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ABSTRACT 

 

The immobilization of cells within alginate-poly-L-lysine-alginate (APA) 

microcapsules has been demonstrated to be an effective technology design for long term 

delivery of therapeutic products. Despite promising advances, biosafety aspects still 

remain to be improved. Here, we describe a complete characterization of the strategy 

based on TGL triple-fusion reporter gene – which codifies for Herpes Simplex virus 

type 1 thymidine-kinase (HSV1-TK), green fluorescence protein (GFP) and Firefly 

Luciferase – (SFGNESTGL) to inactivate encapsulated cells and their therapeutic effects. 

Myoblasts genetically engineered to secrete erythropoietin (EPO) were retroviraly 

transduced with the SFGNESTGL plasmid to further characterize their ganciclovir 

(GCV)-mediated inactivation process. GCV sensitivity of encapsulated cells was 100-

fold lower when compared to cells plated onto 2D surfaces. However, the number of 

cells per capsule and EPO secretion decayed to less than 15% at the same time that 

proliferation was arrested after 14 days of GCV treatment in vitro.  In vivo, ten days of 

GCV treatment was enough to restore the increased hematocrit levels of mice implanted 

with encapsulated TGL-expressing and EPO-secreting cells. Altogether, these results 

show that TGL triple-fusion reporter gene may be a good starting point in the search of 

a suitable biosafety strategy to inactivate encapsulated cells and control their therapeutic 

effects. 
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INTRODUCTION 

 

Cell microencapsulation comprises the immunoisolation of non-autologous cells to 

supply the lack of functional organs or target the sustained delivery of therapeutic 

factors. Recent studies from the past decade have served to pave the way for leading this 

biotechnology close to the patient in several clinical trials [1-7]. During this course, 

many cells and different biomaterials have been assayed in numerous pre-clinical 

studies in order to find the most balanced and suitable combination [8-11]. Determining 

the mechanical stability [12,13], biocompatibility [14-16] and long-term functionality 

issues [17], among others, have been the central focus of past investigations. In 

addition, great advances have also been made regarding biomaterial functionalization 

[18], size reduction of the particles [19,20], xenogenic implants [21-23] or even in the 

nascent understanding of cell behavior within the capsules [24,25]. Nonetheless, many 

challenges still remain.  

 

Nowadays, the biosafety of these biosystems is clearly one of the prime concerns 

among the scientist involved in this field. The possibility to inactivate the implant once 

the therapy reaches its final goal and/or in case of undesirable deleterious effects, 

represents a necessary requirement for cell microencapsulation. Recently, we proposed 

TGL triple-fusion reporter gene, which codifies for green fluorescence protein (GFP), 

Firefly Luciferase and Herpes Simplex virus type 1 thymidine-kinase (HSV1-TK), as a 

promising alternative for such aim [26]. In a similar fashion, Aebischer’s group reported 

the pre-implantation use of HSV1-TK gene to eliminate the remaining percentage of 

dividing C2C12 myoblasts encapsulated in hollow fibers and induced to differentiation 
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[27]. Nevertheless, the efficacy of this reporter/biosafety plasmid to control the 

therapeutic effects of enclosed cells has not been assessed yet. 

 

GCV-mediated apoptosis has been well described for cells plated onto 2D surfaces, 

emphasizing its replication dependency and defining in detail the time intervals required 

for each phase [28,29]. However, due to the remarkably different behavior shown by 

cells within three-dimensional scaffolds [30], such inactivation process must be re-

characterized and described in detail for cells encapsulated within polymeric matrices in 

order to understand and validate its use within these platforms.  

 

Erythropoietin (EPO), a glycoprotein hormone responsible for erythropoiesis [31], 

represents an especially attractive molecule to be studied as a candidate model.  Given 

that baseline EPO serum concentration only prompts minimal EPO dose-response at 

erythrocyte precursor level in the bone marrow, a slight increase in EPO is enough to 

stimulate erythropoiesis [32]. Furthermore, its expression and bioactivity in vivo can be 

easily monitored by just following the hematocrit level [33]. Thus, unless an effective 

elimination of the implant and its therapeutic effect is reached, hematocrit levels of the 

host will reflect the existence of remaining non-inactivated functional cells in the 

implant.  

