 

reconstruction, SPECT images were automatically registered to the CT images according to 

the pre-calibrated transformation, and resampled to the CT voxel size. Co-registered images 

were further rendered and visualized using the PMOD software (PMOD Technologies, 

Zurich, Switzerland). A 3D-Guassian filter (0.8 mm FWHM) was applied to suppress noise, 

and LUTs were adjusted for good visual contrast. Reconstructed images were visualized as 

both orthogonal slices and maximum intensity projections. Maximal intensity projection 

videos and three-dimensional rendering of regions of interests were performed on the 

PMOD software.

Histology and biochemical analysis

For histology analysis, tissue samples were fixed in 10% neutral buffered formalin (Protocol, 

Fisher-Scientific, Pittsburgh, PA) and processed for paraffin embedding and sectioning. For 

hematoxylin and eosin staining, slides were prepared using standard protocols. FAH 

immunohistochemistry using a polyclonal rabbit anti-FAH primary antibody(24) was 

performed with a Bond III automatic stainer (Leica, Buffalo Grove, IL) with a 20 min 

antigen retrieval step using Bond Epitope Retrieval Solution 2 (Leica, Buffalo Grove, IL) 

and stained with diaminobenzidine (Leica, Buffalo Grove, IL)For biochemical analysis of 

alkaline phosphatase, alanine aminotransferase and total bilirubin, plasma was analyzed 

using the VetScan VS2 benchtop analyzer (Mammalian Liver Profile; Abaxis, Union City, 

CA) according to the manufacturer’s instructions.
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Hepatocyte transplantation

Hepatocytes were harvested using a typical two-step collagenase perfusion technique, as 

previously described.(25) The number and viability of cells were determined by trypan blue 

exclusion. 0.5×106 cells were plated into six-well Primaria culture plates (BD Biosciences, 

San Jose, CA) containing the following media: DMEM (Thermo Fisher Scientific, Waltham, 

MA); 10% heat-inactivated FBS (Corning, Herndon, VA); 10mM HEPES (Corning, 

Herndon, VA); Penicillin/Streptomycin (Corning, Herndon, VA). Fresh media was replaced 

two hours later that contained 10uM dexamethasone (Sigma-Aldrich, St. Louis, MI) and 

10ng/ml EGF (Sigma-Aldrich, St. Louis, MI). Lentiviral vectors were added to the media at 

a multiplicity of infection that was determined by p24 ELISA (Clontech, Mountain View, 

CA). Hepatocytes were harvested the following day using 0.05% Tryspin/EDTA (Corning, 

Herndon, VA). The number and viability of cells were determined by trypan blue exclusion. 

Hepatocytes were resuspended in a volume of 100μl growth media containing 2μg/ml of 

DNaseI (Sigma-Aldrich, St. Louis, MI) to minimize clumping of cells. Cells were injected 

via the spleen using standard intrasplenic injection protocols. (26)

Primary hepatocyte spheroids

Freshly isolated hepatocytes were suspended in Williams-E medium supplemented with 

10% FBS, 10 U/mL penicillin G, 100 μg/mL streptomycin, 10 μg/mL insulin, 5.5 μg/mL 

transferrin, 5 ng/mL sodium selenite at a concentration 1×106 viable cells/mL. Hepatocyte 

suspensions of 20mL were inoculated into spheroid dishes (10 × 8 × 2 cm) custom-made 

with glass and siliconized with Sigmacote. Spheroid dishes were placed in the 37°C 

incubator with 5% CO2 and rocked continuously at 10 cycles per minute for 48 hours to 

induce spheroid formation.

RESULTS

Lentiviral-mediated transgene expression is increased in the presence of dexamethasone

In future clinical studies, efficient ex vivo hepatocyte transduction protocols will be required 

in order for ex vivo hepatocyte gene therapy to be successful. Rodent hepatocytes, in 

particular, are resistant to lentiviral transduction with transduction efficiencies of <50% 

commonly reported. However, recent progress has been made by including growth factors 

such as epidermal growth factor (EGF) in transduction media that have allowed higher 

transduction efficiencies to be achieved.(27) We initially tested the effect of EGF on 

lentiviral transduction using a lentiviral vector expressing EGFP under the control of the 

ubiquitous spleen focus forming virus (SFFV) promoter but we did not detect a significant 

difference in EGFP+ cells that contained EGF in the transduction media (Figure 1A and S1). 

