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1$+. -p|#4>-&22(0('# *p+' 0$*}-( $.#3$#$1&=+( *( !5! ,3(A -4 2$+.&2G '$+2 47$'2

(224"| *p$1#&0&2(. -( 0$*( *p&'Z(,#&$' *(2 ,(--+-(2 *( !5! (' ,$014.4'# -(2 #.$&2

0$*(2 *p&'Z(,#&$' -(2 1-+2 +#&-&2|2 &'#.43|14#&=+( F^5KG &'#.421-|'&=+( F^?K (#

&'#.41$.#4- F^8@KB

W' ,( =+& ,$',(.'( -4 0$.#4-&#|G -(2 &'Z(,#&$'2 ^5 (# ^? $'# 0$'#.| *(2 .|2+-#4#2

1-+2 (',$+.49(4'#2 14. .411$.# � -p&'Z(,#&$' ^8@B !(-4 1(+# 2p(U1-&=+(. 14. #.$&2 .4&2$'2 

*p4>$.*G -p&'Z(,#&$' ^8@ (2# #(,3'&=+(0('# 1-+2 *&::&,&-( (' .4&2$' *( -p(U1$2&#&$' (#

-p&'Z(,#&$' *4'2 -4 7(&'( 1$.#( (2# |7&*(00('# 1-+2 ,$01-(U( =+( -(2 4+#.(2 ,4. -p4,,}2

� -4 7(&'( (2# 04- 4&2| 14. .411$.# � -p4,,}2 4+ :$&( $+ � -4 .4#(B W' $+#.(G -( .&2=+(

*p3|0$..49&( (2# |-(7| -p3|0$2#42( '( 1(+# �#.( :4&#( =+p+'( 2(+-( :$&2B ?& -4 1$',#&$'

*4'2 -4 7(&'( 4 |#| 04- ,$'*+&#(G &- 'p(2# 142 1$22&>-( *( .(:4&.( +'( *(+U&}0(

1$',#&$' *4'2 +' 4+#.( ('*.$&#G *( 2$.#( =+( -( 04'&1+-4#(+. 'u4 =+p+'( 2(+-( ,34',(�

D(+U&}0(0('#G 1-+2 *( ,$01-&,4#&$'2 2( 2$'# 1.$*+&#(2 -$.2 *( -p&'Z(,#&$' (U,(1#|(

-p3|0$..49&( 1|.&) (# 1$2#)$1|.4#$&.(G &',$'#.�-4>-(G -(2 ,(--+-(2 1(+7('# &'*+&.( +'

#3.$0>+2 *( -4 7(&'( 1$.#( $+ |7('#+(--(0('# +'( &'2+::&24',( 3|14#&=+( 2(0>-4>-( �
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.(74',3(G -(2 &'Z(,#&$'2 ^? (# ^5 2$'# .(-4#&7(0('# 2&01-(2B !34,+'( *( ,(2 *(+U
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,(--+-(2 #+0$.4-(2 |#4&# 1-+2 :4&>-( *4'2 -( 9.$+1( *( ^? *4'2 -( 9.$+1( ^5 +' -$# *(

2$+.&2 4 1.|2('#| *(2 #+0(+.2 2$&# *4'2 -4 .4#( (#d$+ *4'2 -(2 &'#(2#&'2 41.}2 &'Z(,#&$'

^?B ^- (2# 1$22&>-( =+( -(2 ,(--+-(2 #+0$.4-(2 $'# >-$=+| -4 7(&'( 21-|'&=+( $+ $'#

.(:-+| *4'2 -(2 7(&'(2 &'#(2#&'4-(2 1('*4'# -( 1.$,(22+2 *( 0&9.4#&$' 7(.2 -( :$&(B

_-$>4-(0('#G '$+2 ,$'2&*|.$'2 =+( -p&'Z(,#&$' ^5 (2# +'( 1.$,|*+.( 1.|:|.4>-( 1$+.
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(U1|.&0('#4#&$'B !$'#.4&.(0('# 4+U 0$*}-(2 2$+2),+#4'|2G $� -(2 #+0(+.2 2$'# :4,&-(2

� 9|.(. (# � -$,4-&2(.G &*('#&:&(. 1.|,&2|0('# -( 2&#( *( -4 #+0(+. 474'# *( -4',(.

-p(U1|.&(',( (2# ,.+,&4- *4'2 -(2 0$*}-(2 $.#3$#$1&=+(2G (' 14.#&,+-&(. *4'2 -(2

(U1|.&(',(2 .(-4#&7(2 � -p(224& *( '$+7(--(2 2#.4#|9&(2 (# 49('#2 #3|.41(+#&=+(2B W' (::(#G

-4 :$',#&$' *( :$&( 4&'2& =+( -( #.$1&20( *( ,(.#4&'2 49('#2 F#(-2 =+( '4'$7(,#(+.2 $+

-(2 ,(--+-(2 &00+'&#4&.(2 +#&-&2|(2 *4'2 -(2 411.$,3(2 *p&00+'$#3|.41&(K (2# +'
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)4>2(',( *( 0",$1-420(2G ,$'#.�-|( *(+U :$&2G 4+ 0$0('# *( -4
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,(--+-4&.(2 *p&00+'$#3|.41&( $+ -(2 '4'$7(,#(+.2G +'( 4'4-"2( 3&2#$-$9&=+( (2# ('
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,34'9(0('#2 *4'2 -(2 ,(--+-(2 #+0$.4-(2 (# -( 0&,.$)('7&.$''(0('# 2$'#
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,(--+-4&.(2 '( 2$'# 142 (::&,4,(2 *4'2 -4 1.4#&=+( ,-&'&=+( Fi$3'2$' (# 4-B IJJEKB

]'( 2$-+#&$' 1$22&>-( 1$+. .|2$+*.( -( 1.$>-}0( *(2 *&::|.(',(2 ('#.( -(2
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422$,&4#&$' 47(, '$#.( (U1|.&(',( 1.|,|*('#(G +'( &01-4'#4#&$' ,3&.+.9&,4-(

$.#3$#$1&=+( *(2 |,34'#&--$'2 !5! 1.&04&.(2 4,#+(--(0('# � -p|#+*(G (' ,$--4>$.4#&$'
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*p4'4#$0&(G (# *( .|1$'2(2 13"2&$-$9&=+(2 (# 13"2&$14#3$-$9&=+(2B ]' 9.4'* '$0>.(
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EXj

1.|,-&'&=+(2 1$+. 4&*(. 4+ *|7(-$11(0('# *( #3|.41&(2 4'#&#+0$.4-(2 ,3(A -p3$00(B
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,(--+-(2 2$04#&=+(2 *+ 1$., (' +' |#4# #+0$.&9}'( 14. #.4'2:(.# *u$',$9}'(2B D(+U
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1$+..4&('# �#.( ,$'7(.#&(2 *4'2 +' |#4# #+0$.&9}'( 14. #.4'2*+,#&$' *( 1-+2&(+.2
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Cell therapy based on alloreactivity has completed clini-
cal proof of concept against hematological malignancies. 
However, the efficacy of alloreactivity as a therapeutic 
approach to treat solid tumors is unknown. Using cell 
culture and animal models, we aimed to investigate the 
efficacy and safety of allogeneic suicide gene-modified 
killer cells as a cell-based therapy for hepatocellular car-
cinoma (HCC), for which treatment options are limited. 
Allogeneic killer cells from healthy donors were isolated, 
expanded, and phenotypically characterized. Antitu-
mor cytotoxic activity and safety were studied using a 
panel of human or murine HCC cell lines engrafted in 
immunodeficient or immunocompetent mouse mod-
els. Human allogeneic suicide gene-modified killer cells 
(aSGMKCs) exhibit a high, rapid, interleukin-2–depen-
dent, and non–major histocompatibility complex class 
I-restricted in vitro cytotoxicity toward human hepatoma 
cells, mainly mediated by natural killer (NK) and NK-like 
T cells. In vivo evaluation of this cell therapy product 
demonstrates a marked, rapid, and sustained regres-
sion of HCC. Preferential liver homing of effector cells 
contributed to its marked efficacy. Calcineurin inhibitors 
allowed preventing rejection of allogeneic lymphocytes 
by the host immune system without impairing their anti-
tumor activity. Our results demonstrate proof of concept 
for aSGMKCs as immunotherapy for HCC and open per-
spectives for the clinical development of this approach.

