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The Enhanced Tumor Specificity of TG6002,
an Armed Oncolytic Vaccinia Virus Deleted
in Two Genes Involved in Nucleotide Metabolism
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Oncolytic vaccinia viruses are currently in clinical development.
However, the safety and the tumor selectivity of these oncolytic
viruses must be improved. We previously constructed a first-
generation oncolytic vaccinia virus by expressing the suicide
gene FCU1 inserted in the J2R locus that encodes thymidine
kinase. We demonstrated that the combination of this thymi-
dine-kinase-deleted vaccinia virus and the FCU1/5-fluocytosine
system is a potent vector for cancer therapy. Here, we developed
a second generation of vaccinia virus, named TG6002, express-
ing FCU1 and with targeted deletions of the J2R gene and the
I4L gene, which encodes the large subunit of the ribonucleotide
reductase. Compared to the previously used single thymidine-
kinase-deleted vaccinia virus, TG6002 is highly attenuated in
normal cells, yet it displays tumor-selective replication and
tumor cell killing. TG6002 replication is highly dependent on
cellular ribonucleotide reductase levels and is less pathogenic
than the single-deleted vaccinia virus. Tumor-selective viral
replication, prolonged therapeutic levels of 5-fluorouracil in
tumors, and significant antitumor effects were observed in
multiple human xenograft tumor models after systemic injec-
tion of TG6002 and 5-fluorocytosine. TG6002 displays a
convincing safety profile and is a promising candidate for treat-
ment of cancer in humans.
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INTRODUCTION
The use of replication-competent viruses is an attractive strategy for
tumor therapy after appropriate engineering so that they can prefer-
entially and selectively propagate in cancer cells, thereby destroying
tumor tissue, mainly via cell lysis, while leaving non-cancerous tissues
unharmed.1 The efficient replication, cell lysis, and spread, as well as
the broad host range of vaccinia virus (VACV), make it a very attrac-
tive vector for developing oncolytic viruses.2 Several strains of VACV
are currently evaluated in preclinical and clinical trials, including the
Wyeth, Western Reserve (WR), Copenhagen, and Lister strains.3–6

Pexa-Vec (JX-594), the most advanced VACV oncolytic product,
has now entered a randomized controlled phase 3 trial and was
derived from a Wyeth strain engineered to express granulocyte/
macrophage-colony-stimulating factor (GM-CSF).7 Like Pexa-Vec,
most of the oncolytic VACVs reported to date harbor mutations
that inactivate J2R, the gene encoding for viral thymidine kinase
Molecular Th
This is an open access article under the CC BY-N
(TK).8 To ensure their own viral DNA synthesis, TK-deleted
VACV strains (DJ2R VACV) depend on the cellular pool of thymi-
dine triphosphate and thus on the expression of cellular TK, which
is known to be overexpressed in tumor cells.9 The TK deletion main-
tains tumor targeting while displaying a reduced ability to replicate in
other tissues,10 as demonstrated in numerous tumor models.2 In a
previous study, we constructed a DJ2R VACV Copenhagen strain
expressing the FCU1 gene by inserting the corresponding gene into
the J2R locus, under the control of the p11K7.5 viral promoter.5

FCU1 encodes a bifunctional fusion protein combining cytosine
deaminase (CDase) and uracil phosphoribosyltransferase activity
(UPRTase). The CDase::UPRTase chimeric enzyme converts the
non-toxic prodrug 5-fluorocytosine (5-FC) into the clinically
approved chemotherapeutic compound 5-fluorouracil (5-FU), and
further into 5-fluorouracil-monophosphate (5-FUMP), which ulti-
mately inhibits DNA and protein syntheses.11 Because 5-FU is able
to diffuse passively through cell membranes, it not only affects in-
fected cells, but also neighboring cells, causing a bystander effect.11

The therapeutic effect of the DJ2R/FCU1 VACV combines both the
VACV oncolytic activity and the cytotoxic effect of 5-FU. Expression
of the FCU1 gene together with systemic administration of 5-FC,
enhanced the therapeutic activity of VACV in subcutaneous and
multi-focal liver metastasis models of human colorectal cancer.5

Nevertheless, increased safety and tumor selectivity could be achieved
by additional modifications of the VACV genome. In fact, we have
addressed this hypothesis by deletion of a second gene involved
in the metabolism of DNA precursors—namely, a gene encoding a
subunit of the viral ribonucleotide reductase (RR).

RR is an enzyme that catalyzes the conversion of ribonucleotide
diphosphate (rNDPs) to deoxynucleotide diphosphate (dNDPs),
which is further phosphorylated into deoxynucleotide triphosphate
(dNTPs). dNTP is a direct substrate of DNA polymerases and there-
fore plays a central role in de novo DNA synthesis during cell
erapy: Oncolytics Vol. 14 September 2019 ª 2019 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Oncolytic Activity and In Vitro Replication of Copenhagen-Based VACVs

(A) Oncolytic effect of DJ2R/FCU1 VACV and TG6002 on a panel of human tumor cells. Cells were infected at MOI 10�4, 10�3, or 10�2 with the indicated vectors, and cell

viability was measured 5 days later by trypan blue exclusion. The results are presented as a mean of triplicate experiments ± SD. (B) Virus production of the different VACVs in

primary normal cells and tumor cells. Normal human hepatocytes and tumor human Hep G2 hepatocarcinoma cells were infected by VACVwt, DJ2R/FCU1 VACV, and

TG6002 at MOI 10�4 (102 PFU/well) or 10�2 (104 PFU/well). Viruses produced after 48 h were titered by plaque assay. The results are presented as a mean of triplicate

(legend continued on next page)

Molecular Therapy: Oncolytics

2 Molecular Therapy: Oncolytics Vol. 14 September 2019



www.moleculartherapy.org
replication, DNA repair, and cell growth.12 The RR enzyme primarily
exists as a heterodimeric tetramer of a large catalytic subunit RRM1
with a small and regulatory subunit RRM2. Because of its critical
role in DNA synthesis, RR is directly involved in neoplastic tumor
growth, metastasis, and drug resistance. The proliferation of cancer
cells requires excess dNTPs for DNA synthesis. Therefore, elevated
RR expression is a characteristic of many primary and metastatic
cancer cells.12 VACV encodes homologs of both the large and small
subunits of RR, products of the I4L and F4L genes, respectively.13,14