 

This study is aimed to explore the gene suicide properties of the TGL triple-fusion 

reporter gene as a possible biosafety tool in the progressive adaptation of cell 

microencapsulation to the clinical practice requirements. Murine C2C12 cell line, 

genetically engineered to secrete EPO and transduced with the TGL triple-fusion 

reporter gene, was encapsulated within alginate-poly-L-lysine-alginate (APA) 

http://en.wikipedia.org/wiki/Erythrocyte
http://en.wikipedia.org/wiki/Bone_marrow
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microcapsules for further investigating GCV-mediated inactivation process. Initial 

series of in vitro experiments served to compare GCV sensitivity of cells in 2D and 3D, 

as well as to observe how inactivation process affects cell proliferation, the total number 

of living cells per capsule and EPO secretion during different time-points. Finally, this 

strategy was assayed in Balb/c mice to confirm the arrest of the therapeutic effects and 

the restoring of the physiological function in animals. 
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MATERIAL AND METHODS 

 

Cell culture 

 

C2C12 myoblasts derived from the skeletal muscle of a C3H mouse and genetically 

engineered to express the TGL triple-fusion reporter gene, or EPO or both of them were 

maintained in complete medium, consisting of: Dulbecco’s modified Eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine to a final 

concentration of 2 mM, 4.5 g/L glucose and 1% antibiotic/antimycotic solution. Cells 

were plated in T-flasks, grown at 37ºC in a 5% CO2/95% atmosphere and passaged 

every 2-3 days. All reagents were purchased from Gibco BRL (Invitrogen S.A., Spain).  

  

Generation of the different employed clone types 

 

TGL-EPO clone: C2C12 myoblasts genetically engineered to secrete EPO (kindly 

provided by Dr. Aebischer P) were retroviraly transduced with the pSFGNESTGL 

plasmid to express TGL, as previously reported by our group [26]. Briefly, the 

amphopack-293 packaging cell line (Clontech) was transfected with pSFGNESTGL 

purified retrovector, kindly donated by Dr. Ponomarev (Memorial Sloan Kettering 

Cancer Centre, NY) [34]. Transfection was performed using Lipofectamine 2000 

(Invitrogen, Carlsbad,CA,USA) according to manufacturer´s protocol. 48h after 

transfection, culture supernatant containing virus from packaging cells and 7.5ug/mL 

Polybrene (hexadimethrine bromide; Sigma, St Louis, MO, USA) were added in two 

different 24h cycles to the C2C12 cells. The plasmid pSFGNESTGL is characterized by 

the presence of green fluorescent protein (GFP), luciferase and thymidine kinase genes 
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fused together. Vector containing GFP+ cells were selected by fluorescent-activated cell 

sorting (FACS) (Suppl. Fig. 1).  

 

TGL clone: This clone was obtained following the same procedure carried out for TGL-

EPO clone but starting from pure EPO non-secreting C2C12 myoblasts.  

 

EPO clone: This was the name given to EPO-secreting cells non-subjected to 

transduction with pSFGNESTGL vector (Suppl. Fig. 2 shows the EPO secretion of each 

clone). 

 

Cell microencapsulation 

 

Genetically engineered C2C12 myoblasts were encapsulated into APA microcapsules 

using an electrostatic droplet generator and following a brief modification of the 

procedure established by Lim & Sun’s [35]. Briefly, cells were harvested from 

monolayer cultures using trypsin-EDTA (Invitrogen), filtered through a 40 µm pore 

mesh and resuspended in 1.5% sodium alginate at 5 x 106 cells/mL density. The resulted 

suspension was extruded in a sterile syringe through a 0.25 mm needle at a 5.9 ml/h 

flow rate using a peristaltic pump. The drops were collected in a 55 mM CaCl2 solution 

and maintained under agitation for 15 min after the end of the process in order to enable 

complete gelation of all the beads. Subsequently, these particles were suspended in 

0.05% PLL solution for 5 min, washed twice with 10 mL of mannitol 1% and coated 

again with another layer of 0.1% alginate for 5 min. The whole process was carried out 

at room temperature and under aseptic conditions. Resulting microcapsules were 

cultured in complete medium at 37ºC in a 5% CO2/95% air atmosphere standard 
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incubator and passaged every 2-3 days if assayed in vitro. For the overdose model a cell 

load of 20 x 106 cells/mL was encapsulated varying the optimal conditions of the 

encapsulation process to produce defective and overloaded microcapsules. Ultra pure 

low-viscosity high glucuronic acid alginate (UPLVG) was purchased from FMC 

Biopolymer, Norway. Poly-L-lysine (PLL hidrobromide Mw 15 000–30 000 Da) was 

obtained from Sigma Aldrich (St. Louis, MO, USA).  

 

GCV sensitivity 

 

For 2D GCV sensitivity assay 100 µL of cell suspension (1000 cells/well) were plated 

onto a 96 well plate, incubated for 12 h and subsequently subjected to increased 

concentrations of GCV for 7 days. Metabolic activity of encapsulated cells was 

measured afterwards using CCK-8 cell viability kit (Dojindo): 10 µL of CCK-8 were 

added to each well and after 4 h incubation at 37ºC, the plate was read at 450 nm to 

assess colour development. All values were corrected with the reference wavelength at 

690 nm and normalized against the mean value of 3 blank wells (medium). For 

sensitivity assays carried out with encapsulated cells, same procedure was repeated by 

placing 7000 cells/well (≈ 60 caps/well). Results are expressed as the mean of 7 

independent samples ±S.D per assayed condition and study group. 