Received 29 October 2012; accepted 28 November 2013; advance online  
publication 21 January 2014. doi:10.1038/mt.2013.277

INTRODUCTION
Hepatocellular carcinoma (HCC) is the third leading cause of 

cancer-related deaths worldwide. Although early-stage tumors 

can be curatively treated using surgical approaches, treatment 

options for advanced HCCs are limited.1 Hepatic resection is the 

treatment of choice for HCC in non-cirrhotic patients, but this 

group accounts for a minority of patients.2 Liver transplanta-

tion is the best therapeutic option for HCC as it simultaneously 

removes the tumor and the underlying cirrhosis, thereby mini-

mizing the HCC recurrence risk. However, this option is limited 

by organ shortage and its restriction to patients with limited dis-

ease. Minimally invasive treatments such as percutaneous treat-

ments or radiofrequency ablation are alternatives for early-stage 

HCC patients who are not eligible for surgical resection or trans-

plantation. Transarterial chemoembolization may o�er palliative 

bene�ts for patients with intermediate-stage HCC.3 Although the 

multikinase inhibitor, sorafenib, was the �rst agent to demonstrate 

a survival bene�t for patients with locally advanced or metastatic 

HCC, treatment options for patients with advanced HCC remain 

limited.1 �erefore, development of novel therapies for patients 

with advanced HCC or early-stage HCC not eligible for standard 

of care remains a major unmet medical need.

Cancer immunotherapy is emerging in preclinical and clinical 

evaluation.4 Allogeneic hematopoietic stem cell (HSC) transplan-

tation has demonstrated that alloreactivity provides one of the 

most powerful antitumor e�ects in immunotherapy of hemato-

logical malignancies. Indeed, an HSC gra� contains pluripotent 

HSCs (that will reconstitute complete long-term hematopoiesis) 

and immune cells, such as T cells. Up to 10% of these T cells are 

alloreactive and recognize di�erentially expressed human leuko-

cyte antigen (HLA) determinants. �us, they are responsible for 

a severe complication of HSC transplantation, gra�-versus-host 

disease (GvHD), but also for gra� rejection prevention and gra�-

versus-leukemia e�ect. In addition to T cells, natural killer (NK) 

cells also provide alloreactivity through the recognition of NK 

receptor ligands mismatches.5 Furthermore, alloreactivity may be 

e�cient for the treatment of solid tumors.6 However, if allogeneic 

adoptive immunotherapy is highly e�cient, it can elicit toxicities 

that need to be controlled. Ex vivo retroviral-mediated transfer 
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of a “suicide” gene, such as the herpes simplex virus-thymidine 

kinase (HSV-tk) or the inducible caspase 9 (iCasp9) in donor lym-

phocytes allows their speci�c killing by their respective prodrug, 

ganciclovir (GCV)7 or chemical inducer of death (CID).8 Clinical 

trials demonstrated that allogeneic suicide gene-modi�ed killer 

cell (aSGMKC)–induced GvHD can be controlled by their pro-

drugs8,9 and that aSGMKCs are able to exert a strong gra�-versus-

leukemia e�ect.9,10 However, the e�ect of this cell therapy product 

(CTP) against solid tumors is unknown. Using HCC as a model 

for solid tumors, here we show that aSGMKCs have a potent non–

major histocompatibility complex (MHC) class I-restricted anti-

tumor activity in vitro and in vivo and open a previously unknown 

perspective for the clinical treatment of HCC.

RESULTS
Production and phenotypic analysis of aSGMKCs for 
HCC immunotherapy
Allogeneic SGMKCs from healthy blood donors were produced 

as shown in Supplementary Figure S1a. Prior to its evaluation 

in preclinical HCC models, we analyzed the phenotype of the 

CTP. As shown in Table 1, most aSGMKCs are CD3+CD56− T 

cells, followed by CD3+CD56+ NK-like T cells. In contrast, CD3–

CD56+ NK cells make up the smallest proportion within aSGM-

KCs. �is phenotype is similar to that of control cells and shows 

increased NK-like T cells frequencies, as compared with periph-

eral blood mononuclear cells (PBMCs) (Table 1).11 While con-

trol cells were not GCV sensitive, growth of aSGMKCs was GCV 

inhibited (Supplementary Figure S2). Alloreactivity of aSGM-

KCs is impaired, as compared with PBMCs, in terms of prolif-

erative response a�er allostimulation by PBMCs,12,13 B-EBV cell 

lines11,14,15 or HCC cell lines (Supplementary Figures S3 and S4) 

and in terms of allo- or xenogeneic GvHD induction in animal 

models.14,16–18 �e impairment of aSGMKCs’ alloreactivity can be 

reversed by replacing CD3 activation with CD3/CD28 costimu-

lation and/or by replacing interleukin (IL)-2 with IL-7.14 �us, 

we evaluated the cytotoxicity against Huh7 cells or HeLa cells 

(as a positive control for target cell lysis) of aSGMKCs generated 

from PBMCs a�er CD3 versus CD3/CD28 activation and expan-

sion with IL-2 versus IL-7 (Figure 1a). CD3+IL-2-activated cells 

exhibited the highest cytotoxic activity, expressed as lytic units 

50% (Supplementary Figure S1b). Replacing CD3 activation by 

CD3/CD28 costimulation and/or IL-2 by IL-7 was associated with 

a lower cytotoxicity (Figure 1a). �erefore, only CD3+IL-2 activa-

tion was used to produce aSGMKCs in subsequent experiments.

aSGMKCs demonstrate broad and sustained activity 
against hepatoma cells
Next, we studied aSGMKCs’ cytotoxic activity against hepatoma 

cells. Allogeneic SGMKCs were tested against Huh7 and PLC-

PRF5 hepatoma cells. SK-Hep1, an endothelial cell line, was also 

assessed in parallel. All target cells were sensitive to aSGMKCs 

killing (Figure 1b). Because Huh7 cells exhibited an intermedi-

ate sensitivity to killing, we chose this cell line to further char-

acterize the aSGMKCs’ cytotoxicity. PBMCs exhibited signi�cant 

cytotoxic activity a�er 3 or 6 days of coculture with target cells, 

whereas aSGMKCs cytotoxic activity was maximal a�er only 1 

day of coculture (Figure 1c), indicating that aSGMKCs are ready 

to exert their cytolytic potential. �e gene transfer process did not 

a�ect aSGMKCs’ cytotoxic activity, as shown by the similar level 

of cytotoxicity observed with control cells generated in parallel 

(Figure 1c).

Mechanism of action
Allogeneic SGMKCs’ cytotoxic activity is IL-2 dependent, while 

IL-7 cannot replace IL-2 during the cytotoxicity assay (Figure 

1d). Moreover, neither the W6/32 monoclonal antibody, a pan 

anti-HLA class I antibody inhibiting CD8+ T cells proliferative 

response in mixed lymphocyte reaction (data not shown), nor an 

isotype control monoclonal antibody signi�cantly a�ected aSGM-

KCs’ cytotoxicity (Figure 1e). �ese data demonstrated that the 

cytotoxic activity is non–MHC class I restricted. To go further, 

we analyzed the lytic potential of T, NK-like T, and NK cells 

sorted from aSGMKCs compared with that of unsorted aSGM-

KCs. Puri�ed T cells had a signi�cantly lower cytotoxicity than 

unsorted aSGMKCs, whereas puri�ed NK-like T or NK cells dis-

played an increased cytotoxicity (Figure 1f). �ese data suggest 

that NK-like T and NK cells are mostly responsible for aSGMKCs’ 

cytotoxic activity against hepatoma cells.