Next, we added dexamethasone to the media and noticed a significant increase in EGFP+ 

cells, which was independent of EGF. Based on these results, lentiviral transduction of 

primary hepatocytes was performed in the presence of dexamethasone and EGF for the 

remaining experiments.
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NIS-labeled mouse hepatocytes can concentrate radiolabeled iodine in vitro

It is unknown whether hepatocytes have the ability to concentrate iodine if NIS is 

exogenously expressed. Using our optimized transduction protocol, primary hepatocytes 

were transduced with a lentiviral vector expressing NIS under the control of a liver specific 

promoter (LV-TBG-NIS; see Experimental Procedures for details). Hepatocytes were 

cultured for five days, after which the ability of these cells to take up iodine intracellularly 

was assessed using I-125 (Figure 1B). NIS-labeled hepatocytes had significantly increased 

uptake of radioisotope compared to non-transduced hepatocytes when I-125 was added to 

the media for 45 minutes. Importantly, the ability of NIS-labeled hepatocytes to concentrate 

radioisotope was significantly abrogated by the addition of the NIS competitive inhibitor 

potassium perchlorate in the media, indicating expression of NIS was responsible for 

increased radioisotope uptake in transduced hepatocytes.

NIS-labeled mouse hepatocytes can concentrate radiolabeled iodine in vivo

Transplanted FAH+ hepatocytes have a selective growth advantage over resident Fah−/− 

hepatocytes when mice are taken off the protective drug NTBC.(28) As a pilot experiment, 

primary hepatocytes from FAH+ wildtype mice were isolated and labeled with LV-TBG-NIS 

prior to transplantation into Fah−/− mice (Fig. 2). As a control, non-NIS labeled hepatocytes 

were also transplanted into Fah−/− mice. Mice underwent NTBC withdrawal and selection 

and SPECT/CT imaging using technetium-99m-pertechnetate was performed after twelve 

weeks. In a control animal transplanted with hepatocytes not labeled with NIS, isotope 

uptake was not detected in the liver (Figure 3A & Supplementary Video 1). In contrast, in a 

mouse transplanted with NIS-labeled hepatocytes, robust uptake of isotope was visible in the 

liver of these animals, confirming repopulation of the host liver with NIS-labeled cells 

(Figure 3A, B & Supplementary Video 2). Finally, SPECT imaging indicated that 

repopulation of the liver by donor hepatocytes was not uniform (Figure 3B). In order to 

confirm this histologically, FAH-immunohistochemistry was performed. Consistent with the 

imaging data, FAH+ cells were detected non-uniformly throughout the liver (Figure 3C).

NIS-imaging permits longitudinal 3D imaging of repopulating hepatocytes in Fah−/− livers

We next set out to determine if SPECT/CT imaging could be used to quantitatively monitor 

repopulation kinetics longitudinally in individual mice. Mice were transplanted 

intrasplenically with 5×104 hepatocytes labeled with LV-TBG-NIS. Animals underwent 

NTBC selection and SPECT/CT imaging using technetium-99m-pertechnetate was 

performed at two different time points: after 41 and 85 days of NTBC selection. In this 

group of four mice (numbered 160.01, 160.10, 160.20 and 160.30), there was a statistically 

significant increase in radiolabel uptake over the two time points (Figure 4A), consistent 

with previous data that FAH+ cells can expand in the Fah−/− liver. Additionally, this increase 

in liver uptake could be directly visualized at the two time points, revealing expansion of 

individual cell clusters over time throughout the livers of single animals (Figure 4B). The 

general shape and location of nodules was consistent overtime, but size and uptake intensity 

increased, indicating expansion of cells. Furthermore SPECT/CT imaging was able to 

resolve individual nodules of transplanted cells. Analysis of serial SPECT/CT sections 

demonstrated distinct nodules increasing and then decreasing in nodule diameter and uptake 
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intensity, revealing that individual nodule geometry is most similar to spherical geometry 

(Figure 5).