 

Quantification of the total number of living cells per capsule 

 

In order to determine the exact number of living cells, enclosed cells were firstly de-

encapsulated using 500 µg/mL of alginate lyase (Sigma-Aldrich) and filtered through a 

40 µm mesh filter.  LIVE/DEAD kit (Invitrogen) was used to differentiate living and 
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dead cells, by adding 20 µL of calcein (50 µM) and 4 µL of ethidium homodimer (200 

µM) to each milliliter of cell suspension. After incubation of samples for 20 min at 

room temperature and protected from light, cells were counted by means of flow 

cytometry (BD FACSCalibur) using Trucount Tubes (BD). Before the assessment, both 

positive (living cells harvested from 2D monolayer) and negative (dead cells treated 

with ethanol) controls were dyed with LIVE/DEAD kit and run in Trucount Tubes in 

order to set flow cytometry parameters. Cells positively stained with calcein (living 

cells) were detected in the FL1 channel (green fluorescence). Cells stained with 

ethidium homodimer were detected in the FL3 channel (red fluorescence). FL2 channel 

(orange fluorescence) was employed for the capture of Trucount Tubes beads. Living 

cells are shown as green dots in the FL1/FL3 dot plot within UP LEFT quadrant 

(healthy cells) and UP RIGHT quadrant (damaged but still living cells), whereas dead 

cells appear as red dots in the DOWN LEFT quadrant. Number of living cells per 

capsule was calculated on the basis of a known number of microcapsules in a particular 

volume. All GCV exposure times were assayed in triplicate for both groups, and 

obtained values are shown as the mean +S.D. 

 

Cell viability 

 

Encapsulated cells were dyed with the LIVE/DEAD kit (Invitrogen) following 

manufacturer’s indications and after 30 min, fluorescence micrographs were taken with 

an epi-fluorescence microscope (Nikon TSM).  
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Measurement of EPO secretion  

 

Cell supernatants were assayed for EPO secretion using the Quantikine IVD Human 

Erythropoietin ELISA Kit purchased from R&D Systems (Minneapolis, MN). Standards 

and samples were run in duplicate according to the procedure specified in the kit. The 

EPO secretion of 100 µL capsules (single dose)/mL (the equivalent of 5 x 105 cells/mL) 

was measured for a 24 h release period in triplicate per study group. Results are 

expressed as mean + S.D. 

 

BrdU Uptake 

 

The equivalent of 2 x 104 cells/100 µL (≈ 178 microcapsule/well) was placed into each 

well of 96-well plate. All groups were incubated with complete medium supplemented 

with 10% FBS for 24 h, except for the negative control group, which was incubated 

with starving medium supplemented with 0.1% FBS. Subsequently, 10 µM of BrdU 

was added to the encapsulated cells and the uptake of the thymidine analogue was 

allowed during an additional incubation of 24 h. Afterwards, cells were de-

encapsulating with a solution of medium containing 500 µg/mL of alginate lyase 

(Sigma-Aldrich) and assayed for BrdU uptake employing Cell Proliferation Biotrak 

ELISA System (Amersham, NJ, USA) and following manufacturer’s indications. 

Absorbances obtained for the non-specific binding control group (without BrdU) were 

subtracted from the rest of the groups, and results were normalized against the 

corresponding negative control for each time-point experiment. When assayed 2D 

plated cells, 2 x 103 cells/100 µL where seeded per well and BrdU uptake was allowed 

for 2h. Obtained results for 2D plated cells were extrapolated to 24h in order to be 
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comparable to those of the encapsulated cells. Number of cells just before adding BrdU, 

in the case of 2D plated cells, and number of living cells at assayed time-point, for 

encapsulated cells, was used to exert direct comparisons (same number of cells and 

same time of BrdU exposure) between them in terms proliferation rate. Data are shown 

as mean of 5 independent samples + S.D per study group. 

 

Animal experimentation 

 

For in vivo studies 26 adult female Balb/c mice  were used as allogenic murine models.  

Animal studies were carried out according to the ethical guidelines established by our 

Institutions, under an approved animal protocol. Mice were anesthetized by isoflurane 

inhalation, and implanted subcutaneously with a total volume of 100 μL of cell-loaded 

microcapsules (suspended in additional 200 μL of PBS) using a 20-gauge catheter 

(Nipro; Nissho Corp, Belgium). After the first 15 days post-implantation, treated mice 

were injected daily for 10 days with 75 mg/kg GCV in saline solution by intraperitoneal 

injection. Blood samples were collected in 1.5 mL tubes (with 10 µL of 1% EDTA 

solution) by facial vein puncture at each time-point to measure hematrocrit. Hematocrit 

levels were determined after centrifugation at 3000 rpm for 15 min of whole blood 

using a standard microhematocrit method. Results are expressed as mean ±S.D. Once 

the experiment reached its goal, mice were sacrificed and samples were collected and 

fixed in formalin for further histology and immunohistochemistry analysis. 
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Detection of luciferase activity 