In vivo cytotoxicity of aSGMKCs in xenograft HCC 
models
In vivo cytotoxicity assays were performed using HeLa-Luc cells as 

a positive control for lysis sensitivity and Huh7-Luc cells as hepa-

toma target cells in xenogra� HCC mouse models. When increas-

ing aSGMKCs amounts were subcutaneously coinjected with �xed 

target cell numbers into immunode�cient mice, a dose-dependent 

reduction of the relative tumor growth was observed for HeLa-

Luc (Figure 2a,c) and Huh7-Luc cells (Figure 2b,d), even at low 

e�ector:target ratios (3:1). However, tumor escape in some mice 

led to an increase of the mean relative Huh7 tumor growth on D7 

or D14. �erefore, the frequency of mice with tumor progression 

was also evaluated and was shown to be dose-dependently reduced 

(Figure 2e,f). High e�ector:target ratios allowed for complete tumor 

eradication in most animals (Figure 2a,b), as demonstrated by the 

low percentage of animals with tumor progression (Figure 2e,f).

Antitumor activity of aSGMKCs against orthotopic 
HCC
In a next step, we investigated whether aSGMKCs exhibit antitu-

mor activity in a more relevant model, using an orthotopic HCC 

model. In contrast to the classical xenogra� models, Huh7 cells 

are injected intrasplenically, resulting in tumor growth in the liver. 

Table 1 Relative distribution of T, NK-like T, and NK cells in aSGMKCs, 
as compared with PBMCs or control cells.

PBMCs 
(n = 18)

Control 
cells (n = 7)

aSGMKCs 
(n = 22)

T cells (CD3+CD56−) 64.0 ± 2.1a 81.0 ± 3.6b 77.5 ± 2.8b

NK-like T cells (CD3+CD56+) 6.3 ± 1.0 11.4 ± 3.7 10.8 ± 1.5b

NK cells (CD3−CD56+) 10.4 ± 1.0 2.8 ± 0.8b 5.0 ± 1.7b

aSGMKCs, allogeneic suicide gene-modified killer cells; NK, natural killer; 
PBMCs, peripheral blood mononuclear cells.
aData are indicated as the percentage (mean ± SEM) of T, NK-like T, and NK cells 
gated within the total PBMCs, control cells, or aSGMKCs. bP < 0.05 versus PBMCs 
(Student’s paired t-test).

Molecular Therapy vol. 22 no. 3 mar. 2014 635



© The American Society of Gene & Cell Therapy
Adoptive Cell Therapy for Hepatocellular Carcinoma

Intravenous (i.v.) aSGMKCs injection led to a rapid (Figure 3a 

and Supplementary Figure S5a) and preferential (Figure 3b) 

liver homing, which is more pronounced than a�er intraperito-

neal (i.p.) injection (Supplementary Figure S5b,c). Twenty-four 

hours a�er their injection, aSGMKCs were found surrounding the 

tumor (Supplementary Figure S5d–f). �ese cells were CD3+, of 

which some were also CD56+. Huh7-Luc orthotopic tumor growth 

quanti�cation was performed by in vivo bioluminescence imaging 

(BLI) before and a�er aSGMKCs i.v. injection (Figure 3c). �e 

mean tumor growth, expressed either as absolute bioluminescent 

activity (Figure 3d) or relative bioluminescent activity (Figure 

3e), and the frequency of tumor-progressing mice (Figure 3f) 

were markedly reduced on D3 and D7 a�er i.v. aSGMKCs injec-

tion, as compared with the nontreated control group. Allogeneic 

SGMKCs were recovered from the livers on D7 postinjection and 

analyzed by �ow cytometry for the relative repartition of NK, 

NK-like T, and T cells. As compared with the infused product, the 

frequencies of NK and NK-like T cells were increased, whereas 

T cells were less frequent (Figure 3g), suggesting that NK and 

NK-like T cells may be more likely to be involved in the antitu-

mor e�ect. In order to further demonstrate that the antitumor 

e�ect was performed by aSGMKCs, repeated administrations of 

GCV for 4 days were initiated at the time of aSGMKCs infusion. 

However, no e�ect on aSGMKCs-induced tumor regression was 

observed (data not shown), possibly because aSGMKCs-mediated 

killing of tumor cells could be more rapid than GCV-induced kill-

ing of aSGMKCs. �erefore, the antitumor e�ect of aSGMKCs 

modi�ed to express iCasp9, a suicide gene known to eliminate 

the transduced cells more rapidly than the HSV-tk suicide gene 

(Supplementary Figure S6a,b)19 was evaluated in the absence or 

presence of its prodrug, the AP20187 CID. �e antitumor e�ect 

was reversed by only one injection of CID at the time of iCasp9+ 

aSGMKCs infusion (Figure 3h and Supplementary Figure S6c). 

�is suggests a superior e�cacy of the iCasp9/CID system than 

the HSV-tk/GCV system in the current preclinical system and 

validates that the antitumor activity is in fact due to the aSGMKCs.

Safety of aSGMKCs injection
No clinical side e�ects were observed in mice infused with aSGM-

KCs, suggesting that antitumor activity could be safely established 

in absence of GvHD induction. To further explore the toxicity 

of aSGMKCs, histological analyses were performed in the liver, 

intestine, kidney, lung, and spleen of tumor-bearing mice on D1 

and D7 a�er aSGMKCs injection.

Figure 1 In vitro cytotoxicity of allogeneic suicide gene-modified killer cells (aSGMKCs) against hepatoma cells. (a) Peripheral blood mono-
nuclear cells (PBMCs) were expanded for 2 weeks after CD3 or CD3/CD28 monoclonal antibodies (mAbs) ± IL-2 or IL-7 activation before evaluation 
of their cytotoxic activity. Control groups: CD3 + IL-2: 653 ± 145 lytic units 50% ((LU50) (HeLa) and 224 ± 109 LU50 (Huh7); n = 4. (b) The cell lines 
Huh7, PLC-PRF5, and SK-Hep1 are sensitive to aSGMKCs-mediated killing. Control group: HeLa cells killing: 172 ± 22 LU50; n = 6. (c) The cytotoxic 
activity of effector cells (PBMCs, control cells or aSGMKCs from the same donors) was evaluated on D1, D3, or D6 of coculture with Huh7 cells. 
Control group: control (ctrl) cells on D6, 218 ± 64 LU50; n = 4. (d) aSGMKCs’ cytotoxic activity was assessed without any cytokine (no CK) and in 
the presence of IL-2 or IL-7 during coculture with target cells. Control group: IL-2, 164.4 ± 46.5 LU50; n = 5. (e) aSGMKCs’ cytotoxic activity is not 
inhibited by the addition of an anti–human leukocyte antigen (HLA) class I mAb during the coculture. Control group: culture with “no mAb”, 210 ± 98 
LU50; n = 4. (f) Cytotoxic activity of immunomagnetically purified (see fraction purities in Supplementary Table S1) T, natural killer (NK)-like T, 
and NK cells was tested in parallel with unsorted aSGMKCs. Control group: unsorted aSGMKCs, 154 ± 33 LU50; n = 4. Data are expressed as mean ± 
SEM of the control group. In all panels, *P < 0.05 compared with the control group (Mann–Whitney test). IL, interleukin.
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�e livers presented focal zones of necrosis associated with 

massive in�ammatory in�ltrates of neutrophils at the periphery 

of the necrotic hepatocytes (Figure 4a). �ese zones of necrosis 

resulted from thrombosis (Figure 4a, insert) that were probably 

induced by the intrasplenic injection of Huh7 cells. Indeed, they 

were also observed in tumor-bearing control mice not injected 

with aSGMKCs, whereas they were not observed in non tumor-

bearing control mice injected with aSGMKCs alone (data not 

shown). Multifocal in�ammatory in�ltrates of small size, found 

in the livers of all mice, were mostly CD3 positive (Figure 4b). 