NIS-labeling of hepatocytes does not impact hepatocyte function in vivo

As NIS is not normally expressed in the liver, we asked the question as to whether forced 

expression of NIS in hepatocytes would impact negatively liver function in transplanted 

mice. In the absence of transplanted hepatocytes, Fah−/− mice die of acute liver failure when 

the protective drug NTBC is removed from their drinking water.(13, 29) Transplantation and 

expansion of NIS-labeled hepatocytes (Figure 4) did not impact negatively the rescue of 

liver failure in Fah−/− mice. After NTBC withdrawal, mice survived long term and continued 

to gain weight over time compared to non-transplanted controls (data not shown). 

Histologically, the livers of transplanted mice appeared normal, and in contrast to Fah−/− 

mice off NTBC, there was no evidence of profound hepatocyte damage typically seen in Fah
−/− mice off NTBC (Figure 6A–C). Consistent with the histological data, biochemical 

analysis of plasma indicated no significant liver damage in NIS-labeled hepatocyte 

transplanted mice (Figure 6D–F). Similar to Fah−/− mice on NTBC, transplanted mice has 

significantly reduced levels of alkaline phosphatase, alanine aminotransferase, and total 

bilirubin compared to Fah−/− mice off NTBC.

NIS-labeling enables noninvasive imaging of hepatocyte spheroid engraftment in vivo

It has been previously demonstrated that primary hepatocyte spheroids can be formed using 

a rocking suspension technique.(30, 31) While culture of hepatocytes as spheroids has been 

shown to maintain cellular function better than other in vitro culture methods,(32) 

engraftment has not been demonstrated in a mouse model of metabolic disease. We initially 

tested whether pig hepatocytes could be transduced by lentiviral vectors during spheroid 

formation using vectors expressing either GFP (LV-TBG-GFP) or NIS (LV-TBG-NIS) under 

control of the TBG promoter. Robust GFP+ expression could be detected in LV-TBG-GFP 

transduced cells after formed spheroids were plated as a monolayer (Figure 7A). 

Additionally, LV-TBG-NIS-transduced cells were able to uptake radiolabelled iodine in vitro 

(Figure 7B). Next, wild-type mouse hepatocytes from a C57Bl6/6J donor were rocked in 

vitro for 48 hours in the presence of LV-TBG-NIS. Hepatocyte spheroids were formed that 

had an average diameter of 60um. These spheroids were injected directly into the liver 

parenchyma of recipient Fah−/− mice and SPECT/CT imaging used to identify and monitor 

cells longitudinally. Mice were imaged 13 days and 28 days after transplantation, revealing a 

consistent and specific focus of radiolabel uptake at the site of injection (Figure 7C & S2A). 

Subsequently, FAH-immunohistochemistry was performed to confirm detection of donor 

cells, revealing FAH+ transplanted spheroids had integrated normally into the parenchyma 

of the Fah−/− liver (Figure 7D & S2B).

DISCUSSION

In the current study, we tested the ability of the NIS reporter gene to be used to monitor 

hepatocyte repopulation in a mouse model of HT1 using SPECT/CT imaging. While it has 

been previously demonstrated that donor FAH+ hepatocytes that engraft have a proliferative 

advantage over host FAH-hepatocytes,(12) to date there has been no demonstration of a 
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clinically-relevant imaging modality to monitor the fate of transplanted hepatocytes 

longitudinally. In order to label hepatocytes with the reporter gene, we used a lentiviral 

vector expressing NIS under the control of a liver specific promoter to permanently label the 

cells through lentiviral-mediated integration of the transgene. Labeled hepatocytes were 

transplanted by intrasplenic injection and SPECT/CT imaging was performed longitudinally 

to quantitatively and qualitatively assess hepatocyte repopulation. Repopulation kinetics 

were similar to those previously published,(24) and NIS labeling did not have any negative 

effect on hepatocyte biology, and repopulated mice were rescued from acute liver failure 

caused by FAH deficiency.(29)

A number of imaging modalities have been used to visualize cells in vivo, including 

fluorescence imaging, bioluminescence imaging, SPECT, PET, and magnetic resonance 

imaging (reviewed in (33)). The most common method to image cells in a small animal is 

the use of the luciferase reporter gene for bioluminescence imaging.(34) While this method 

has been shown to label various cell types in vivo, including hepatocytes,(35, 36) its more 

widespread use is limited by a number of critical factors, including limited resolution, 

elicitation of an immune response against the foreign transgene, and an inability to image 

fluorescence in deep tissue (>2cm), particularly relevant to the liver.(37, 38) As better 