 

Viability of TGL-containing enclosed cells was monitored in vivo by means of 

luciferase-mediated light emission. Before and after GCV treatment, mice under 

anesthesia (intraperitoneal administration of ketamine and xylazine mixture) were 

intraperitoneally administered with 3 mg of D-Luciferin in 100 μL saline (Promega, 

Madison, WI). After 5 min, photon emission was measured in a Xenogen IVIS 100 

series luminometer living image system (Caliper Life Sciences, Hopkinton, MA). 

Resulted images were analyzed to quantify the luminescent signal with the Igor-Pro 

2.20 software (Caliper Life Sciences). 

 

Luciferase immunohistochemistry 

 

Tissues were fixed in 10 % formalin, embedded in paraffin, and sectioned (5 µm in 

thickness). For immunohistochemistry, slides were deparaffinized and hydrated trough 

graded alcohols. Antigen retrieval was carried out by heating slides for 30 min at 95 ºC 

in Tris-EDTA (10mM Tris Base, 1mM EDTA) at pH 9. Incubation for 12 min with 3 % 

H2O2 aqueous solution was done to quench the endogenous peroxidase activity. Tissues 

were then incubated overnight at 4ºC with primary antibody anti-Luciferase (Europa 

Bioproducts) at 1:500 dilution in Dako Real antibody diluent (Dako). All slides were 

then incubated for 30 min at RT with Envision anti-rabbit system (Dako). Peroxidase 

activity was carried out with DAB (3,3’-diaminobenzidine, Dako). Finally, slides were 

counterstained with haematoxylin, dehydrated and mounted with DPX. One randomly 

taken slide per mouse was used to count the number of positively stained cell clusters 
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per capsule, and the results were normalized against the total number of counted 

capsules per slide.  

 

Data analysis and statistics 

 

Data are presented as mean ±S.D for line graphs and mean +S.D for bar graphs. All 

statistical computations were performed using IBM SPSS Statistics 19 (SPSS, Inc., 

Chicago, IL). Student's t-test was used to detect significant differences between two 

groups. One-way ANOVA was used in multiple comparisons. The Bonferroni, or 

Tamhane post-hoc test was applied according to the result of the Levene test of 

homogeneity of variances.  
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RESULTS 

 

Differences in the sensitivity to GCV between encapsulated cells and cells plated 

onto 2D plates 

 

First of all, we evaluated increasing concentrations of GCV on both non-encapsulated 

and encapsulated cells to test whether TGL transduced cells retained the same GCV 

sensitivity after encapsulation. As demonstrated by cell metabolic assay, encapsulated 

cells showed 100-fold lower sensitivity than cells plated onto 2D surfaces after 7 days 

of GCV treatment (Fig. 1A, B). GCV concentration of 39 nM was enough to produce a 

statistically significant (p<0.001) effect on TGL-EPO cells seeded onto flat surfaces 

when compared to their EPO control group (without TGL gene), whereas 3.9 µM GCV 

had to be used to obtain the same effect on TGL-EPO encapsulated cells. These results 

suggested differences in cell proliferation rates in both experimental conditions as a 

possible cause for these two different responses. Thus, 2D plated cells and encapsulated 

cells were assayed in parallel to compare their DNA synthesis rate. As expected, non-

encapsulated cells proliferated much more rapidly than encapsulated cells, as revealed 

by their 4.7-fold higher BrdU uptake (Fig. 1C). 

 

GCV-mediated inactivation process in vitro 

 

Taking into account our previous results, we selected the dose of 3.9 µM to further 

characterize the inactivation process mediated by GCV in enclosed cells transduced 

with the TGL triple-fusion reporter gene. First, in a preliminary study, myoblasts plated 

onto flat surfaces in vitro showed a peak of caspase-3 activation at 48h after GCV 
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addition (Suppl. Fig. 3). Fig. 2A shows the experimental procedure carried out for 

encapsulated cells. The GCV untreated group showed 35 ± 2 living cells (green dots in 

de upper part of the dot plot) per capsule in TGL-EPO group, while 7 day GCV 

treatment reduced the number of living cells to 13 ± 1 (p<0.01) and 14 day treatment to 

5 ± 1 (p<0.01 with respect to 7 days treatment) (Fig. 2B). Contrariwise, no differences 

were obtained in the EPO group, even after 14 days of treatment (Fig. 2C). 

Fluorescence micrographs, taken in parallel to flow cytometry assays, provide further 

evidence of our observations. As shown in Fig. 2B, C, images reflect the quantitative 

data obtained by FACS for each GCV exposure. 