Biochemical studies showed that VACV and cellular RR enzymes
share many features, including a similar tetrameric structure, allo-
steric modulation of activity by nucleotides, and comparable specific
activities on most rNDP substrates.15–17 We hypothesized that com-
bined deletion of the TK gene (J2R) and the large subunit of the RR
gene (I4L) may enhance the tumor selectivity of the VACV Copenha-
gen strain. Although preliminary studies using such VACV deletion
mutants have been reported by our team,18–22 the oncolytic potential
was examined in a very limited number of cancer cell models and
focused on the immune mechanisms of VACV oncolysis. Here, we
report, compared to the singly deleted DJ2R/FCU1VACV, a more
detailed investigation of the properties of the doubly deleted
DI4LDJ2R/FCU1 VACV (named TG6002) in an extensive range of
human tumor cell lines, as well as healthy human cells. The replica-
tion and cytotoxicity of these viruses has been determined, and the
biodistribution and antitumor effects have been studied in nude
mice bearing subcutaneous human cancer xenografts. Viral pathoge-
nicity and toxicity have been analyzed in vivo, in both nude and
immunocompetent mice.We show that oncolytic and FCU1 activities
are preserved in the doubly deleted TG6002 virus in vitro. This doubly
deleted virus has similar antitumor activity against a human colo-
rectal tumor model and displays enhanced tumor specificity. Further-
more, doubly deleted VACV is more highly attenuated in mouse
challenge experiments and shows decreased side effects. Finally, we
confirmed that TG6002 replication correlates with cellular RR levels.
The data presented in this study demonstrate the advantage of
deleting two viral genes involved in nucleotide metabolism for devel-
oping an oncolytic VACV that would be both very effective in tumor
cells, and safe for normal cells.

RESULTS
Deletion of Both J2R and I4L Genes Improves Safety and

Efficacy of the VACV

The oncolytic activities of the single (DJ2R)- and double (DJ2R/DI4L,
or TG6002)-deleted VACV variants were compared in 10 human
tumor cell lines from various origins: cervix (HeLa), colon (LoVo,
HCT 116), lung (A549), brain (U-87 MG), liver (Hep G2), bladder
(SW780), esophagus (OE19), head and neck (CAL33), and stomach
(Hs 746T) (Figure 1A). Both VACV variants displayed comparable
experiments ± SD. The asterisks indicate a significant difference between groups (p <

infection. Values are represented as the mean of three individual determinations. (D) Am

3D Phenion full-thickness human skin models were infected by VACVwt, DJ2R/FCU

supernatant were collected and sonicated, and viral titers were determined by plaque

ratio). Values are represented as means ± SD. The asterisks indicate a significant differ
strong oncolytic activity, with less than 15% residual living cells at
MOI 10�3 for 8 of the 10 cell lines tested and for all cells at MOI
10�2. We observed no major difference between DJ2R and TG6002
within each cell model. Thus, the additional deletion of the gene
coding for the large subunit of RR (DI4L) has no impact on the infec-
tivity and oncolytic activity of VACV in vitro. The second important
question to be addressed in vitro was the confirmation of selective
replication in tumor versus normal cells. We thus compared the repli-
cation of VACV variants in the hepatocarcinoma human cell line Hep
G2 and in primary human hepatocytes at MOIs 10�2 and 10�4,
respectively (Figure 1B). A similar pattern of replication was observed
in tumor cells infected with wild-type VACV (VACVwt), DJ2R
VACV, or TG6002 at both MOIs, showing that all variants were as
active as the VACVwt in tumor cells. Compared with VACVwt, the
production of DJ2R VACV was reduced 10-fold in human primary
hepatocytes, in agreement with previous reports showing that TK
gene deletion reduced replication in normal cells.23,24 The diminution
of replication in primary hepatocytes was improved with TG6002
with an approximately 4-log-fold decrease in virus production for
the double-deleted TG6002 virus compared to the VACVwt and
3-log-fold decrease compared to DJ2R VACV (Figure 1B). The repli-
cation yield of the double-deleted TG6002 was about 3 in the hepato-
cytes, indicating no substantial replication of the double-deleted
VACV in primary cells 48 h after infection. Consequently, the
specificity index calculated from the ratio between the yield of viral
progeny produced in tumor cells to that in primary cells was largely
improved for TG6002, since a 10,000-fold ratio was observed for
replication in Hep G2 versus normal cells (Figure 1C). This impres-
sive increase in the specificity index represents major progress
toward a safer oncolytic product. The pathogenesis of several different
viruses, including papillomaviruses, adenoviruses, parvoviruses,
poxviruses, and herpesviruses was previously tested with skin substi-
tutes.25 For VACV, it has already been demonstrated that 3D multi-
layered skin cultures can be used as a predictive model for pock
lesions.26 We compared the replication yields of wild-type, DJ2R
VACVs, and TG6002 in a Phenion full-thickness 3D skin model.
Note that in this model, compared with hepatocytes, replication of
VACVwt was poorer. However, TG6002 appeared much less replica-
tive than other VACVs, with 86-fold amplification for TG6002,
compared with 1,050- and 320-fold amplification for wild-type and
DJ2R-deleted viruses, respectively (Figure 1D). These results
confirmed the benefit of deleting both the I4L and J2R genes to in-
crease safety in non-cancerous tissues without affecting replication
in tumor cells.

Cellular RR Is Important for Replication of I4L-Deleted VACV

To evaluate the implication of cellular TK and RR in the replication
of VACV, wemeasured the production of VACVs in LoVo cells after
0.05). (C) Ratio of virus yield in Hep G2 cells versus human hepatocytes 48 h after

plification factor of the different VACVs in Phenion full-thickness human skin model.

1 VACV, and TG6002 at 1 � 105 PFU. Seven days after infection, 3D skin and

assay. Results are expressed as viral fold increased (corresponding to output/input

ence between groups (p < 0.05).
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Figure 2. Effects of siRNA-Mediated Knockdown of

Cellular RRM1 and TK1 on Replication of VACVs

(A) Western blot detection of RRM1 (left) and TK1 (right)

protein expression in LoVo cells 24, 48, and 72 h after

transfection with specific siRNA and non-targeting control

siRNA (siRNAc). Molecular weight standards are shown

(M). The western blots are representative of three different

experiments. (B) Virus production in RRM1 and TK1-

knockdown LoVo cells following infection with the indi-

cated VACVs at MOI 10�3 for 48 h before performing

plaque assays. The data represent the average of three

independent experiments and are shown as the

mean ± SD. *p < 0.05 compared to cells transfected with

the non-targeting siRNAc.

Molecular Therapy: Oncolytics
silencing of corresponding cellular genes TK1 and RRM1 by their
specific small interfering RNAs (siRNAs). Western blot analysis
showed that expression of TK1 and RRM1 proteins was significantly
decreased following transfection with the specific siRNAs (Fig-
ure 2A), and this decline in protein expression persisted for over
3 days after transfection. After gene silencing, cells were infected
with VACVwt, DJ2R/FCU1 VACV, DI4L/VACV, or TG6002 at
MOI 10�3, then incubated for 48 h. Production of infectious
VACV particles was evaluated by a viral plaque assay. As shown
in Figure 2B, silencing TK1 had no effect on virus production, what-
ever the virus evaluated. These results confirm the data of others
showing that a decrease in the TK level in tumor cells has little or
no impact on the replication of VACVwt and JX-594.27 In contrast,
treatment of LoVo cells with siRNA against RRM1 largely decreased
virus yield, and this effect was particularly pronounced for the
I4L-deleted virus, in association or not with the J2R deletion. In cells
transfected with RRM1 siRNA and compared to cells transfected
with non-targeting control siRNA, there was an �3-fold reduction
in virus yield for the non-deleted I4L wild-type and single
J2R-deleted viruses. In the same RRM1 silenced LoVo cells, there
was a �27-fold decrease in the yield for the I4L-deleted TG6002
and DI4L VACV viruses (Figure 2B). These data demonstrate that
the cellular RR gene plays a critical role in the replication of
VACV and particularly argue for the dependence of TG6002 repli-
cation on cellular RR levels.

