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Pancreatic cancer remains one of the greatest challenges in
oncology for which therapeutic intervention is urgently
needed. We previously demonstrated that the intra-tumoral
gene transfer of somatostatin receptor 2, to combat tumor
aggressiveness, or of deoxycytidine kinase and uridylate mono-
phosphate kinase, to sensitize to gemcitabine chemotherapy,
has anti-tumoral potential in experimental models of cancer.
Here, we describe the development of the CYL-02 non-viral
gene therapy product that comprises a DNA-plasmid encoding
for the three aforementioned genes, which expression is
targeted to tumor cells, and complexed with polyethyleneimine
non-viral vector. We performed pre-clinical toxicology, bio-
distribution, and therapeutic activity studies of CYL-02 in
two rodent models of pancreatic cancer. We found that CYL-
02 is safe, does not increase gemcitabine toxicity, is rapidly
cleared from blood following intravenous administration,
and sequestered in tumors following intra-tumoral injection.
CYL-02 drives the expression of therapeutic genes in cancer
cells and strongly sensitizes tumor cells to gemcitabine, both
in vitro and in vivo, with significant inhibition of tumor cells
dissemination. This study was instrumental for the later use
of CYL-02 in patients with advanced pancreatic cancer, demon-
strating that rigorous and thorough preclinical investigations
are informative for the clinical transfer of gene therapies
against this disease.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) accounts for 5% of cancer
deaths worldwide and is projected to become the third leading cause
of cancer death by 2025 because of an increasing incidence and stable
mortality rate in countries with high human development index.1

Because of the long, silent clinical phase, during tumor development,
and the absence of early markers that delay diagnosis, the prognosis of
this cancer is very poor. When surgery is not possible, therapeutic op-
tions are few and ineffective.2 Patients are treated with Folfirinox or
gemcitabine chemotherapy, which ameliorates few clinical parame-
162 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
This is an open access article under the CC BY-NC-ND license (http
ters including pain intensity, analgesic consumption, and weight
loss. Tumor volume is nearly unchanged and survival remains
extremely short. Thus, more effective treatments are urgently needed
to improve the prognosis of PDAC. However, the moderate activity of
standard therapies strongly encourages new translational research
programs such as gene therapy to potentiate the anti-tumoral effect
of chemotherapy.

In this context, we demonstrated during the last two decades the anti-
tumoral potential of the somatostatin receptor subtype 2 (SSTR2) in
PDAC experimental models. SSTR2 expression is lost in 95% of
PDAC3 and restoring SSTR2 using non-viral gene transfer results in
a strong bystander anti-tumoral effect that is antiproliferative, pro-
apoptotic, anti-angiogenic, and anti-metastatic.4–9 In addition,
SSTR2 was found by others to sensitize tumor cells to gemcitabine.10

In parallel, we identified that the expression of deoxycytidine kinase
(DCK), which phosphorylates gemcitabine to gemcitabinemonophos-
phate in a rate-limiting step, is often lost in PDAC. Furthermore,DCK
loss of expression is associatedwith acquired resistance to gemcitabine
in pancreatic cancer cells, in preclinical models,11 and in patients.12

We demonstrated that using non-viral gene transfer to restore the
expression of DCK, but also of uridylate monophosphate kinase
(UMK, also named NMPK for nucleoside monophosphate kinase),
which generates gemcitabine diphosphate gemcitabine monophos-
phate, overcomes PDAC-derived cells resistance to gemcitabine.13

Thus, there is a strong rationale to deliver SSTR2, DCK, and UMK
023 ª 2023 The Authors.
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Figure 1. Toxicology study following a single i.v. injection of CYL-01 in mice

We administered 250 mg/kg, 1,500 mg/kg, and 7,500 mg/kg of CYL-01 i.v. in a total

of 45 C57Bl/6 mice from either sex. Five weeks later, mice were killed and analyzed

for toxic events associated with gene therapy administration such as

(A) mononuclear cells aggregates in the liver of mice receiving 7,500 mg/kg CYL-01,

(B) alveolar atelectasis in the lung of mice receiving 250 mg/kg CYL-01, (C) kidney

congestion in mice receiving 7,500 mg/kg CYL-01, and (D) small intestine autolysis

in mice receiving 7,500 mg/kg of CYL-01.
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coding sequences to sensitize tumors to chemotherapy and to treat
PDAC with gemcitabine standard of care. In this work, we describe
the preclinical development of the CYL-02 gene therapy product, en-
coding for SSTR2,DCK, andUMK delivered by a non-viral vector, that
was later used in combinationwith gemcitabine in phase 114 and phase
2 (NCT02806687) clinical trials in patients with PDAC.