 

EPO secretion and cell proliferation after GCV treatment in vitro 

 

Next step was to characterize how GCV-mediated inactivation process affected cell 

behavior and functionality within the microcapsule. Experiment design is represented in 

Fig. 3A. EPO secretion progressively decayed in the TGL-EPO group overtime, being 

the normalized EPO secretion values of 67.95%, 44.85%, 29.95% and 12.21% (for 

treatments of 1, 3, 7 and 14 days in that order) with respect to the GCV untreated 

control (Fig. 3B).  In contrast, the EPO group maintained secretion levels close to 

100%, regardless of GCV presence. Strikingly, statistical significant differences were 

achieved between the two groups after only 1 day treatment (p<0.05). These differences 

became progressively more significant overtime after GCV exposure. These results 

come along with those obtained for the total number of living cells per capsule. 

 

The EPO group sustained quite similar rates of BrdU uptake, whereas DNA synthesis in 

the TGL-EPO group was reduced to 48.36% after 7 days of GCV treatment, and 
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reached 13.58% by day 14 (Fig. 3C). This value resulted near to the 9.42% expressed by 

the negative control. Differences between EPO and TGL-EPO groups were found 

statistically significant for both 7 and 14 days treatment durations (p<0.001). 

 

The TGL-based biosafety system was challenged with an overdose model where a 

hypothetic “worst scenario” case was simulated. For this, a total cell load of 20 x 106 

cells/mL was encapsulated varying the optimal conditions of the encapsulation process 

to produce defective and overloaded microcapsules that secreted large amounts of EPO 

(Fig. 3D).  As demonstrated by quantification of EPO secretion, the exaggerated values 

presented by the untreated control were reduced by 97.6% after addition of GCV for 7 

days (p<0.001).  

 

Impact of GCV treatment on the therapeutic effects in vivo 

 

After in vitro characterization, the effectiveness of the TGL triple-fusion reporter gene 

as biosafety strategy was assessed in vivo. Balb/c strain was used as allogenic recipient 

and a total dose of 100 µL of cells-laden microcapsules was inoculated per mouse.  

Three groups were formed as follows: A group of myoblasts genetically engineered to 

secrete EPO and express TGL was administered to 16 mice (TGL-EPO group). A 

second group of 5 mice was implanted with EPO-secreting but not TGL-expressing 

myoblasts (EPO group). TGL- expressing but not EPO-secreting cells were used for the 

third group of 5 mice (TGL group). As expected, 2 weeks after capsule administration, 

hemotocrit levels rose to 80% for EPO and TGL-EPO groups, while it was maintained 

around basal levels (54.8%) for the TGL group (Fig. 4A). By day 15, the TGL-EPO 

group showed significant differences compared to the TGL group (p<0.001). Treatment 
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(starting at day 15) with a daily dose of GCV (75 mg/kg) was administered for 10 days 

to TGL-EPO and EPO groups, while TGL group was left untreated. By day 57 after 

capsule administration (33 days after treatment), hematocrit levels of TGL-EPO group 

(65.7%) were comparable to those found in the TGL group (57.6%), but different 

(p<0.05) to those of the EPO group (82.7%). These differences between TGL-EPO and 

EPO groups became more evident by day 72 post-administration (47 days after 

treatment) (p<0.01). At this time point, hematocrit levels of TGL and TGL-EPO groups 

were found similar (58.4% and 61.2% respectively). 

 

As for the luminometric assays, since only the groups carrying the TGL triple-fusion 

reporter gene could be eligible for the assay, the TGL-EPO group  was considered as the 

GCV-treated group here and was compared with the TGL group, which was not 

subjected to GCV treatment and, thereby, considered as the untreated group. After 3 

days of GCV treatment the number of detected photons diminished to 52.2% for treated 

mice, decreasing up to 4% at the end of the treatment (Fig. 4B). On the contrary, 

untreated mice sustained the initially detected photon values. Representative images of 

treated and untreated mice were taken before and after GCV treatment (Fig. 4C). At 

both time points, a strong signal was observed in encapsulated cells without treatment 

(untreated), whereas the light was switched off in those mice administered with the 

guanidine analogue (Fig. 4C).  

 

GCV effect on the percentage of active microcapsules in vivo 

 

In order to examine more thoroughly the GCV-mediated inactivation, 

immunohistochemistry was performed to detect the existence of possible remaining 
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active microcapsules (particles with living cells inside). As explained above, TGL-EPO 

group was used as the GCV-treated group and TGL group as the untreated one. Most of 

the microcapsule containing plugs retrieved from GCV-treated mice showed lack (or 

few) of microcapsules with cells stained with anti-luciferase antibody (expressed only in 

living cells) (Fig. 5A). On the contrary, cell clusters clearly expressing luciferase were 

found in all the samples from untreated mice (Fig. 5B). Quantitatively, the percentage 

of was 4-fold reduced due to GCV action in treated mice when compared with the 

untreated controls (p<0.05) (Fig. 5C).  