No histopathological abnormalities were found in the intestines, 

kidney, and lung (Supplementary Figure S7a–c). As expected, 

the spleen displayed marked white pulp hypoplasia, but no his-

topathological abnormalities were observed (Supplementary 

Figure S7d), excepted the presence of neoplasia in some spleens, 

due to the intrasplenic injection of Huh7 cells. All together, these 

results suggest that aSGMKCs were safe to murine tissues and did 

not induce xenogeneic GvHD.

Figure 2 In vivo cytotoxicity of allogeneic suicide gene-modified killer cells (aSGMKCs) against HeLa-Luc and Huh7-Luc cells. Mice were 
subcutaneously (s.c.) coinjected either with HeLa-Luc (a,c,e) or Huh7-Luc (b,d,f) cells and aSGMKCs. (a,b) The bioluminescence activity of target 
cells is shown at the time of injection (D0) and on D7 for representative mice s.c. injected with phosphate-buffered saline (PBS) or aSGMKCs at an 
effector:target (E:T) ratio of 30:1. Control (ctrl): negative control of bioluminescence (no target cell injection). (c,d) aSGMKCs dose-dependently 
delay or reduce (values <1) the relative tumor growth (mean ± SEM). (e,f) aSGMKCs dose-dependently reduce the proportion of mice with tumor 
progression (i.e., with a relative tumor growth value >1) of (e) HeLa-Luc and (f) Huh7-Luc cells. Data in c–f are pooled results of six mice from 
two independent experiments using three mice per group. (a–f) Daily intraperitoneal injections of interleukin-2 (IL-2) were performed in all mice. 
*P < 0.05 compared with control group without aSGMKCs injection (i.e., E:T ratio = 0:1), at the respective time points (c,d: Mann–Whitney test;  
e,f: Fisher exact test).
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�e potential cytotoxicity of aSGMKCs against normal 

hepatocytes was further explored in human liver-chimeric 

mouse model, using albumin promoter-driven urokinase-like 

plasminogen activator transgenic severe combined immunode-

�ciency–beige (SCID-bg) mice whose livers were repopulated 

between 10 and 20% with primary human hepatocytes (Figure 

4c). Two weeks a�er aSGMKCs injection, large areas of prolif-

erative cellular in�ltration were observed in perivascular areas 

and, more dispersed, in the hepatic parenchyma as well as in 

the human clusters (Figure  4d). Despite this in�ltration, the 

level of liver repopulation by primary human hepatocytes was 

similar in aSGMKCs-injected mice compared with noninjected 

control mice, showing that there is no massive destruction of 

those cells a�er aSGMKCs injection. �is is further substan-

tiated by the observation that human albumin serum levels 

remain stable in both groups (Figure 4e). As reported above in 

tumor-bearing SCID-bg mice, no histopathological abnormali-

ties were observed in the spleen, lung, kidney, and intestine of 

Figure 3 Antitumor effect of allogeneic suicide gene-modified killer cells (aSGMKCs) in a humanized orthotopic model of hepatocellular 
carcinoma (HCC). (a,b) DiR-labeled aSGMKCs preferentially and rapidly migrate to the liver when intravenously injected to severe combined 
immunodeficiency–beige mice. (a) The in vivo fluorescence signal is shown for three mice representative of six. (b) Fluorescence quantification in 
the liver (Li), spleen (S), lungs (L), and intestine (I) 72 hours after aSGMKCs injection is reported in the right part of the figure (mean ± SEM, n = 4 
mice). (c–f) aSGMKCs provide an antitumor effect in a humanized orthotopic model of HCC. (c) Representative experiment showing the Huh7-Luc 
bioluminescence in one mouse injected with phosphate-buffered saline (PBS) or aSGMKCs. The injection of aSGMKCs delays the tumor growth,  
(d) evaluated by the luciferase activity of Huh7-Luc cells or (e) expressed as relative tumor growth on D3 and D7. *P = 0.07 compared with control 
group with PBS injection (Mann–Whitney test). (f) The proportion of mice with tumor progression (i.e., with a relative tumor growth value >1) on 
D3 and D7 shows that aSGMKCs reduce the frequency of mice with Huh7-Luc tumor progression. Data in d–f expressed as mean ± SEM are pooled 
results of five and three independent experiments on D3 and D7, respectively, using the indicated total number of mice (n) per group. (g) The relative 
frequencies of T, natural killer (NK), and NK-like T cells harvested from the liver on D7 postinjection (“ex vivo”) are increased, as compared with the 
frequencies observed on D0 in the infused aSGMKCs product (“aSGMKCs”). Data are expressed as mean ± SEM of nine mice from three independent 
experiments. (h) The antitumor effect of CD19/iCasp9+ aSGMKCs in the orthotopic HCC model is reversed by only one administration of chemical 
inducer of death (CID). Representative experiment showing the Huh7-Luc bioluminescence in one mouse injected with or without 2.5 mg/kg CID 
at the time of intravenous injection of 150–200 × 106 aSGMKCs. Interleukin-2 (IL-2) was intraperitoneally injected daily. (a–h) Daily intraperitoneal 
injections of IL-2 were performed in all mice.
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human liver-chimeric Alb-uPA/SCID-bg mice, injected or not 

with aSGMKCs (data not shown).

CsA can control the potential rejection of allogeneic 
lymphocytes
Allogeneic SGMKCs rejection by the recipient’s immune sys-

tem could be a clinical limitation to our approach. Allogeneic 

SGMKCs’ cytotoxic activity is resistant to the immunosuppressive 

e�ect of the calcineurin inhibitor, cyclosporin A (CsA), both in 

vitro (Figure 5a) and in vivo (Figure 5b). �us, we reasoned that 

CsA could prevent the rejection of aSGMKCs, without impairing 

their antitumor activity (Supplementary Figure S8). To address 

this question, we used a murine immunocompetent HCC mouse 

model. As a surrogate model of human aSGMKCs, we used allo-

geneic ex vivo-expanded splenocytes (aEESs), generated from 

spleen cells and known to be also resistant to CsA.18 �is mouse 

model allowed us to assess the safety and e�cacy of this approach 

in an immunocompetent host.

To investigate and con�rm that CsA was able to prevent the 

rejection of the CTP by the recipient’s immune system, aEESs 

from luciferase-transgenic FvB/N mice (H-2q) were infused into 

immunocompetent recipient Balb/c mice (H-2d) in the presence 

of IL-2, with and without CsA. In the absence of CsA, aEESs were 

not detectable by BLI, indicating that they have been rejected by 

the host’s immune system. By contrast, when CsA was admin-

istered, luciferase-transgenic aEESs became detectable on D11 

(Figure  5c,d), suggesting that CsA prevents allogeneic CTP 

rejection in an immunocompetent host. At earlier time points 

postinjection, aEESs from FvB/N mice could be detected by in 

vivo �uorescence in the liver, to a higher level in the presence of 

Figure 4 Absence of significant cytotoxicity of allogeneic suicide gene-modified killer cells (aSGMKCs) toward primary murine and human 
hepatocytes. (a) Hematoxilin–eosin staining shows infiltrates of neutrophils (Inf) at the periphery of focal zones of necrosis (N) resulting from Huh7 
cell–induced thrombus (insert). (b) Seven days after intravenous injection of 180 × 10.6 aSGMKCs, lymphocytes infiltrating the hepatic parenchyma 
do not induce histopathological abnormalities (CD3 immunostaining and eosin counterstaining). (c) Primary human hepatocytes revealed by human 
cytokeratin-18 immunohistochemistry in the liver of chimeric Alb-uPA/severe combined immunodeficiency–beige (SCID-bg) mice 2 weeks after 
aSGMKCs injection. (d) Magnification of the dashed area in c, showing infiltrates of proliferating lymphocytes (arrowhead) in the human areas. 
(e) Similar serum levels of human albumin in chimeric Alb-uPA/SCID-bg mice infused (white diamonds, n = 5) or not (white triangles, n = 12) with 
aSGMKCs (mean ± SEM: 72 ± 22 × 106 cells/mouse). Data are expressed as percent (mean ± SEM) of initial human albumin concentration that were 
377 ± 157 µg/ml in the control group and 220 ± 99 µg/ml in the aSGMKCs-infused group. Human albumin levels of one historical control chimeric 
mouse (black circles, dashed line) that spontaneously lost its graft are shown as example of decreased serum human albumin. PBS, phosphate-
buffered saline.
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CsA than in its absence (Figure 5e), indicating that CsA did not 