RESULTS
Preclinical assessment of the toxicity of the gene therapy

product

For this study, we generated plasmid DNA encoding for SSTR2,DCK,
and UMK, the expression of which is targeted to tumor cells as
described in the materials and methods. Therapeutic DNA is com-
plexed with 22-kDa polycationic polyethyleneimine (in vivo jetPEI)
as described before.14 We generated two pre-guanosine monophos-
phate (GMP) and one GMP batches as part of the pharmaceutical
development of the gene therapy product, which we named CYL-01.
We first aimed to determine the greatest amount of CYL-01 at which
no detectable adverse effects occur in animal models (no observable
adverse effect level), starting with 7,500 mg/kg as the toxic dose of
PEI in mice.15 Thus, female and male C57Bl/6 mice were injected
intravenously (i.v.) with 250 mg/kg, 1,500 mg/kg, and a maximal dose
of 7,500 mg/kg the gene therapy product CYL-01. Control mice
received CYL-01 excipient (5% glucose) as placebo; this is the resus-
pension solution of CYL-01, and mice were monitored for 5 weeks
(Figure S1A). No mortality, no weight loss, no change in aspartate
aminotransferase (AST), alanine aminotransferase (ALT), lactate de-
hydrogenase (LDH), or creatinine levels were found in mice receiving
an i.v. injection of 250 mg/kg or 1,500 mg/kg of the gene therapy prod-
uct (Figures S2A–S2I). In contrast, one-half of themice, twomalemice
(40%) and three female mice (60%), died within 24 h following i.v. in-
jection of the highest dose of CYL-01.We performed a pathology anal-
ysis to better characterize the toxic effect following injection of CYL-01
in mice. Three of 15 (20%), and 4 of 30 (13%) male and female mice
showmononuclear cells aggregates in the liver, respectively, regardless
of the dose of CYL-01 (Figure 1A). Alveolar atelectasis was identified
in the lungs of 11 of 30 (37%) and of 5 of 30 (17%) of male and female
mice, respectively, regardless of the dose of CYL-01 (Figure 1B). Last,
one mouse that received the highest dose of CYL-01 showed evidence
of kidney congestion and small intestine autolysis (Figures 1C and
1D), as a result of agony before mouse killing. Taken together, i.v. in-
jection of CYL-01 is safe inmice with amaximal tolerated dose (MTD)
of 1,500 mg/kg.

We then extended the toxicity study to an another animal model
following the guidelines of the International Council forHarmonisation
(ICH) of technical Requirements for Pharmaceuticals for Human Use
(ICHM3; S6 and S9). According to regulatory guidelines, the dose con-
version factor forMTDbetweenmouse and hamster is 1.7,16 so that the
calculated MTD for hamsters is 900 mg/kg. We generated orthotopic
pancreatic tumors in Syrian golden hamsters as described in the mate-
rials andmethods andFigure S1B. Seven days later, CYL-01was admin-
istrated in tumors (i.t.), as the intended route of administration in hu-
mans, with a starting dose of 500 mg/kg pre-GMP grade CYL-01.
Molecul
Control animalswere injectedwith 5%glucose (CYL-01 excipient). An-
imals received 80 mg/kg gemcitabine by intraperitoneal (i.p.) route on
days 2, 4, and 6 following intra-tumoral gene transfer. No animal died
during the experiment, with only mild body weight loss in hamsters
receiving gemcitabine, or CYL-01 and gemcitabine (�21% ± 9%,
p < 0.01) (Figure 2A). We next evaluated the toxicity associated with
repeated injectionsofCYL-01, as thismay induce unwanted adverse im-
mune responses in patients. Thus, both male and female C57B/6 mice
were injected i.v. with 250 mg/kg CYL-01 on days 0, 15, and 25 (Fig-
ure S1A). During this experiment, all animals injected survived and
no organ-specific toxicity was detected. We next performed sequential
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 163
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Figure 2. Toxicology study following a single intra-tumoral injection of the gene therapy product in orthotopic pancreatic tumors in Syrian golden hamsters

Experimental orthotopic PDAC tumors were induced as described in materials and methods. Eight days later, 500 mg/kg CYL-01 (A) or 900 mg/kg CYL-02 (B) were

administered in exponentially growing tumors, when control animals received 5% glucose. Gemcitabine was given at 80 mg/kg i.p. every 2 days for a week. NaCl9�/00 was
given i.p. as control. Hamster bodyweightwasmonitored from tumor induction, up to 7days following treatment. n =5hamsterswere usedper group.White bloodcells (C) and

alkaline phosphatase (ALP) (D)monitoring in hamsters receiving an intra-tumoral injection of CTL-02 combinedwith gemcitabine treatment. *p < 0.05, **p < 0.01, ***p < 0.005.
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injections in mice of 250 mg/kg CYL-01 i.v., followed by subcutaneous
injection of 250 mg/kg of the gene therapy product on days 15, 25,
and 40. Here again, animals were examined for systemic and cutaneous
toxicities following each injection; no local adverse reactions were
recorded.

In CYL-01, the resistance gene for bacterial selection (NEO) is co-ex-
pressed with SSTR2 cDNA using an internal ribosomal entry site. To
minimize the risk of expressing antibiotic resistance gene in humans,
we generated a second version of the gene therapy product, namely,
CYL-02, in which theNEO gene expression is driven by a separate bac-
terial promoter. We next performed bridging toxicology studies to
address whether CYL-01 and CYL-02 share the same toxicity profile
in hamsters. Thus, experimental tumors were injected i.t. with pre-
GMP grade CYL-02 at the theoretical MTD (900 mg/kg). Blood and
urine were sampled from three animals from four independent exper-
imental groups 15 min, 30 min, 1 h, 3 h, 6 h, 12 h, 18 h, and 24 h after
injection. We did not observe any evidence of acute or systemic toxic-
ities followingCYL-02 intra-tumoral injection in experimental tumors
in hamsters, and conclude that CYL-02 is safe in hamsters.