 

DISCUSSION  

 

Cell microencapsulation is meant to protect non-autologous cells from the immune 

response of the host, but more importantly, to prevent the host from undesirable effects 

that those foreign cells may cause. Thus, biosafety of these biosystems becomes a 

mandatory concern for all scientists in the field towards which efforts must be directed. 

In this regard, the main objective of the present work has been to test the “suicide 

properties” of the TGL triple-fusion reporter gene (by means of its HSV-TK fused 

gene), as a first step in the development of a suitable biosafety strategy to be 

implemented in the field of cell microencapsulation.  

Previous studies using HSV-TK gene as a safety tool in cell encapsulation using GCV 

were carried out with cells plated onto 2D surfaces, but not with encapsulated cells [36].  

However, during the last years much attention has been paid to the remarkable 

differences found between cell behavior of cells cultured onto 2D plates and cells 

embedded within a more natural 3D environment [30]. Since the GCV mechanism of 

action in cells bearing the HSV-TK gene is well described for cells plated onto 2D 
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surfaces [28], we first examined the changes that may arise as a consequence of 

entrapping the cells within 3D polymeric matrices. We observed that 2D plated cells 

were sensitive to GCV concentrations in a comparable way than that described by 

others (≈39 nM) (Fig. 1A) [36]. Strikingly, 100-fold higher concentration of GCV was 

required to induce apoptosis in encapsulated cells (Fig. 1B). As the cut-off of APA 

microcapsules ranges around 70 KDa [37] and GCV is a 255.2 kDa molecule, diffusion 

limitations does not seem feasible. Taking into account that GCV-mediated inactivation 

is mainly due to cell replication [28], we point out to the almost 5-fold reduced cell 

proliferation rate of enclosed cells (when compared to 2D plated cells) (Fig. 1C) as the 

most probable factor which causes this phenomenon. Indeed, cell proliferation is 

strongly hampered within the microcapsule due to the physical impediment exerted by 

the alginate matrix and the lack of cell-biomaterial interactions through focal adhesions, 

among others [38]. 

 

The time intervals required to achieve a notorious inactivation of entrapped cells are 

also increased.  The 48h after GCV addition needed by 2D plated myoblasts (Suppl. 

Fig. 1) come along with other previously reported results in the literature for other cell 

lines [28]. 2D plated cells entered the apoptotic pathway uniformly, almost at the same 

time, unlike encapsulated cells, which needed 14 days to reach an 85% of cell death 

(Fig. 2). This may be due to the non-synchronized proliferation rate of encapsulated 

cells described by Hortelano’s group [39]. EPO secretion levels correlated with viability 

assays and, additionally, suggest a possible inactivation effect at transcription level. 

This is because EPO secretion was reduced from the first day of treatment (Fig. 3B), 

even when GCV-mediated apoptosis has been reported to need 2 cycles post-exposure 

to be triggered. Importantly, BrdU uptake assays point to the hypothesis that observed 
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resistance in the 15% of remaining living cells after GCV treatment could be the result 

of a possible exit of cell cycle to G0 (differentiation and/or quiescence), as BrdU uptake 

is almost undetectable after 14 days of GCV treatment (Fig. 3C).  

  

In order to ensure that this biosafety strategy can be valid in case of adversity and 

uncontrolled situation, we simulated a “worst scenario" model where EPO secretion 

levels would be exaggeratedly increased and the overgrowth of cells might break up the 

semipermeable membrane, exiting the capsule to the surrounding tissue (Fig. 3D). 

Nonetheless, even in this severe situation, a GCV treatment of 7 days successfully 

mitigated the effects of EPO over-secretion, demonstrating its high grade of efficacy 

and reliability (Fig. 3D). 

 

The next step was to prove the efficacy of TGL triple-fusion reporter gene in vivo, with 

two main objectives. On the one hand, the therapeutic effects of EPO-secreting cells had 

to be inhibited in mice. On the other hand, another critical point to be tested was the 

capacity to inactivate the implant by causing cell death in encapsulated cells, so that no 

risk of implant re-activation could remain. As for the first concern, we observed that ten 

days of GCV treatment was enough to reduce hematocrit levels of TGL-expressing and 

EPO-secreting cells close to those of the control group (only TGL-expressing cells) 33 

days after finishing the treatment. Moreover, 47 days after the last GCV administration, 

levels in both groups were practically undistinguishable (Fig. 4A). This delay may be 

justified by the fact that the estimated lifespan of erythrocytes in mice is between 41 and 

52 days [40]. In this regard, the TGL triple-fusion reporter gene may be of a great 

interest, since we were able to monitor the decay of emitted photons, and thereby cell 

viability, in TGL-bearing and GCV-treated cells in vivo (Fig. 4B, C).  We observed that 
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after 3 days of treatment, the viability of encapsulated cells was reduced to half. On the 

contrary, GCV treatment had no effect on the non TGL-expressing but EPO-secreting 

cells, which maintained hematocrit levels of 80.3%, thus proving the lack of toxicity, at 

least, for assayed concentration (75 mg/Kg). This is of remarkable importance because 

we found that, according to the literature [41], higher doses of GCV (150mg/Kg) 

resulted toxic and caused death in treated mice (data not shown).   