I4L Deletion Does Not Alter the FCU1 Expression

The expression of the transgene was examined by measuring the two
enzymatic components of FCU1, i.e., the CDase and the UPRTase.
These two activities were determined by observing the enzymatic
conversion of 5-FC to 5-FU and 5-FU to 5-FUMP, respectively,
4 Molecular Therapy: Oncolytics Vol. 14 September 2019
16 h after viral infection of human LoVo tumor
cells. The cell lysates from mock-infected or
DJ2R/GFP VACV-infected cells showed no
detectable CDase and UPRTase activities,
whereas cells infected with either DJ2R/FCU1
VACV or TG6002 displayed comparable high
levels of CDase and UPRTase activities (Fig-
ure 3A). We previously showed that LoVo cells
are rather poorly sensitive to the sole oncolytic activity of TG6002
(Figure 1A). To measure the contribution of prodrug conversion
on tumor cytotoxicity, LoVo cells were infected at a low MOI
(10�3) by DJ2R/GFP VACV, DJ2R/FCU1 VACV, and TG6002,
then treated with 5-FC. As shown in Figure 3B, only 20% tumor cells
were killed after 48 h at this very low MOI, with no difference be-
tween DJ2R/GFP, DJ2R/FCU1 VACVs, or TG6002 in the absence
of 5-FC. As expected, the addition of 5-FC did not increase cytotox-
icity in LoVo cells infected with control DJ2R/GFP VACV. In
contrast, 5-FC largely killed LoVo cells infected by DJ2R/FCU1
VACV and TG6002 in a prodrug, dose-dependent manner. Consis-
tent with the similar levels of FCU1 expression, both DJ2R/FCU1
VACV and TG6002-infected cells displayed a similar level of sensi-
tivity to 5-FC, with a half-maximum inhibitory concentration (IC50)
of around 3 mM. These data confirm that FCU1/5-FC cytotoxic ac-
tivity was expressed by the double-deleted virus to the same extent
as by the single-deleted parental virus.

TG6002 Replicates Selectively in Xenografted Human Cancers

The impact of I4L deletion on the functional properties of VACV
in vivo was approached in various tumor-bearing preclinical
models. As a first challenging model, DJ2R/FCU1 VACV and
TG6002 were injected intravenously at 1 � 106 PFU in nude mice
bearing subcutaneous LoVo human tumors, and virus distribution
was examined 14 days after injection. Similarly, high levels of both
viruses were detected in tumors (Figure 4A). Both viruses generated
approximately 108 PFU of infectious virus within the entire tumor
after intravenous injection of 1 � 106 PFU. These results clearly
demonstrated replication of the two viruses in the tumors. The in-
jection of the single-deleted DJ2R/FCU1 VACV resulted in a broad
distribution of the virus in healthy tissues, including lung, spleen,
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Figure 3. In Vitro Evaluation of FCU1 Expression

(A) Specific CDase and UPRTase activities. LoVo cells

were infected at MOI 10�2 with the indicated vectors.

After 16 h, enzymatic activities were measured as

described in Materials and Methods. CDase and

UPRTase activities are expressed as the number of

nanomoles 5-FC deaminated per minute per milligram of

protein and the number of nanomoles 5-FU phosphory-

lated per minute per milligram of protein, respectively.

Each value represents the average of three independent

experiments ± SD. (B) Combination of oncolytic and

prodrug activation cytotoxicity. LoVo cells were infected

at MOI 10�3 with the indicated vectors. After 48 h, 5-FC

was added in a range of concentrations, and cell survival

was determined 3 days later, as described in the Materials

and Methods section. Results were standardized against

values for wells lacking virus and drug, which represented

100% viability. Values are represented as means ± SD of

three individual determinations.
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kidney, lymph node, ovaries, skin, bone marrow, brain, and muscle
(Figure 4A), consistent with a previous study.5 The inactivation of
the I4L gene led to significant reduction in the viral titers in healthy
tissues. For TG6002-injected mice, viral particles were only recov-
ered, and at low levels, from ovaries (Figure 4A). The reduced bio-
distribution of the double-deleted virus in various organs agreed
with reduced replication in primary hepatocytes and in a recon-
structed human skin model. These results confirm that combined
deletion of two nonessential genes entails a decrease in replication
in normal tissue but not in tumor cells. We then determined the
kinetics of TG6002 distribution in organs and tumors, and the effect
of 5-FC administration on virus biodistribution in view of the
possibility that FCU1 expression in combination with 5-FC could
interfere with viral replication and thereby reduce the overall anti-
tumor efficacy.5 Female and male nude mice bearing established
subcutaneous Hep G2 tumors were injected intravenously with
1 � 106 or 1 � 107 PFU of TG6002 and, starting at day 7 following
viral infection, 5-FC was given or not for 3 weeks. The level of virus
recovery from different organs and tumors was determined at day 7
Molecular T
(before the beginning of 5-FC treatment) and at
days 14, 29, and 57 after infection (Table S1).
The pattern of infectivity was the same for the
mice treated at 1 � 106 or 1 � 107 plaque form-
ing units (PFU) with a high titer of virus
detected in the tumor at days 7 and 14 after
infection. The lower viral titers in tumors at
days 29 and 57 may be the result of tumor
shrinkage. In a few animals treated at 1 � 106

or 1 � 107 PFU, low levels of virus were also
found in some organs; however, most organs
were negative for the virus. In groups of mice
treated with 5-FC, an equivalent pattern was
seen, with similar amounts of virus generated
in the tumors (Table S1). These results indicate
that initiation of 5-FC treatment, 7 days after infection, was not
deleterious for replication of TG6002 in the tumor.