impair the preferential hepatic homing of aEESs to the liver. In the 

presence of CsA, aEESs induced a GvHD that results in weight 

loss (Figure 5f), prostration, and ru�ed fur. Although some mice 

occasionally died, these clinical signs were usually weak, in accor-

dance with histological analysis demonstrating mild lesions at the 

Figure 5 Resistance of expanded lymphocytes to ciclosporine A (CsA) as a mean to prevent their allorejection. (a,b) Human allogeneic sui-
cide gene-modified killer cells (aSGMKCs) are resistant to CsA in vitro and in vivo. (a) The in vitro cytotoxicity of peripheral blood mononuclear cells 
(PBMCs) (positive control for sensitivity of effector cells to the inhibitory effect of CsA) and aSGMKCs was assessed at an effector:target ratio of 40:1 
in the presence of CsA (one experiment representative of four). *P < 0.05 compared with 0 ng/ml CsA. (b) In vivo aSGMKCs’ cytotoxic activity against 
Huh7-Luc cells was assessed, as reported in Figure 2b,d, in the absence or presence of daily intraperitoneal injections of CsA (n = 3/group). (c–e) 
CsA prevents the rejection of allogeneic expanded ex vivo splenocytes (aEESs). (c) Luciferase-expressing aEESs were injected to Balb/c recipient mice 
(n = 3/group) in the presence of IL-2 ± CsA and their presence was monitored by in vivo bioluminescence imaging on D7 (one experiment repre-
sentative of four). (d) Quantification of the luciferase activity in mice injected with aEESs + IL-2 in the absence or presence of CsA (mean ± SEM; n = 
3/group). (e) The CsA does not prevent the homing of aEESs to the liver. DiR-labeled aEESs from FvB/N mice were injected to Balb/c recipient mice 
in the presence of IL-2 ± CsA and were monitored by in vivo fluorescence gated on the liver (mean ± SEM; n = 3/group). (f) The prevention of aEES 
rejection by administering CsA allows aEESs to induce a graft-versus-host disease, monitored by body weight loss (mean ± SEM; n = 3 mice without 
CsA and n = 9 mice with CsA). IL, interleukin.
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intestinal level and no lesions at the hepatic level (data not shown). 

�is is in agreement with the observation that aEESs exhibited 

a decreased alloreactivity compared with fresh spleen cells,16 as 

evidenced in immunode�cient recipient Rag2−/− IL-2Rγ−/− Balb/c 

mice (Supplementary Figure S9a–d).

Allogeneic lymphocytes exhibit antitumor activity in 
immunocompetent mice
To investigate the antitumor activity of our approach in an immu-

nocompetent host, recipient Balb/c mice were transplanted with 

syngeneic BNL1MEA.7R.1-Luc HCC murine cells. Assessment of 

the antitumor activity of aEESs in an orthotopic BNL1MEA.7R.1-

Luc model was not possible because of a high death rate a�er 

BNL1MEA.7R.1-Luc transplantation. �erefore, in order to 

mimic HCC treatment in an immunocompetent host, estab-

lished subcutaneous BNL1MEA.7R.1-Luc tumors were treated by 

repeated intratumoral injections of aEESs from FvB mice in the 

presence of IL-2 + CsA. As expected, tumors showed a minimal 

spontaneous regression on D18 in nontreated (Figure 6a) and 

IL-2–treated (data not shown) control groups. In the IL-2 + CsA 

control group, tumors ultimately expanded on D18, a�er a short 

period of reduced growth (data not shown). In sharp contrast, a 

continuous tumor size decrease was observed from D7 to 18 in 

recipient mice treated by aEESs and IL-2 + CsA (Figure 6a) and 

was associated with enhanced persistence of �uorescent aEESs 

in the tumor (Figure 6b). �is tumor rejection occurred without 

inducing any clinically detectable GvHD. �ese data demonstrate 

proof of concept of this approach in an immunocompetent mouse 

model.

DISCUSSION
Addressing an unmet medical need for the treatment of advanced 

HCC or early-stage HCC not eligible to standard of care, we 

have demonstrated in vivo proof of concept of aSGMKCs for 

HCC immunotherapy. We have uncovered for the �rst time that 

aSGMKCs exhibit a marked antitumor e�cacy in state-of-the-art 

in vitro and in vivo models for HCC including an immunocompe-

tent mouse model for HCC.

Addressing a future clinical development, we demonstrate 

that the aSGMKCs administration is safe in preclinical animal 

models. Because aSGMKCs are not tumor antigen speci�c, they 

could spread anywhere in the body and be harmful against any cell 

type. Suicide gene transfer is therefore necessary to control any 

unwanted side e�ects of aSGMKCs infusion. �e ex vivo culture 

required for retroviral-mediated gene transfer is associated with 

a modi�cation of lymphocytes’ migratory properties, leading to a 

preferential hepatic tropism and thus limiting aSGMKCs spread-

ing throughout the body. Furthermore, this hepatic tropism is 

also of advantage to target HCC and may be relevant for targeting 

intrahepatic metastasis of nonhepatic tumors such as colorectal 

cancer. With the aim to further increase the local concentration 

of aSGMKCs, we will consider the possibility to perform image-

guided intratumor injections of aSGMKCs to improve their 

antitumor e�cacy and limit their peripheral secondary e�ects. 

A second consequence of ex vivo culture is a decreased allore-

activity in terms of proliferation12,13 and GvHD induction14,16–18: 

this is of advantage to limit hepatic toxicity, because the liver is 

a preferential target organ of GvHD. It should be noted that no 

clinical signs of xenogeneic GvHD were observed in SCID-bg 

mice receiving aSGMKCs under conditions where an antitumor 

e�ect was observed. �is suggests that the antitumor e�ect may 

be mediated by a di�erent mechanism than GvHD and may relate 

to a di�erential involvement of NK and/or NK-like T cells ver-

sus T cells in the cytotoxic activity versus GvHD induction.20 We 

hypothesize that NK and/or NK-like T cells present in aSGMKCs 

are already activated and ready to kill target cells, whereas allore-

active T cells may need more time to expand and induce GvHD. 

�erefore, a therapeutic window may exist, allowing NK and 

NK-like T cells to provide an antitumor e�ect before the induc-

tion of GvHD. Despite the reduced ability of aSGMKCs to induce 

GvHD, the suicide gene transfer as a safety control system remains 

mandatory, as severe GvHD may still occur in small fraction of 

patients.9,10 Indeed, numerous in vitro and in vivo preclinical stud-

ies have proven the e�cacy and safety of the HSV-tk gene as a 

suitable transgene allowing to control alloreactivity (for a review, 

Figure 6 Antitumor activity of allogeneic ex vivo-expanded murine 
splenocytes (aEESs), used as a surrogate cell therapy product in an 
immunocompetent hepatocellular carcinoma (HCC) mouse model. 
(a) In the presence of interleukin-2 (IL-2) and cyclosporine A (CsA), but 
not in the sole presence of IL-2, intratumoral injection of aEESs leads 
to the rejection of BNL1.MEA7.R1-Luc subcutaneous tumors. *P < 0.05 
compared with the control group, injected with phosphate-buffered 
saline (PBS) alone (Mann–Whitney test; n = 5 mice/group). (b) CsA 
administration increases the amount of DiR-labeled aEESs present within 
the tumor, as monitored by in vivo fluorescence gated on the tumor. 
*P < 0.05 compared with the group injected with aEESs + IL-2 (Mann–
Whitney test; n = 5 mice/group).
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see ref. 7) and GvHD a�er HSC transplantation.9,10 Indeed, aSGM-

KCs-induced GvHD has been controlled by GCV in all clinical 

trials reported to date. Our results suggesting a superior e�cacy 

of the iCasp9/CID system than the HSV-tk/GCV system will 

prompt us to further explore iCasp9+ aSGMKCs, especially using 

orthotopic models of HCC based on the use of primary tumor 

samples, which are more relevant than cell line-based models.21 

�e iCasp9/CID system has the interest of not requiring the pro-

liferation of target cells to induce apoptosis, which is an advantage 

because aSGMKCs have a reduced proliferative capacity.