 

Regarding the second point, we sought the GCV effects at cellular level to confirm that 

the treatment with GCV left no remaining living cells. Immunohistochemistry 

performed in retrieved microcapsules revealed that the number of cell clusters positively 

stained with an anti-luciferase antibody, and hence living cells, was dramatically 

decreased in treated mice when compared with untreated ones (Fig. 5). However, results 

showed few but still remaining active cells within the microcapsules of treated mice. 

This is in keeping with the results obtained in vitro, where a small percentage of 

encapsulated cells resistant to GCV treatment could be observed. Among the possible 

explanations for this fact, it seems reasonable that the same proliferation arrest found in 

vitro might occur in vivo, hindering the apoptotic response.  

 

Thus, even if this strategy seems to be unable to inactivate the 100% of the implant, 

remaining cells stay in a non-proliferative state, which reduces considerably the risk of 

host tissue invasion by encapsulated cells. Moreover, in case of deleterious effects, the 

action of GCV is visible from the first day of treatment, in which the secretion of the 

therapeutic factor is reduced to half (Fig. 3B). In addition, in the hypothetic case that 

cells can break the capsule and/or come out to start dividing, this proliferation would 

make them more vulnerable to GCV effects. Besides, encapsulated cells tend to form 
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aggregates due to the physical constraints exerted by the alginate matrix, which 

maintains the cells in a close contact with each other (Fig. 5). This fact would favor the 

intercellular intoxication given through gap junctions known as “bystander killing” 

effect [28], and would reinforce the safety of this biosystem. 

 

Future studies should be focused on regulating EPO expression by different means, 

while designing new tools that use other drugs instead of GCV. Simultaneously, 

additional efforts should be directed towards the development of new strategies where 

induction of apoptosis can be decoupled from cell replication, so that greater control 

over implant inactivation may be achieved. Likely, the use of this kind of suicide genes 

may be also applicable in a near future to those drug delivery or cell delivery 

approaches using engineered cells derived from different sources, such as immortalized 

mesenchymal stem cells (MSCs) or induced pluripotent stem cells (IPSs) for example. 

In fact, even some approaches employing primary MSCs are increasingly demanding 

biosafety tools to incorporate into the genome of their cells [42].  

 

CONCLUSION 

 

The present work provides meaningful insight regarding GCV-mediated inactivation in 

encapsulated cells bearing TGL triple-fusion reporter gene through its fused HSV-TK 

suicide gene. Here, it has been proved that GCV causes a dramatic decrease in the 

number of living cells per capsule, drastic reduction of EPO secretion and cell 

proliferation arrest, giving rise to a disappearance of the therapeutic effects and 

restoration of the hematocrit levels in mice implanted with encapsulated cells carrying 

TGL triple-fusion reporter gene and engineered to secrete EPO. We conclude that the 
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inclusion of inactivation gene vectors in the genome of encapsulated cells may represent 

a valuable strategy to overcome some of the biosafety concerns in the field of cell 

microencapsulation. In this study, TGL triple-fusion reporter gene demonstrated 

satisfactory results in regulating the release of therapeutic factors, and it is proposed as a 

starting point to work in this direction.  
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FIGURE LEGENDS 

 

Figure 1. GCV sensitivity for cells plated onto 2D surfaces (A) and encapsulated cells (B). In both cases, 

the TGL-EPO group and the EPO group were subjected to increasing concentrations of GCV during 7 

days. (C) BrdU uptake, assessed with equal number of 2D plated cells and encapsulated cells. Y axis 

represents the fold increase of BrdU acquisition with regard to the negative control (cells seeded with 0.1% 

FBS supplemented medium). Line graphs are built with the mean values ±S.D (n=7). Bar graph represents 

the mean +S.D (n=5). Statistical significance *p<0.05 and ***p<0.001. 

 

Figure 2. (A) Experimental design to assess the number of living cells per capsule in GCV-mediated 

inactivation process at different time points. Flow cytometry data, together with fluorescence micrographs 

depicting the effects of GCV in the TGL-EPO group (B) and in the EPO group (C) after 7 and 14 days of 

treatment. Green dots in the upper part of calcein/ethidium homodimer-1 dot plots represent the population 

of living cells. Bar graphs symbolize the mean +S.D (n=3). Statistical significance **p<0.01. Scale bars = 

100 µm. 