TheDouble-Deleted VACV Is Less Toxic Than the Single-Deleted

VACV

Immunodeficient mice were injected with DJ2R/FCU1 VACV or
TG6002 at 1 � 108 PFU intravenously and then observed for survival
(Figure 4B). The injection of 1 � 108 PFU of the single-deleted
VACV resulted in the rapid death of 85% of the animals within
3 days (Figure 4B) and the remainingmice died at day 50 after infection.
The administration of TG6002was less pathogenic;most of the animals
died between days 60 and 120 (p < 0.01), and 25% of the mice injected
with the double-deleted virus survived and remained healthy until at
least day 135, the day of sacrifice. For both viruses, the death of the
animals was usually preceded by weight loss (data not shown). The
pathogenicity of the viruses was also tested in immunocompetent
mice (Figure 4C). Both viruses were injected intravenously into B6D2
mice at 1 � 108 PFU. All 12 mice injected with TG6002 remained
healthy, without weight loss, until at least day 160, the day of sacrifice.
herapy: Oncolytics Vol. 14 September 2019 5
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(A) Comparison of biodistribution of DJ2R/FCU1 VACV

and TG6002 in tumor and normal tissues. Female nude

mice bearing established subcutaneous LoVo tumors

were infected intravenously with 1 � 106 PFU of DJ2R/

FCU1 VACV or TG6002. On day 14 after virus adminis-

tration, tumors and normal tissues were harvested and

homogenized, and viral titers were determined by a

standard plaque assay. Results are expressed in PFU per

milligram tissue. Values are presented as means ± SD of

three animals. (B) Survival of nude mice treated with 1 �
108 PFU of DJ2R/FCU1 VACV or TG6002 by one intra-

venous injection (n = 12/group). TG6002-infected mice

had significantly prolonged survival (p < 0.01) compared

with DJ2R/FCU1 VACV. (C) Survival of immunocompe-
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or TG6002 in one intravenous injection (n = 12/group).

TG6002-infected mice had significantly prolonged sur-

vival (p < 0.001) compared with DJ2R/FCU1 VACV.
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at days 9 and 34 after injection. Values represent the

means ± SD of 12 animals.
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Of the mice injected with DJ2R/FCU1 VACV, all mice died within
3 days. These results obtained for both nude and immunocompetent
mice showed that TG6002 is much less pathogenic. The findings are
in agreement with the observed reduction in the level of infection of
various organs (Figure 4A). Another measure of the pathogenicity
induced by VACVs is the number of tail lesions. Indeed, formation of
pock lesions (red papules) on the tail is a typical symptom of systemic
infection byVACVs.28Usually these lesions appear 4–5days after infec-
tion, with a maximum around 8–10 days after infection, then the num-
ber decreases over time. We observed an average of 9.6 pocks with
DJ2R/FCU1 VACV compared with an average of 2.8 with TG6002 at
an early timepoint (day 9) after infectionwith 1� 107 PFU (Figure 4D).
At a later time point after injection (day 34), tail lesions were reduced
with DJ2R/FCU1 VACV (average of 6.8), whereas with TG6002, the
number of lesions remained low (an average of 1.5). The number of
pocks was smaller after injection of 1 � 106 PFU of DJ2R/FCU1
6 Molecular Therapy: Oncolytics Vol. 14 September 2019
VACV, as compared to 1� 107 PFU (an average
of 8 at day 9 and 4.1 at day 34). However, at
1� 106 PFU, we still observed a large difference
in the number of pocks in mice infected with
TG6002 (an average of 0.5 at day 9 and 0.7 at
day 34). Whatever the dose of virus and the
time point, the difference in pock number be-
tween the single- and double-deleted viruses
was statistically significant (p < 0.01), in agree-
ment with a decrease in pathogenicity and
replication in healthy tissue after injection of
TG6002. A low number of pock lesions on the
tail were also seen after systemic injection of TG6002 in mice bearing
subcutaneous LoVo tumors (Table S2). Moreover, we observed fewer
pocks on tails in the group treated with 5-FC when compared to the
group that was not treated with 5-FC, and this difference was statisti-
cally significant (p < 0.01), whatever the time after injection (Table S2).

TG6002 Antitumor Activity in Various Preclinical Models

The ability of TG6002 to function as an oncolytic virus was examined
in different models of human cancers. We first compared the onco-
lytic activity of the single- and double-deleted viruses in the colorectal
LoVo model. As described in Figure 1A, the LoVo cell line is one of
the most resistant cells to VACV oncolysis in vitro, with more than
70% surviving cells at MOI 10�3. Mice bearing LoVo tumors were
injected intravenously with both viruses at 1 � 107 PFU. 5-FC or a
mock treatment was given per os for 3 weeks starting on day 7 after
viral delivery. As shown in Figure 5A, a single intravenous injection
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Figure 5. In Vivo Antitumor Activity of VACVs

(A) Mean tumor volume after systemic treatment with 1 � 107 PFU of DJ2R/FCU1 VACV or TG6002 plus 5-FC administration. Mice bearing LoVo subcutaneous xenografts

were treated with one intravenous administration of vehicle, DJ2R/FCU1 VACV or TG6002 (indicated by a vertical arrow). Seven days after virus injection, the animals were

then treated twice daily with per os administration of water or 5-FC (200 mg/kg per day) for 3 weeks (indicated by a horizontal arrow). The data represent the mean of

12 animals. (B) Antitumor activity of TG6002 in multiple human tumor models. OE19 esophagus cancer cells, SW780 bladder cancer cells, Hep G2 hepatocarcinoma cells,

Hs 746T stomach cancer cells, CAL33 head and neck cancer cells, and HCT 116 colorectal carcinoma cells were implanted subcutaneously in mice. At the day indicated by

the vertical arrow, the mice were treated with one intravenous administration of vehicle (open diamonds, vehicle + water; solid diamonds, vehicle + 5-FC) or with one

intravenous administration of TG6002 at the dose indicated in Materials and Methods (open red squares, TG6002 + water; solid red squares, TG6002 + 5-FC). Seven days

after virus injection, the animals were treated twice daily with per os administrations of water or 5-FC (200 mg/kg per day) for 3 weeks (indicated by a horizontal arrow). The

data represent the mean ± SD of 12 animals.
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Figure 6. Antitumor Activity of Multiple Cycles of TG6002/5-FC

Mean tumor volume after multiple cycles of TG6002/5-FC. Mice bearing LoVo

subcutaneous xenografts were treated with one or two cycles of TG6002/5-FC. In

the single cycle of treatment, at day 10 (indicated by vertical arrow), mice were

treated with one intravenous administration of vehicle (open diamonds, vehicle +

water; solid diamonds, vehicle + 5-FC) or with one intravenous administration of

TG6002 at 1 � 107 PFU (open red squares, TG6002 + water; closed red squares,

TG6002 + 5-FC). Seven days after viral injection, 5-FC (200 mg/kg per day) was

administered for 3 weeks (indicated by a horizontal arrow). In the multiple cycles of