We also demonstrate that potential rejection of aSGMKCs 

can be controlled by CsA. Since patients are immunocompetent, 

immune responses against aSGMKCs will occur, leading to their 

rejection. �is will limit the risk of long-term aSGMKCs toxic-

ity, but also their short-term antitumor e�cacy. �us, e�ector cells 

must be cytotoxic enough to quickly eliminate the tumor before 

being rejected by patient’s immune cells. In phase I/II clinical trials 

of administration of partially HLA-matched EBV-speci�c alloge-

neic T cells for treatment of EBV-induced lymphoma, complete 

responses were observed in 14 of 33 patients despite alloimmuniza-

tion against this “ready-for-use” allogeneic CTP. �is suggests that 

HLA mismatch may not represent a strong limitation to alloge-

neic adoptive immunotherapy if short-term antitumor e�ects are 

desired.22,23 Similarly, in a phase I trial of infusion of “intentionally 

HLA-mismatched IL-2 activated killer” cells produced from nor-

mal donors, rejection of infused intentionally HLA-mismatched 

IL-2 activated killer cells was expected to occur within 1 week and 

was considered as a safety mechanism to avoid GvHD.24 Infusion 

of intentionally HLA-mismatched IL-2 activated killer cells was 

safe and, among 35 patients with metastatic solid tumors, only one 

grade I GvHD was observed.24 Of importance, our data in immu-

nocompetent recipient mice demonstrate the feasibility of obtain-

ing antitumor e�ects while preventing the rejection of e�ector 

cells through CsA administration. �is result further strengthens 

the proof of concept that human aSGMKCs could lead to a solid 

tumor regression, provided that their rejection is prevented.

�e production of a bank of ready-for-use allogeneic CTP has 

been successfully used to treat hematological immunotherapies 

in patients.22,23,25 Compared with autologous immunotherapies, 

this approach allows an easier large-scale development. Indeed, 

CTP production is easier when using lymphocytes from normal 

donors, which usually expand more e�ciently than those from 

heavily treated patients. Second, a ready-for-use allogeneic CTP 

can be rapidly infused to patients, without the waste of time 

required for the production and quali�cation of a patient-speci�c 

CTP (i.e., an autologous or patient-directed CTP). Finally, there is 

no risk of losing a clinical-grade CTP batch: indeed, if a frozen cell 

batch planned to be infused to a given patient cannot be �nally 

administered, it can still be used later for another patient.

Cytokine-induced killer cells, namely ex vivo-activated autol-

ogous PBMCs expanded in similar conditions as our aSGMKCs 

but without gene transfer,26,27 have been shown to exhibit potent 

non–MHC-restricted NK-like T cell–mediated cytotoxic activ-

ity especially against HCC cell lines27,28 and low potential for 

GvHD induction,29 similarly to our observations with aSGMKCs. 

Randomized clinical trials30,31 evaluating cytokine-induced killer 

therapy associated with transarterial chemoembolization and/or 

radiofrequency have demonstrated their ability to reduce HCC 

recurrence and to increase median time to relapse, relapse-free 

survival, and overall survival in HCC patients. Compared with 

previously described autologous cytokine-induced killer immu-

notherapies, our innovative approach based on aSGMKCs allore-

activity presents signi�cant advantages and progress by providing 

rapid availability, the possibility to control side e�ects through 

the introduction of a suicide gene and an additional mechanism 

for tumor recognition, leading to a more potent antitumor e�ect. 

�is concept is supported by clinical studies of allogeneic HSC 

transplantation demonstrating that (i) leukemic patients were at 

lower risk of relapse when transplanted with allogeneic compared 

with syngeneic or autologous gra�32 and (ii) delayed infusions of 

aSGMKCs33 or allogeneic cytokine-induced killer cells34 have anti-

leukemic e�ects.

Collectively, our results provide a signi�cant conceptual 

advancement in the immunotherapy of solid tumors by provid-

ing for the �rst time in vivo proof of concept for using aSGMKCs 

as immunotherapy for HCC. Furthermore, our results open the 

perspective for a clinical evaluation of aSGMKCs as an immuno-

therapy in patients with advanced HCC or early-stage HCC not 

eligible to standard of care.

MATERIALS AND METHODS
Detailed Materials and Methods are available in Supplementary 

Materials.

Production of aSGMKCs. Allogeneic SGMKCs were produced as previ-

ously described14 and is detailed in Supplementary Figure S1a. PBMCs 

from 23 blood donors were activated with CD3 monoclonal antibody and 

human IL-2 and transduced on day (D) 3 with the MP71-T34FT retroviral 

vector encoding the human CD34 truncated form fused to the HSV-tk35 or 

the SFG.iCasp9.2A.ΔCD19 retroviral vector (provided by M.K. Brenner, 

Center for Cell and Gene �erapy, Baylor College of Medicine, Houston, 

TX) encoding the human CD19 and iCasp9,8 immunomagnetically 

selected on D5 and expanded until D14. Transduced and CD34- or CD19-

selected cells are referred as aSGMKCs, whereas nontransduced cells 

expanded in parallel for 14 days are referred as control cells. E�ector cells 

(aSGMKCs or, when indicated, control cells or PBMCs) were then quali-

�ed for phenotype and GCV sensitivity and functionally characterized for 

in vitro and in vivo cytotoxicity, as outlined in Supplementary Figure S1a.

Cell lines. HeLa, Huh7, PLC-PRF5, and SK-Hep1 human cell lines were 

provided by the American Type Cell Culture (LGC Standards, Molsheim, 

France) and the Balb/c-derived HCC murine cell line BNL1MEA.7R.136 

was kindly provided by Jean-François Dufour (University of Bern, 

Switzerland).

Animals. Eight- to 12-week-old C57BL/6 Rag2−/−γ
c
−/− mice were pro-

vided by Naoko Uchiyama (Central Institute for Experimental Animals, 

Kawasaki, Japan), C.B-17 severe combined immunode�ciency–beige 

(SCID-bg) mice were obtained from Taconic (Ejby, Denmark), Balb/c 

and FvB/N mice were provided by Janvier (Le Genest Saint Isle, France), 

luciferase-transgenic FvB/N (FvB/N-Luc) mice were provided by Robert 

S. Negrin (Stanford University, CA), and uPA/SCID-bg mice were kindly 

provided by Maura Dandri (Hamburg University, Germany). Animal 

experimentations received the approval of the local ethical committee 

(Comité Régional d’Ethique en Matière d’Expérimentation Animale de 

Strasbourg, approval n°AL/34/41/02/13).

In vitro cytotoxicity assay.  Target cells (HeLa, Huh7, PLC-PRF5, and 

SK-Hep1) and graded amounts of e�ector cells were cocultured for 1–6 
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days in the presence of IL-2 and, when indicated, of anti-HLA class I 

monoclonal antibody (5 µg/ml; clone W6/32; Tebu, Le-Perray-en-Yvelines, 

France). Subsequently, remaining viable, adherent target cells were stained 

with crystal violet. Data are expressed as lytic units 50% of the experimen-

tal group normalized to the lytic units 50% values of the control group 

(Supplementary Figure S1b).