preclinical large animal models become available,(39–41) the ability to perform noninvasive 

in vivo imaging will be critical for several aspects of regenerative medicine, including gene 

therapy and cell therapy. Therefore, while luciferase imaging will continue to be an 

acceptable modality for in vivo imaging in small animals, alternative in vivo imaging 

protocols will be required for preclinical studies in larger animals. An alternative strategy is 

to label hepatocytes prior to transplantation with a radionuclide, such as the inert metal 

indium-111 (111In)-oxine. Using this method, it has been demonstrated that hepatocytes can 

incorporate 111In, allowing in vivo SPECT imaging to identify the biodistribution of 

transplanted cells.(42, 43) Initial studies in mice and rats have now been replicated in human 

studies.(44, 45) However, while this method clearly demonstrates efficacy and safety of 

SPECT imaging using a radionuclide, it is limited by three key factors: only short term 

imaging is possible as the radiolabel is lost within days, hepatocyte labeling efficiencies are 

low, and detection of 111In is independent of cell viability.

NIS imaging has a number of advantages for noninvasive imaging for future preclinical and 

clinical studies for cell therapy for metabolic liver disease. First, no immune response was 

apparent in these studies based on long term detection of NIS-positive cells, confirming 

previous reports of non-immunogenicity with this reporter gene and consistent with the fact 

that NIS is normally expressed in several cell types in the body, including the thyroid and 

stomach.(9) Second, the NIS cDNA is small enough (<3kb mRNA) that in addition to use in 

lentiviral vectors, NIS has the ability to be cloned into various vectors, including those with 

small packaging capacities such as adeno-associated virus. Third, SPECT and PET imaging 

will be necessary for deep tissue penetration to detect transplanted cells in preclinical 

models, such as pig,(46) as well as human clinical trials.(47) This is a critical disadvantage 

of luciferase reporter imaging that is unlikely to be overcome. Fourth, SPECT imaging can 

be performed longitudinally for months, and potentially years, when cells are labeled with 

an integrated gene like NIS. This is in contrast to 111In labeling, which is a useful parameter 

to monitor short term biodistribution of cells, but cannot be used for long term studies.(45) 
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Fifth, while it was not possible to directly compare luciferase and SPECT imaging directly 

in these experiments, the resolution at which SPECT/CT could identify individual nodules 

of FAH+ cells was superior to any previously published data that used luciferase for 

hepatocyte imaging.(48, 49) Finally, NIS could be used as a suicide gene to provide an 

additional safety mechanism for clinical cell therapies. To date, genes such as herpesvirus 

thymidine kinase(50) and iCasp9(51) has been used; however, those genes can be 

immunogenic and can induce undesired immune responses upon cell transplantation. In 

contrast, NIS gene facilitates arming with a non-immunogenic suicide mechanism upon 

treatment with I131.

Using NIS as a reporter, we were able to demonstrate for the first time engraftment and 

survival of primary hepatocyte spheroids after direct injection into the parenchyma. Since 

initial preclinical experiments in a rodent model for Crigler-Najjar syndrome type 1, a 

number of small animal models of metabolic liver diseases have been treated by hepatocyte 

transplantation.(28, 52, 53). These animal experiments have paved the way for a number of 

human hepatocyte transplantations to occur, including the first published partial correction in 

a patient with metabolic liver disease in 1998 (1, 5). However, one of the primary limitations 

of hepatocyte transplantation is the low efficiency of cell engraftment. Different strategies 

have been proposed to improve engraftment, including conditioning of the donor liver,(54) 

and grafting of cells embedded in biomaterials.(35) It has been previously demonstrated that 

rat hepatocyte spheroids formed by rocked technique maintain differentiated hepatocyte 

gene expression and function.(32) The data presented here builds upon those studies by 

demonstrating a potential new strategy for hepatocyte transplantation. Additionally, 

maintenance of hepatocyte function in vitro will be a critical component for ongoing ex vivo 

gene correction strategies. Therefore, culture of hepatocytes as spheroids may provide a 

novel resource for future gene therapy protocols.

In conclusion, using a clinically relevant imaging modality, we were able to monitor for the 

first time the fate of transplanted hepatocytes in a small animal model of metabolic disease. 