TG6002/5-FC treatment, at days 10 and 31 (indicated by vertical arrows), mice were

treated with one intravenous administration of TG6002 at 1 � 107 PFU (open green

squares, TG6002 +water; closed green squares, TG6002 + 5-FC). Seven days after

each viral injection, 5-FC (200 mg/kg per day) was administered for 2 weeks

(indicated by horizontal arrows). The data represent the mean ± SD of 12 animals.
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of both viruses resulted in a weak inhibition of tumor growth
compared with the controls (no treatment or 5-FC alone). The
administration of 5-FC alone had no effect on tumor growth. In
contrast, the 5-FC treatment significantly improved the DJ2R/FCU1
VACV antitumoral activity when compared to virus alone (p <
0.05), indicating that the FCU1/5-FC approach compensated the
lack of potent oncolytic activity of the virus in this model (Figure 5A).
A similar potentiation was observed when 5-FC was co-administered
with TG6002 (p < 0.05; Figure 5A). Comparable activity was observed
regarding control of tumor growth induced by the two viruses alone
or in combination with 5-FC. Thus, the deletion of the I4L gene did
not impair the oncolytic activity of FCU1 expressing VACV. To
further characterize the antitumoral efficacy of TG6002, we tested
the oncolytic activity of this virus, with and without 5-FC administra-
tion in multiple human tumor xenograft models (Figure 5B). TG6002
was injected once intravenously at 1 � 107 PFU in models that are
more resistant to VACV oncolysis in vitro (OE19 and SW780, Fig-
ure 1A), whereas the most sensitive models (CAL33, Hs 746T,
HCT 116, and Hep G2, Figure 1A) were treated with one intravenous
injection of the virus at 1 � 106 PFU. In all models tested, 5-FC was
given per os for 3 weeks starting on day 7 after viral delivery. As shown
in Figure 5B, in CAL33, SW780, and HCT 116 models, a single intra-
venous injection of TG6002 alone (no 5-FC administered) induced
a strong inhibition of tumor growth compared with the controls
(p < 0.001), resulting in complete response with tumor-free mice at
8 Molecular Therapy: Oncolytics Vol. 14 September 2019
the end of the experiment. In these models, the potent antitumor
effect of the virus alone consequently hampered the evaluation of
any 5-FC additional benefit. In Hep G2 and OE19 models, a single
intravenous injection of TG6002 alone also resulted in strong inhibi-
tion of tumor growth compared with the controls (p < 0.001), and
coadministration of the virus with 5-FC showed enhanced antitumor
activity when compared to the virus alone. In the Hs 746T tumor
model, intravenous injection of TG6002 induced a weak antitumor
effect compared with the controls, and this effect was dramatically
increased by 5-FC coadministration (TG6002 + 5-FC versus
TG6002; p < 0.05). Control experiments were also performed to
determine the in vivo antitumor effect of 5-FU treatment. Adminis-
tration of the dose of 5-FU that was at the maximum tolerated
concentration (intraperitoneal injection of 10 mg 5-FU/kg/day for
2 weeks), induced no statistically significant inhibition of tumor
growth in all tumor models tested in this study (data not shown).

Finally, we evaluated in our well-documented LoVo model, the effi-
cacy of multiple cycles of TG6002/5-FC (Figure 6). As before, we first
performed a single intravenous injection of TG6002 (1 � 107 PFU),
and 5-FC (or control) was given per os for 3 weeks starting on day
7 after viral delivery. In the multiple cycles of TG6002/5-FC treat-
ment, at the end of the first 5-FC regimen, mice received an additional
dose of virus at 1� 107 PFU, and 5-FC was administered 7 days later
for 2 consecutive weeks. The group receiving a single injection of the
virus alone showed no inhibition of tumor growth, and the addition of
5-FC resulted in a benefit (Figure 6), similar to the previous experi-
ment (Figure 5A). Without 5-FC administration, the second injection
of TG6002 at day 31 after tumor implantation also had no immediate
antitumor effect but a reduction of tumor growth was observed
between days 45 and 52 after tumor implantation. The tumor growth
for the group treated with multiple cycles of 5-FC was markedly sup-
pressed in comparison with that of the control groups (p < 0.01). For
mice treated with 5-FC, from day 48 after tumor implantation on,
there was a significant difference in tumor size between the single-
cycle group and the two-cycle group (two cycles TG6002/5-FC versus
one cycle TG6002/5-FC; p < 0.05). Overall, in terms of antitumor ac-
tivity, multiple cycles of TG6002/5-FC therapy had an advantage over
a single cycle.

The Combination of TG6002 and 5-FC Produces a High Level of

5-FU in Tumor Tissues

A sensitive and specific high-performance liquid chromatography
(HPLC) assay was set up to measure the concentrations of 5-FC
and 5-FU in tumor tissue and plasma samples obtained 7–60 days
after a single intravenous injection of TG6002 and oral administra-
tion of 5-FC for several days into nude mice bearing well developed
subcutaneous Hep G2 tumors. The mean plasma concentration of
5-FC after oral administration ranged from 27.44 ± 1.37 (day 60) to
48.30 ± 1.69 (day 14) mg/mL (Figure 7A). Intratumoral concentra-
tions of 5-FC, resulting from passage of the prodrug from blood to
the tumor, ranged from 3.21 ± 0.14 (day 7) to 9.80 ± 5.32 (day 0,
non-infected mice) mg/g (Figure 7B). 5-FU was present at measurable
concentrations in all tumor samples of mice treated with TG6002 and
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5-FC. The mean intratumoral concentration of 5-FU decreased pro-
gressively from 19.72 ± 0.14 mg/g at day 7 to 10.56 ± 7.19 mg/g at day
28. At 60 days after infection, 5-FU was still detectable in the tumor
tissues at a concentration of 3.32 ± 0.56 mg/g (Figure 7B). The concen-
tration of 5-FU in plasma was not measurable (i.e., below 1 mg/mL) in
all collected samples and was undetectable in one-third of the samples
(Figure 7A), arguing for the safety of the targeted prodrug conversion
approach.

DISCUSSION
We demonstrated in a series of experiments that, in comparison with
the parental single-deleted TK-deficient virus, the double-deleted
virus TG6002 displayed reduced multiplication in primary non-
transformed human cells (human primary hepatocytes and 3D skin
model). Moreover, we have demonstrated the ability of this virus to
selectively infect and replicate in tumor tissues, compared with
normal tissue. DJ2R/FCU1 VACV and the double-deleted virus
were detected at a level 3 to 4 logs higher in tumors than in normal
mouse tissues in a subcutaneous human colorectal cancer model after
systemic administration of virus at 1 � 106 PFU. Moreover, the dis-
tribution of the double mutant virus was more restricted to the
tumor. The biodistribution results were reflected in the mouse sur-
vival experiments. At a supra-pharmacological concentration of
1 � 108 PFU, nude and immunocompetent mice infected intrave-
nously with TG6002 had significantly increased survival compared
with mice infected with DJ2R/FCU1 VACV. A striking finding is
the survival of immunocompetent mice injected with the double-
deleted virus (100% survival), whereas all mice injected with the
parental virus died very rapidly after injection. We showed that a
consequence of this double deletion is the significant reduction of
tail lesions (a common side effect of VACVs in mice). In previously
described clinical studies using oncolytic J2R-deleted VACVs, about
10%–20% of the patients developed pustular lesions consistent with
vaccinia-related pustules on the skin.6,29,30 Thus, one may postulate
that double-deleted DI4LDJ2R VACV would induce fewer pustular
lesions in treated patients. We also observed here that 5-FC can
inhibit the development of tail lesions caused by TG6002. The protec-
tive activity of 5-FC against the virus expressing FCU1 was likely due
to the formation of small amounts of 5-FU in skin which inhibits the
limited replication at this location. In a recent preclinical study, Potts
et al.31 described an oncolytic WR strain bearing a deletion in F4L,
which encodes the small subunit of RR. This F4L-deficient VACV
promotes oncolysis in immune-compromised mice bearing either
subcutaneous or orthotopic human bladder cancer xenografts.
Oncolytic activity was also observed in immune-competent rats
bearing orthotopic bladder tumors.31 This F4L-deficient WR strain
also appears to be safer than the TK-deficient WR strain. When the
TK-deficient virus was administered by intravenous or intratumoral
routes, weight loss and pock lesions were observed. In contrast,
F4L-deficient virus did not cause these classic signs of poxvirus
virulence.31 The combination of F4L and J2R deletions produces a
virus that lacks the virulence of a TK-deficient strain in immune-
compromised animals while still being able to cure xenografted
tumors.31