In vivo cytotoxicity assay.  In vivo cytotoxicity assays were performed as 

previously described.37 Luciferase-expressing target cells (HeLa-Luc and 

Huh7-Luc) were subcutaneously injected into C57BL/6 Rag2−/−γ
c
−/− immu-

node�cient recipient mice in the absence or presence of graded amounts 

of aSGMKCs, with daily i.p. IL-2 injection. Relative tumor growth was 

obtained by calculating the ratio of in vivo BLI on the indicated day to 

BLI on D0.

Orthotopic xenogeneic tumor model. SCID-bg mice with hepatic local-

ization of intrasplenically injected Huh7-Luc cells were i.v. injected with 

aSGMKCs or vehicle and were daily i.p. injected with IL-2. Relative tumor 

growth was monitored by BLI. Homing of aSGMKCs was analyzed by in 

vivo �uorescence of DilC18(7) tricarbocyanine (DiR; Invitrogen, Cergy-

Pontoise, France)-labeled aSGMKCs. CD19/iCasp9+ aSGMKCs were 

injected with or without 2.5 mg/kg CID (AP20187 or BB Homodimerizer; 

Ozyme, Montigny le Bretonneux, France).

Murine immunocompetent tumor model. Murine splenocytes were 

expanded as previously described.16 To evaluate the prevention of aEES 

rejection, Balb/c mice were i.v. injected with aEESs from FvB/N-Luc mice, 

daily i.p. injected with IL-2 ± CsA and monitored for the presence of aEESs 

by BLI. To evaluate the antitumor activity of aEESs, Balb/c mice were 

subcutaneously injected with BNL1.MEA7.R1-Luc cells. One week later, 

they received one intratumoral injection per day for 4 days of aEESs from 

FvB/N mice. Mice were daily i.p. injected with IL-2 + CsA and monitored 

by BLI for relative tumor growth. �e GvHD was monitored clinically as 

described by Cooke et al.38 and was quanti�ed by body weight loss.

Statistical analysis. Data are expressed as mean ± SEM and were com-

pared with the Mann–Whitney or Fisher exact nonparametric tests, 

excepted for Table 1, where normal data distribution allowed to perform 

a Student’s paired t-test.

SUPPLEMENTARY MATERIAL
Figure S1. Outline of experimental protocols for aSGMKCs produc-
tion and determination of Lytic Units 50% (LU50).
Figure S2. Allogeneic SGMKCs, but not control cells, are sensitive to 
the suicide gene prodrug.
Figure S3. Hepatoma cells have a low allostimulating potential.
Figure S4. Allogeneic SGMKCs have a decreased proliferative re-
sponse to hepatoma cells, as compared to PBMCs.
Figure S5. Intravenous injection is more efficient than i.p. injection 
for favoring hepatic homing of aSGMKCs.
Figure S6. Efficacy of CD19/iCasp9+ aSGMKCs depletion by the pro-
drug CID.
Figure S7. Administration of aSGMKCs does not induce histopatho-
logical abnormalities in intestines, kidney, lung and spleen.
Figure S8. Experimental design for adoptive allogeneic immunother-
apy in immunocompetent recipients.
Figure S9. Allogeneic ex vivo-expanded splenocytes are less alloreac-
tive than fresh SC.
Table S1. Relative distribution of T, NK-like T, and NK cells before 
and after immunomagnetic sorting of T, NK-like T and NK cells from 
aSGMKCs.
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Supplementary Figures 

 

Figure S1. Inhibition of HCV replication and cytotoxicity assay in HCVcc and replicon 

culture models (a) SGMLs generated after CD3 or CD3/CD28 costimulation were assessed 

for antiviral activity against HCVcc-infected Huh7.5.1 target cells at an effector:target ratio of 

0.5:1 (white bars) and 2:1 (black bars). Data are expressed as the mean±SE %HCV replication 

compared to that in control target cells cultured alone (controls=100%). The control 

measurement was 4.76×10
5±0.98×10

5
 RLU n=6). (b) SGML cytotoxicity against HCVcc-

infected Huh7.5.1 target cells generated after CD3 or CD3/CD28 costimulation was assessed 

as in Fig. 1b. Data correspond to experiments shown in Fig. S1a, and they are expressed as the 

mean±SE % optical density compared to that of control HCVcc-infected target cells cultured 

alone (controls=100%). The control measurement was 3.28±0.08 (n=3). (c) Cytotoxic activity 

of effector cells against electroporated Huh7.5.1 target cells. Effector cells were SGMLs 

(white diamonds, dashed line: n=4); Co cells + IL-2 (black triangles, full line:, n=4); and 

SGMLs + IL-2 (black diamonds, full line:, n=5). Data correspond to experiments shown in 

Fig. 1c, and they are expressed as the mean±SE % optical density compared to that of control 

target cells cultured alone without IL-2 (controls=100%). The control measurement was 

1.00±0.31 (n=5). (d) Effector cells were evaluated for their cytotoxic activity against HCVcc-

infected Huh7.5.1 target cells. Data correspond to experiments shown in Fig. 1d, and they are 

expressed as the mean±SE % optical density compared to that of target cells cultured alone 

without IL-2 (controls=100%). The control measurement was 2.09±0.47 (n=3). 

 

Figure S2. Comparison of the frequency of HCV-positive target cells in the replicon vs 

HCVcc model. Huh7.5.1. cells electroporated with JFH1∆E1E2-luc RNA (white bars) or 

infected with HCVcc Jc1-luc (black bars) were stained at the indicated time points with an 
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anti-HCV core monoclonal antibody (mAb) (clone C7-50; Thermo Scientific) and a 

secondary phycoerythrin-labelled goat anti-mouse antibody (Beckman Coulter, Villepintes, 

France), then analysed for the frequency of core protein-positive cells using a LSR II flow 

cytometer (Becton Dickinson, Le Pont de Claix, France).  

 

Figure S3. Mechanism of action and cell subsets involved in the antiviral activity of 

SGMLs. (a) SGMLs were assessed for antiviral activity in the HCV replicon model at an 

effector:target ratio of 0.5:1, cultured in the absence or presence of 5 µg/mL anti-IFN-�, anti-

IFN-�, anti-IFN-γ, or isotype control (isot) mAbs, or a combination of all three anti-IFN 

mAbs. Data are expressed as the mean±SE %HCV replication compared to that in control 

target cells cultured with no SGMLs (controls=100%). The control measurement was 

6.11×10
6±4.81×10

6
 RLU (n=3). (b) SGMLs were assessed for antiviral activity in the HCVcc 

infection model at an effector:target ratio of 0.5:1, cultured in the absence or presence of 5 

µg/mL anti-IFN-�, anti-IFN-�, anti-IFN-�, isotype control (isot) mAbs, or a combination of 

all three anti-IFN mAbs. Data are expressed as the mean±SE %HCV replication compared to 

that in control target cells cultured with no SGMLs (controls=100%). The control 

measurement was 3.22×10
5±0.87×10

5
 RLU (n=3). (c) CD56-depleted (CD56- SGMLs) and 

CD56-enriched (CD56+ SGMLs) fractions from SGMLs were compared to unsorted SGMLs 

for antiviral activity in the HCVcc infection model at an effector:target ratio of 0.5:1 (white 

bars, n=6) or 2:1 (black bars, n=3). Data are expressed as the mean±SE %HCV replication 

compared to that in control target cells (controls=100%). The control measurement was 

3.99×10
5±0.40×10

5
 RLU (n=6). (d) Effector cells were evaluated for cytotoxic activity 

against electroporated Huh7.5.1 target cells. Data correspond to experiments shown in Fig. 2c, 

and they are expressed as the mean±SE % optical density compared to that of control target 

cells cultured alone (controls=100%). The control measurement was 0.56±0.10 (n=4). (e) 
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Effector cells were evaluated for cytotoxic activity against HCVcc-infected Huh7.5.1 target 

cells. Data correspond to experiments shown in Fig. S2c, and they are expressed as the 

mean±SE % optical density compared to that of control target cells cultured alone 

(controls=100%). The control measurement was 3.19±0.16 (n=6).  