 

Figure 3. (A) Experimental design to assess EPO secretion (B) and BrdU uptake (C) during GCV-

mediated inactivation process at different time points. Both EPO secretion levels (B) and BrdU uptake (C) 

obtained from untreated control group were considered as 100% in each group and all values were 

expressed in function of this percentage. (D) Micrographs of the hypothetical “worst scenario” model and 

the impact of GCV treatment on EPO secretion levels after a 7-day treatment. Bar graphs show the mean 

+S.D (n=3 for EPO secretion assays; n=5 for BrdU uptake). Statistical significance *p<0.05, **p<0.01 and 

***p<0.001. Scale bars = 200 µm. 

 

Figure 4. (A) Hematocrit levels of mice implanted with different groups and the effects caused by GCV 

treatment. (B) Luminometry reflecting the photon emission of both treated and untreated mice before, after 

and during the treatment. Emitted photon flux before GCV treatment was taken as the 100%, and the 

photon emissions obtained during and after treatment were normalized as a percentage of the initial value 

for each mouse. (C) Light emission was captured before and after GCV treatment for both TGL-EPO 

(GCV-treated) and TGL (untreated) mice. Line graphs are depicted as the mean ±S.D (n = 16 TGL-EPO 

group; n = 5 EPO group; n = 5 control group). Statistical significance ###p<0.001 between TGL-EPO and 

TGL groups; *p<0.05 and **p<0.01 between TGL-EPO and EPO groups. Colored bar represents the GCV 

treatment duration.  
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Figure 5. (A-C) Immunohistochemistry confirmed that the percentage of active microcapsules decreases 

remarkably in treated mice (A) when compared with untreated mice (B) after GCV treatment. (C) The 

percentage of active microcapsules (Luc +) was determined on the basis of the number of microcapsules 

containing cell clusters positively stained with anti-luciferase antibody (expressed only in living cells) with 

respect to the total amount of microcapsules per slide (one slide per mouse). Scale bars in (A, B) = 300 

µm; Inset magnification in (B) = 100 µm. Arrows in (B) point out the presence of cell clusters positively 

stained with anti-luciferase antibody. Bar graph is depicted as the mean +S.D (n = 16 TGL-EPO “GCV-

treated”; n = 5 TGL “untreated”). Statistical significance *p<0.05.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1. Flow cytometry histogram of GFP+ cells after transduction 

with pSFGNESTGL plasmid. TGL triple-fusion reporter gene-containing cells were 

sorted by FACS for the enrichment of the GFP+ cell population, until obtaining more 

than 95% of GFP+ cells. 

          

Supplementary Figure 2. Clone characterization for EPO secretion. All employed 

clones in this study were assayed for EPO secretion to verify that pSFGNESTGL plasmid 

do not cause alterations in the secretion levels of the therapeutic factor. TGL clone = 

Pure C2C12 myoblasts transduced with pSFGNESTGL plasmid. EPO clone = EPO-

secreting C2C12 myoblasts. TGL-EPO clone = EPO-secreting C2C12 myoblasts 

transduced with pSFGNESTGL plasmid. Bar graphs symbolize the mean +S.D (n=3). 

N.D. = Non-detected. 

 

Supplementary Figure 3. Percentage of active caspase-3 after GCV addition in C2C12-

TGL-EPO cells plated onto 2D surfaces. TGL-containing 2D plated cells were subjected 

to increasing GCV (3.9 µM) time exposures and the effects of the guanidine analogue in 

the percentage of active caspase-3 were assessed by flow cytometry together with an 

untreated control. Bars represent the percentage of active caspase-3 obtained for each 

time exposure. 
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Supplementary Material And Methods 

 

Clone characterization for EPO secretion  

 

TGL-expressing but no EPO-secreting (TGL), EPO expressing but no TGL-expressing 

(EPO), and TGL-expressing and EPO-secreting (TGL-EPO) cell clones were assayed 

for EPO secretion. 1 x 106 cells from each cell clone (x3) were seeded per well in a 6 

well plate. After 4h of incubation, cell supernatants were taken to further analyze them 

by using the Quantikine IVD Human Erythropoietin ELISA Kit (R&D Systems, 

Minneapolis, MN). Standards and samples were run in duplicate according to the 

procedure specified in the kit. Results are expressed as mean + S.D. 

 

Caspase-3 activation in 2D plated C2C12 after GCV addition 

 

1 x 105 cells were seeded per well in a 6 well plate. 3.9 µM of GCV was added into 

each well at different time points, so that increasing time exposures to GCV were 

obtained. All time exposures were assayed by flow cytometry together with an untreated 

group using PE Active Caspase-3 Apoptosis Kit (BD Pharmingen) and following 

manufacturer’s indications. Results are shown as the percentage of active caspase-3 

obtained for each time exposure and the control. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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