We hypothesized that cellular RR levels should influence the replica-
tion of a double-deleted DI4LDJ2R VACV. This vector, defective in
RR activity, should replicate in cancer cells where RR is available.
In our study, when cellular RRM1 levels were reduced using siRNA
silencing, the yields of I4L-deleted VACV mutants were greatly
reduced, whereas growth of wild-type VACV was not significantly
affected. In contrast, a decrease in the level of cellular TK had no sig-
nificant effect on J2R-deleted VACV. These results indicate the essen-
tial role of cellular RR activity in the regulation of VACV replication,
the impact of this RR activity on VACV replication being greater than
that of TK. Many studies have established that RR activity is highly
correlated with the rate of cancer growth. Carroll et al.32 examined
RR expression in biopsies of colon carcinoma liver metastases and
adjacent normal liver from patients by western blot analysis. RRM1
expression in the relatively quiescent liver was extremely low
compared with the high levels detected in the colon carcinoma
metastasis.32 RRM2 overexpression has been observed in gastric,
ovarian, bladder, and colorectal cancers.33–36 RRM2 expression is
correlated with tumor grade for both breast and epithelial ovarian
cancers, suggesting a role for RR in supporting rapid cell division
of high-grade tumors.37,38 Using the ONCOMINE cancer gene
Molecular Therapy: Oncolytics Vol. 14 September 2019 9
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expression database (https://www.oncomine.com), Aye et al.12 found
that a significant fraction of cancer specimens exhibited increased
RRM1 and RRM2 levels. These data support the feasibility of selec-
tively targeting tumors with VACV defective in RR activity. As previ-
ously reported,39 deleting I4L had no effect on viral replication on
tumor cells. In contrast, F4L deletion reduces the yield of VACV
�50-fold compared to VACVwt, when grown in tumor cells,39 sug-
gesting a potential advantage of DI4L over DF4L.

Despite the efficiency of the recombinant virus in vitro, complete
infection and lysis of the entire tumor is difficult. Therefore, oncolytic
viruses are often armed. The combination of oncolytic VACV and
enzyme-prodrug systems has been considered an attractive strategy.2

The FCU1/5-FC enzyme-prodrug system has been extensively inves-
tigated in vitro and in preclinical models of xenografts.11,40–43 The
proof of this suicide gene concept has also been demonstrated in hu-
mans, by using TG4023, a non-propagative VACV (modified vaccinia
virus Ankara [MVA]) hosting the FCU1 gene.44 In this phase I study,
after a single percutaneous intratumoral injection of TG4023 in pri-
mary or metastatic liver tumors in combination with systemic admin-
istration of 5-FC, therapeutic 5-FU concentrations in tumors were
detected without significant systemic exposure to the cytotoxic anti-
cancer drug. We have shown here that the additional I4L deletion
did not interfere with the expression of FCU1, as clearly shown in
enzymatic assays and in in vitro 5-FC sensitivity. In vivo, in combina-
tion with 5-FC, a similar antitumor effect was obtained after injection
of the double-deleted virus in comparison to the single-deleted
parental virus. TG6002 in vivo antitumor activity studies were per-
formed in several human cancer models, including colorectal,
bladder, esophagus, stomach, head and neck, and liver cancers. In
our experimental conditions, TG6002 alone was able to provide an
efficient antitumoral effect, and we have shown that the combination
of TG6002 with 5-FC had usually a more pronounced effect on anti-
tumor activity than TG6002 alone. We also noted an increase in the
antitumor activity with multiple cycles of TG6002/5-FC. However, in
some models, such as LoVo or Hep G2 models, even with 5-FC
administration, a partial antitumor effect was obtained, indicating
that it would therefore probably be necessary to reduce tumor size
by some other means before or during virus treatment. Our labora-
tory has also generated a surrogate product of TG6002, a VACV
WR strain bearing deletions in J2R and I4L and expressing the
FCU1 gene.19 The VACV Copenhagen strain is weakly effective in
murine tumor cells (personal observation) and the VACVWR strain,
originally adapted for growth in mice, constituted an attractive model
to evaluate antitumor efficacy in immunocompetent preclinical
models. The combination of 5-FC with this J2R-I4L-deficient WR
strain, resulted in more sustained control of syngenic renal carcinoma
tumors,19 and this virus was shown to induce tumor growth control of
distant untreated tumors in immunocompetent mice.22 These
VACV-mediated abscopal effects were greatly amplified when tumors
were defective for the type I interferon receptor (IFNAR) signaling
pathway, and these effects were further enhanced when oncolytic
treatment was combined with immunogenic chemotherapy or with
immune checkpoint blockade.22 In xenografted mice that had been
10 Molecular Therapy: Oncolytics Vol. 14 September 2019
treated by a single intravenous injection of TG6002 followed by per
os 5-FC administration, high levels of 5-FU were detected in tumors
and persist in tumors for a minimum of 60 days after virus adminis-
tration. Previously, we have shown that in mice treated with a single
injection of 5-FU at the maximum tolerated dose (10 mg/kg admin-
istered intraperitoneally), the blood concentration of 5-FU reached a
maximum of 5 mg/mL 5 min after injection of 5-FU and the highest
level of 5-FU in tumor tissues was detected 10 min after injection
with a concentration of 0.6–0.7 mg/g of tumor.40 When a single injec-
tion of 5-FU at 200mg/kg (20 times themaximum tolerated dose) was
given, the 5-FU level reached a maximum of 90 mg/mL of plasma and
10 mg/g of tumor 10min after 5-FU administration, and 5-FU became
undetectable in tumors 1 h after injection.40 Here, we demonstrated
that the intratumoral 5-FU level resulting from systemic injection
of TG6002 was equivalent to the maximum level attained with sys-
temically administered 5-FU at 20-fold the maximum tolerated
dose. In addition, we showed that after production of 5-FU at the
tumor site using TG6002, 5-FU was nearly undetectable in plasma.
These results demonstrate that combination therapy with TG6002
and the prodrug 5-FC achieves therapeutic intratumoral concentra-
tions of 5-FU without significant systemic exposure to the cytotoxic
anticancer drug.