 

Figure S4. Target cell viability in the presence of calcineurin inhibitors. Target cells were 

cultured in the absence (white circles, dashed lines) or presence (black circles, full lines) of 

SGMLs at an effector:target ratio of 0.5:1 in the HCV replicon model (a, b) or at an 

effector:target ratio of 2:1 in the HCVcc infection model (c, d). Cocultures were exposed to 

varying amounts of CsA (a, c) or FK506 (b, d). Data correspond to experiments shown in Fig. 

3, and they are expressed as the mean±SE % optical density compared to that of control target 

cells cultured without SGMLs or calcineurin inhibitor (controls=100%). The control 

measurements were: (a) 1.29±0.74 (n=4); (b) 1.23±0.76 RLU (n=4); (c) 2.54±0.42 (n=4); (d) 

2.90±0.30 (n=4). 

 

Figure S5. SGML antiviral activity is resistant to calcineurin inhibitors, even in the 

absence of IL-2. 

Huh7.5.1 target cells incubated in the absence (white circles, dashed lines) or presence (black 

circles, full lines) of SGMLs at an effector:target ratio of 0.5:1 in the HCV replicon model (a, 

b) or at an effector:target ratio of 2:1 in the HCVcc infection model (c, d). All cultures were 

performed in the absence of IL-2 and were exposed to increasing amounts of CsA (a, c) or 

FK506 (b, d). HCV replication was evaluated three days later. Data are expressed as the 

%HCV replication compared to that in control target cells cultured without SGMLs nor 

calcineurin inhibitor (control=100%). Control RLUs were: (a) 1.87×10
5±0.60×10

5
, n=3 (b) 

1.67×10
5±0.37×10

5
, n=3 (c) 3.98×10

5±0.49×10
5
, n=3 (d) 8,07×10

5±2.89×10
5
, n=3). 
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Figure S6. Determination of Lytic Units 50% (LU50). The viability of target cells was 

expressed as the % optical density compared to that of target cells cultured alone 

(control=100%). Target cells were cocultured with CD34/HSV-tk+ SGMLs in the absence 

(black diamonds, full line) or presence (white squares, dashed line) of GCV. Target cell 

viability was plotted against the E:T ratio. The LU50 was calculated as the inverse of the 

number of cells per 10
6
 effector cells required to kill 50% of target cells. In this representative 

experiment, the cytotoxic activity was calculated to be 250.5 LU50 in the absence of GCV, 

which served as the control group, and 147.0 LU50 in the presence of GCV, which was the 

experimental group. Therefore, the LU50 of the experimental group represents (147.0/250.5) 

×100 = 58.7% of the LU50 of the control group. 



Fig. S1

0:1 0.12:1 0.25:1 0.5:1 1:1 2:1

Effector:Target cell ratio

V
ia

b
il

it
y

(%
 c

o
n

tr
o

l)

0

0.1

1

10

100

1000

0:1 0.12:1 0.25:1 0.5:1 1:1 2:1

Effector:Target cell ratio

V
ia

b
il

it
y

(%
 c

o
n

tr
o

l)

0

0.1

1

10

100

1000

No SGMLs SGMLs
CD3

SGMLs
CD3/CD28

0

1

10

100

H
C

V
 r

e
p

li
c
a

ti
o

n
(%

 c
o

n
tr

o
l)

a b

c d

0

0.1

1

10

100

1000

No SGMLs SGMLs
CD3

SGMLs
CD3/CD28

V
ia

b
il

it
y

(%
 c

o
n

tr
o

l)

Co+IL-2

SGMLs

SGMLs+IL-2

IFN-γγγγ

Co+IL-2

SGMls

SGMLs+IL-2



Fig. S2

0

10

20

30

40

50

D1 D2 D3

%
 H

C
V

 c
o

re
-p

o
s

it
iv

e
 c

e
ll

s

Time of infection (Day)

Replicon model

HCVcc model
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Tao Wu 

Evaluation préclinique de thérapies 
innovantes pour le carcinome hépatocellulaire 

et l'infection chronique par le virus de 
l'hépatite C 

 

RESUME. 

L’infection par le virus de l’hépatite C (VHC) représente un problème majeur de santé publique 
du fait de sa prévalence élevée et de la sévérité de ses complications, cirrhose et carcinome 
hépatocellulaire (CHC). Les objectifs du projet de thèse sont (i) de mettre en place et 
caractériser des modèles orthotopiques de CHC chez le petit animal (xénogreffe orthotopique de 
la lignée de CHC humaine Huh-7 exprimant le gène rapporteur de la luciférase chez la souris 
immunodéficiente) et chez le gros animal (transplantation autologue d’hépatocytes de cochon 
préalablement transformés ex vivo par transfert par voie lentivirale d’une combinaison de six 
oncogènes) et (ii) d’apporter la preuve de concept d’une approche innovante d’immunothérapie 
adoptive allogénique du CHC et de l’infection chronique par le VHC, par administration de 

lymphocytes génétiquement modifiés (LGM) allogéniques exprimant un gène de toxicité 
conditionnelle, ou gène suicide. Un tel gène suicide permet le contrôle des LGM, conduisant à 
leur élimination conditionnelle en cas d’effets secondaires indésirables. Ainsi, nous avons 
montré que, à dose élevée, ces LGM exercent in vitro une activité cytotoxique vis-à-vis de 
lignées de CHC humaines et in vivo une activité anti-tumorale vis-à-vis de tumeurs orthotopiques 
Huh-7. A faible dose, les LGM présentent une activité anti-virale vis-à-vis du VHC sans induire 
de toxicité. Ces résultats ouvrent la perspective à une approche originale d’immunothérapie du 
CHC, associée aux traitements actuels et de prévention de la réinfection du greffon hépatique 
par le VHC lors de la transplantation. 

Mots clés : Immunothérapie adoptive, Lymphocytes génétiquement modifiés exprimant un gène 

suicide, Modèles animaux, Carcinome hépatocellulaire, Hépatite C, Oncogènes.  

 

ABSTRACT. 

The hepatitis C virus (HCV) infection is a major problem of public health, due to its high 

prevalence and to the severity of its complications, cirrhosis and hepatocellular carcinoma 
(HCC). The aims of the thesis project are (i) to set up and characterize orthotopic HCC models in 
the small animal (orthotopic transplantation in immunodeficient mice of the human HCC cell line 
Huh-7, expressing the luciferase reporter gene) and in the large animal (autologous 
transplantation of porcine hepatocytes previously ex vivo-transformed by lentiviral-meidated 
transfer of a combination of six oncogenes) and (ii) to provide the proof-of-concept of an 

innovative adoptive allogeneic immunotherapy approach for the treatment of HCC and 
prevention of liver graft reinfection by HCV, through the administration of allogeneic suicide 
gene-modified lymphocytes (GML). Such a suicide gene allows for the control of GML, leading to 
their conditional elimination in case of undesirable side effects. Thus, we have demonstrated 
that, at high dose, these GML present an in vitro cytotoxic activity toward HCC cell lines and an 
in vivo antitumoral effect against orthotopic Huh-7 tumors. At low level, the GML have an antiviral 
activity against HCV, without toxicity against target cells. These results open the perspective for 
an original approach of immunotherapy for the treatment of HCC in association with current 
treatments and for the prevention of liver graft reinfection by HCV at time of liver transplantation. 

Key words: Adoptive immunotherapy, Allogeneic suicide gene-modified killer cell, Animal 

models, Hepatocellular carcinoma, Hepatitis C virus, Oncogenes. 

 