NIS-labeled hepatocytes allowed high-resolution imaging of individual clusters of cells, and 

these cells could be longitudinally monitored in individual animals using the simple and safe 

imaging modality SPECT. Importantly, NIS-imaging had no impact on hepatocyte function 

or replication capacity, thereby implying it will be an ideal candidate for future clinical 

hepatocyte transplantations. To this point, nuclear imaging using SPECT or PET has already 

taken place safely and efficaciously in a number of clinical trials for cancer studies.(47) 

Based on these findings, the use of NIS labelling for nuclear imaging of cell transplantation 

therapies is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EGF Epidermal growth factor
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Figure 1. 
Ex vivo transduction of primary hepatocytes. (A) Quantification of flow cytometry data 

based on GFP expression after lentiviral vector transduction of hepatocytes with LV-TBG-

GFP with or without the addition of EGF [E] and dexamethasone [D]. *P<0.01. (B) In vitro 

radiolabeled iodine (I-125) uptake assay showing a significant increase in I-125 uptake in 

LV-TBG-NIS transduced hepatocytes. I-125 uptake in LV-TBG-NIS transduced hepatocytes 

was blocked with the addition of potassium perchlorate (K). *P<0.01.
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Figure 2. 
Summary of in vivo hepatocyte transplantation procedure. Hepatocytes (HC) were 

transduced with a lentiviral vector expressing NIS prior to transplantation (Tx). A schematic 

of the vector is also included that contained the NIS gene (Slc5a5).
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Figure 3. 
In vivo imaging of NIS-labeled hepatocytes. (A) Representative fused Maximum Intensity 

Images (MIP) images of control hepatocyte injected (left) and NIS-labeled hepatocyte 

injected (right) mice. The location of the stomach was identified by oral administration of 

barium sulfate prior to imaging. The signals from the thyroid and bladder have been 

removed from both animals. (B) Representative transverse SPECT/CT sections of a NIS-

labeled hepatocyte transplanted liver, showing different positions of the liver from head [1] 

to feet [4] of animal. (C) FAH-immunohistochemistry of the same liver showing non-

uniform distribution of transplanted cells in two different lobes from the same mouse. FAH-

positive cells are stained brown. Scale bar = 2mm.
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Figure 4. 
Longitudinal imaging of individual transplanted mice. (A) Quantification of liver uptake of 

technetium-99m-pertechnetate in four mice transplanted with NIS-labeled cells. Mice were 

imaged after 41 and 85 days of NTBC selection. (B) Representative images from two mice 

(160.10 & 160.20) showing an increase in technetium-99m-pertechnetate uptake in the liver 

over time. Eight serial sections through similar locations at the two time points were used to 

demonstrate the regeneration of individual cell clusters over time.
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Figure 5. 
High resolution imaging of individual regenerating nodules. Near-serial SPECT/CT sections 

through individual nodules in three separate mice show increasing and then decreasing 

nodule diameter and uptake at day 41 of NTBC selection. White ovals highlight the 

individual nodule being followed. The location of the stomach was identified by oral 

administration of barium sulfate prior to imaging.

Hickey et al. Page 18

Liver Transpl. Author manuscript; available in PMC 2018 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
NIS-labeling does not impact hepatocyte biology. (A–C) Representative images of H&E 

stained livers of Fah−/− mice on NTBC (A), off NTBC (B), and after repopulation with NIS-

labeled hepatocytes (C). Scale bar = 80 um. (D–F) Biochemical analysis of levels of plasma 

alkaline phosphatase, alanine aminotransferase and total bilirubin of Fah−/− mice on NTBC 

(left), off NTBC (middle), and after repopulation with NIS-labeled hepatocytes (right). 

*P<0.01.
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Figure 7. 
Hepatocyte spheroids can engraft in vivo. (A) Detection of GFP-positive cells in vitro after 

transduction of hepatocytes during rocked spheroid formation. (B) In vitro radiolabeled 

iodine (I-125) uptake assay showing a significant increase in LV-TBG-NIS transduced 

spheroids compared to control LV-TBG-GFP transduced spheroids. *P<0.01. (C) 

Representative images after 13 (left) and 28 days (right) of a single mouse injected with 

NIS-labeled spheroids. In the right image, the signal from the stomach is masked using 

barium sulfate administration. (D) FAH-immunohistochemistry of the same liver showing 

donor FAH-positive cells (stained brown) integrated in the liver parenchyma. Scale bar = 

2mm.
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