Several wild-type VACV strains differing in pathogenicity and host
range exist mainly due to the evolution of the virus during propaga-
tion of the smallpox vaccine in different parts of the world.45 In
Europe, different strains were used in different countries, regions,
and periods. The Copenhagen strain of VACV was originally used
as a smallpox vaccine in Denmark and the Netherlands. Probably
due to variations in the expression or functionality of different viru-
lence genes between strains, in vitro and in vivo preclinical studies
have recently shown that the Copenhagen strain has a more potent
oncolytic viral activity against human tumor cells than the Wyeth
and the WR strains,46,47 the original strains of oncolytic VACVs
that are currently in clinic. These results suggest that Copenhagen-
based VACV should be more effective at controlling tumor growth
in the clinic. In summary, we have shown here that the doubly deleted
VACV TG6002 is able to induce notable antitumor effects through
viral replication and subsequent cell death. J2R-I4L-deletions can
further reduce virulence as well as enhance tumor targeting.
Nevertheless, there was some variation in the sensitivity of cells to
TG6002. For example, the two colon cancer cell lines tested, LoVo
and HCT 116, show significantly different sensitivity toward
TG6002 in vitro (Figure 1A) and in vivo (Figure 5). The characteriza-
tion of cells factors influencing this sensitivity would be of high trans-
lational relevance in terms of biomarkers for patient selection.
Furthermore, we have shown that the expression of the FCU1 suicide
gene together with systemic administration of 5-FC, enhanced the
therapeutic activity of the doubly deleted VACV. TG6002 has
recently entered into clinical development in patients with recurrent
glioblastoma (NCT03294486) and in patients with advanced gastro-
intestinal tumors (NCT03724071). These clinical trials are phase 1
studies evaluating the safety and tolerability of multiple-ascending
doses of TG6002 administered intravenously in combination with
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oral 5-FC. In conclusion, the present study confirms that the doubly
deleted Copenhagen strain is a promising candidate for use as a highly
selective oncolytic virus or gene therapy vector.

MATERIALS AND METHODS
Cell Culture

The human colon cancer cell lines LoVo and HCT 116, human stom-
ach cancer cell line Hs 746T, human lung cancer cell line A549, hep-
atocarcinoma human cell line Hep G2, glioblastoma human cancer
cell line U-87MG, human bladder cancer cell line SW780, and human
cervical cancer cell line HeLa were obtained from American Type
Culture Collection (ATCC, Rockville, MD). The human esophageal
cancer cell line OE19 was obtained from the European Collection
of Cell Culture (ECACC, Salisbury, UK). The human head and
neck squamous cell carcinoma cell line CAL33 was isolated in the
Centre Antoine-Lacassagne (Nice, France).48 All cell lines were grown
in DMEM supplemented with 10% fetal bovine serum (FBS). Fresh
human hepatocytes were purchased from Biopredic International
(Rennes, France) and maintained in hepatocyte medium according
to the manufacturer’s instructions. The Phenion full-thickness skin
model, a 3D tissue construct that simulates histological and physio-
logical properties of human skin, was purchased from Henkel (Düs-
seldorf, Germany). This organotypic epithelial raft culture model was
maintained in tissue culture medium according to the manufacturer’s
instructions. Primary chicken embryonic fibroblasts (CEFs) were
used for recombination, amplification and titration of viral vectors.
CEF cells were prepared as previously described40 and maintained
in basal medium eagle (BME) supplemented with 5% FBS.

Generation of Recombinant VACVs

All recombinant VACVs were derived from the Copenhagen strain.
TK gene-deleted VACVs, expressing either the fusion gene FCU1
(DJ2R/FCU1 VACV) or the GFP gene (DJ2R/GFP VACV) under
the control of the p11K7.5 promoter, were constructed and have
been characterized previously.5 For generation of the double-deleted
DI4LDJ2R/FCU1 VACV, designated TG6002, we used the pDI4L
shuttle plasmid containing the selection cassette GFP/GPT, a fusion
of the gene encoding the GFP and the gene encoding guanine phos-
phoribosyltransferase (GPT), surrounded by the flanking sequences
of VACV I4L gene. Recombination was performed into DJ2R/FCU1
VACV using the pDI4L plasmid and induced the deletion of 141
amino acids of the central domain of I4L. The generation of recom-
binant virus based on GPT selection was previously described in
detail.40 The same methods were used to generate the DI4L VACV
(single-deleted I4LVACVwithout transgene) by homologous recom-
bination between the shuttle plasmid pDI4L and the Copenhagen
wild-type VACV (VACVwt). VACVwt and recombinant VACVs
were amplified in CEF and purified, and virus stocks were titrated
on CEFs by plaque assay.

In Vitro FCU1 Enzymatic Assay

CDase and UPRTase activities in LoVo cells were determined using
5-FC (Toronto Research Chemicals, North York, ON, Canada) and
5-FU (Sigma-Aldrich, Saint-Quentin Fallavier, France) as substrates.
LoVo human tumor cells (5 � 106 cells) were infected with each
VACV vector at MOI 10�2. Sixteen hours later, enzymatic assays in
cell lysate were determined, as previously described.40 All samples
were measured in triplicate.

In Vitro Cytotoxicity Assay

Human tumor cells were transduced in suspension by respective
recombinant VACVs at a MOIs of 10�2, 10�3, and 10�4. A total
of 3 � 105 infected cells/well were plated in 6-well culture dishes.
At 5 days after infection, cell viability was determined by trypan
blue exclusion, using a Vi-CELL Cell Counter (Beckman Coulter,
Brea, CA). For sensitivity to 5-FC, LoVo tumor cells were trans-
duced in suspension by the respective recombinant VACVs at
MOI 10�3. A total of 3 � 105 infected cells/well were plated in
6-well culture dishes. At 48 h after infection, the cells were exposed
to various concentrations of 5-FC for 3 days before determination
of cell viability by trypan blue exclusion. All samples were analyzed
in triplicate.

In Vitro Virus Yield

To evaluate viral replication in human tumor cells and human pri-
mary cells, human hepatocarcinoma cells Hep G2 and human pri-
mary hepatocytes were infected in 6-well plates (1 � 106 cells/well)
by VACVwt, DJ2R/FCU1 VACV, and TG6002 at MOI 10�4

(102 PFU/well) or 10�2 (104 PFU/well). Cells were incubated in fresh
growth medium until harvesting. At 48 h after infection, supernatants
and cells were collected, freeze thawed, and sonicated, and viral prog-
eny was quantified on CEFs by plaque assay. To evaluate viral
replication in a reconstructed human skin model, culture of Phenion
full-thickness skin model was infected with VACVwt, DJ2R/FCU1
VACV and TG6002 at 105 PFU. Cultures were incubated for 7 days
at 37�C and medium was changed every other day. Viral progeny
in reconstructed skin were quantified on CEF by plaque assay after
2 cycles of sonication in PBS.

siRNA-Silencing Experiment and Virus Infection

TK1, RRM1, and non-targeting control siRNA duplexes (ON-
TARGET plus siRNA-SMART pool) were purchased from Dharma-
con (Cambridge, UK). LoVo cells were seeded in 6-well plates at
2 � 106 cells/well in complete medium without antibiotic. After
24 h, LoVo cells were transfected with 20 nM of siRNA duplexes using
Dharmafect according to Dharmacon’s instructions. Twenty-four
hours after transfection, cells were infected at MOI 10�3 by the indi-
cated VACVs. Supernatants and cells collected 48 h after infection
were submitted to a quick freeze-thaw cycle and sonication to release
intracellular viral particles, and viral progeny was quantified on CEF
by plaque assay.

Western Blotting

The TK1 and RRM1 knockdown by specific siRNA were confirmed
by western blot analysis. One, two and three days after siRNA trans-
fection, LoVo cells were washed with PBS and 200 mL of lysis buffer
was used to harvest the cells for Western blot analysis. Cell lysate pro-
teins (20 mg) were used for immunoblot analyses using antibodies
Molecular Therapy: Oncolytics Vol. 14 September 2019 11
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against RRM1 (sc-11733; Santa Cruz Biotechnology, Heidelberg,
Germany) and TK1 (ab76495; Abcam, Paris, France).

Animal Experiments

All animal protocols were carried out according to standard operating
procedures of the Federation of European Laboratory Animal Science
Associations (FELASA) and were approved by the French Research
and Education Ministry. Swiss nude mice and immunocompetent
B6D2 mice were obtained from Charles River Laboratories (Saint-
Germain-Nuelles, France). Animals used in the studies were uniform
in age (6 weeks) and body weight (20–23 g).

Subcutaneous Tumor Models

To evaluate both biodistribution and therapeutic activity of VACVs
in human xenograft tumor models, 5 � 106 human cancer cells
were injected subcutaneously into the flank of the mice.When tumors
reached a diameter of 100–200 mm3, the mice were randomized in a
blinded manner and treated with the indicated vectors.

Biodistribution of the Viruses

To compare the biodistribution of TG6002 versus DJ2R/FCU1
VACV, 1 � 106 PFU of the indicated vectors were injected intrave-
nously by tail vein injection into female nudemice bearing established
subcutaneous LoVo. To further characterize the biodistribution of the
double-deleted virus, 1 � 106 and 1 � 107 PFU of TG6002 were in-
jected intravenously into female and male nude mice bearing estab-
lished subcutaneous Hep G2 tumors. In the Hep G2 tumor model,
treatment with 5-FC began 7 days after virus injection and was given
by oral gavage for 3 weeks at 100 mg/kg (0.5 mL 5-FC 0.5% in water)
twice a day. Mice were sacrificed at the indicated time points (Fig-
ure 4A; Table S1). Before the different organs were collected, mice
were perfused intracardially with an exsanguinating solution (0.9%
NaCl with heparin 50 IU/mL) until all the blood was removed.
Tumors and other organs were collected and weighed, homogenized
in PBS, and sonicated, and titers were determined on CEFs by plaque
assay. Viral titers were standardized to milligrams of tissue.

Viral Pathogenicity

Viral pathogenicity was assessed by survival studies on both Swiss
nude mice and immunocompetent B6D2 mice. High doses
(1 � 108 PFU) of the indicated vectors were injected intravenously
by tail vein injection. Mice were observed daily throughout the course
of the experiment. Pocks on tails were also measured and recorded
after intravenous injection of 1 � 106 or 1 � 107 PFU of each virus
in Swiss nude mice.

In Vivo Antitumor Activity

In the first experiment, nude mice bearing established subcutaneous
LoVo tumors were infected once intravenously (tail vein injection)
with the indicated vectors at a dose of 1 � 107 PFU. In the second
series of experiments, nude mice bearing established s.c Hep G2,
HCT 116, SW780, Hs 746T, OE19, or CAL33 were infected once
intravenously with 1 � 106 PFU TG6002 (Hep G2, HCT 116, Hs
746T, and CAL33) or 1 � 107 PFU (SW780 and OE19). In the two
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sets of experiments, starting at day 7 following viral injection, 5-FC
was given by oral gavage for 3 weeks at 100 mg/kg (0.5 mL 5-FC
0.5% in water) twice a day. The antitumor effect of multiple cycles
of TG6002/5-FC versus a single cycle were also evaluated in a subcu-
taneous LoVo model. In the single-cycle group, TG6002 was injected
intravenously at 1 � 107 PFU and 5-FC was given per os for 3 weeks,
starting on day 7 after virus injection. In the multiple cycle group,
TG6002 was injected intravenously at 1 � 107 PFU, and 5-FC was
given per os for 2 weeks, starting on day 7 after virus injection. At
the end of the 5-FC regimen in the first cycle, TG6002 was injected
again at 1 � 107 PFU, and 7 days later 5-FC was given again for
2 weeks.

Tumor size was measured twice a week with calipers. Tumor volumes
were calculated in cubic millimeters using the formula P/6 � length
� width2.
Determination of Tumor and Blood Concentration of 5-FC and

Converted 5-FU

Swiss nude mice bearing established s.c Hep G2 were infected once
intravenously with 1 � 106 PFU of TG6002. Animals were sacrificed
1 h after a single per os 5-FC administration at 100 mg/kg (0.5 mL
5-FC 0.5% in water) on day 0 (before virus injection) and on days
7, 14, 21, 28, and 60 after virus injection. Blood samples and tumors
were collected. Plasma was separated by centrifugation from blood
collected via the retro-orbital sinus in heparinized tubes. Tumors
were homogenized in a Polytron homogenizer. Tumor or plasma
samples were quenched with 1 mL ethyl acetate/2-propanol/0.5 M
acetic acid solution (84:15:1). The organic supernatant was reconsti-
tuted in 50 mL of water and analyzed by HPLC using 50 mM phos-
phoric acid adjusted to pH 2.1 as the mobile phase.
Statistical Analyses

To analyze the impact of the TK1 and RRM1 knockdown by specific
siRNA on virus replication, a mixed model was applied on log-trans-
formed data. Post hoc comparisons of the interactions were per-
formed with Tukey’s correction, to estimate the impact of siRNA
for each virus independently. Graphical representations of overall
survival were displayed using a Kaplan-Meier curve. Log-rank test
was applied to compare treatment effect on overall survival.

For statistical analysis of the in vitro viral replication in tumor and
healthy human cells, a three-way ANOVA with Tukey’s test was per-
formed. Statistical analyses of tumor volume growth were performed,
using a mixed model to take the longitudinal aspect into account. The
inter-individual heterogeneity was considered as a random effect in
the model. Tumor sizes were converted in equivalent diameters to
comply with the mixed model assumption and to get a better fit to
the statistical model.49 Comparisons between treatments were also
performed using least-squares means. To study non-inferiority rela-
tions, overall estimation of tumor size growth with the associated
interval of measurement uncertainty was compared. Comparison of
pock numbers was done using a non-parametric Wilcoxon test
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with normal approximation. Analysis were performed with the soft-
ware SAS 9.4. Differences were considered significant at p < 0.05.
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