As for CYL-01, we next injected GMP-grade CYL-02 in exponentially
growing pancreatic tumors in hamsters in combination with gemcita-
bine to fully capture the toxicity of the cell gene therapy product com-
bined with chemotherapy. CYL-02 was not associated with animal
164 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
death, with the exception of one hamster that also received gemcita-
bine (1/5 [20%]). This death was preceded by diarrhea and by the
alteration of the general condition resulting in a significant weight
loss (�15%) and lethargy. Autopsy revealed significant tumor inva-
sion by regional extension in the spleen, stomach, liver, bowel, and co-
lon. As shown in Figure 2B, animals receiving either CYL-02 or pla-
cebo gained weight with a similar trend (+9% ± 2.8% vs +8.9% ± 6.2%,
respectively). In contrast, significant weight loss was measured when
gemcitabine was administered alone (�4.1% ± 2%; p < 0.05) or in
combination with CYL-02 (�3.6% ± 1%; p < 0.05). We identified
leukopenia in the gemcitabine group and in combination with
CYL-02, as white blood cells count significantly dropped as compared
with control (Figure 2C) (�89% ± 2%, p < 0.005 and �94% ± 3%,
p < 0.005, respectively). To a lesser extent, we also measured a signif-
icant decrease in alkaline phosphatase in hamsters treated by gemci-
tabine only (Figure 4D) (�56% ± 11%; p < 0.05). No changes in red
blood cells or platelets counts, or in the level of AST, ALT, or creati-
nine were identified between the different groups (Figures S3A–S3D).
Pathological examination of the organs during the autopsy did not
reveal significant alterations in the brain, lung, heart, bladder, or mus-
cles of the animals between the different study groups. However, we
identified peritoneal alterations in all animals, which were probably
caused by repeated laparotomies and i.p. injections. In addition, all
study groups evidenced testicular inflammation, as a marker of
abdominal tumor development. Last, one hamster of the five (20%)
023



Figure 3. Toxicology study following two intra-tumoral injection of CYL-02 in orthotopic pancreatic tumors in Syrian golden hamsters

Experimental orthotopic PDAC tumors were induced as described in the materials and methods. We administered 500 mg/kg CYL-02 at days 0 and 7 in exponentially

growing tumors, when control animals received 5%glucose. Gemcitabinewas given at 80mg/kg i.p. every 2 days for a week following each injection. NaCl9�/00 was given i.p.
as control. Hamster body weight was monitored up to 14 days following the first intra-tumoral injection of the gene therapy product. n = 5 hamsters were used per group. (A)

Probability of survival between the different experimental groups. (B) Hamster body weight, 15 days following the first intra-tumoral gene transfer. White blood cells (C) and

platelets (D) monitoring in hamsters receiving two cycles of intra-tumoral injection of CYL-02 combined with gemcitabine treatment. *p < 0.05, **p < 0.01, ****p < 0.001.
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receiving gemcitabine alone demonstrated renal parenchyma alter-
ation and central testicular necrosis without bladder involvement.

We then questioned the safety of repeated intra-tumoral injection of
CYL-02 combined with treatment with gemcitabine. Thus, pre-
GMP grade CYL-02 was administered into tumors on days 0 and 7,
and gemcitabine was given i.p. on days 2, 4, and 6 days (first cycle)
and 9, 11, and 13 days (second cycle). While CYL-02 injection alone
was safe, we found that animal survival was significantly shortened
when receiving gemcitabine (p < 0.01) or CYL-02 + gemcitabine
(p < 0.01) as compared to with controls (Figure 3A). Gemcitabine
toxicity also translated into significant body weight loss when admin-
istered alone (�17% ± 10%; p < 0.05) or in combination with CYL-02
(�20% ± 4%; p < 0.01), as compared with controls (Figure 3B). Here
again, CYL-02 is safe; it did not alter animal body weight (Figure 3B).
Gemcitabine and CYL-02 combined with gemcitabine treatment re-
sulted in leukopenia (Figure 3C), and we also identified low platelet
count in hamsters receiving the chemotherapy only (Figure 3D).
Red blood cell counts and the levels of AST, ALT, LDH, and creatinine
remained unchanged between the different groups (Figures S4A–S4E).
Thus, these data demonstrate the safety of the CYL-02 gene therapy
product in hamster following two intra-tumoral injections. When
combined with gemcitabine, CYL-02 did not aggravate chemotherapy
toxicity. Collectively, toxicity studies reveal that the MTD for CYL-02
Molecul
in mice is 1500 mg/Kg corresponding and 900mg/kg in Syrian
golden hamsters. In both animal models, CYL-02 is safe, even
following repeated administration, and does not aggravate gemcita-
bine toxicity.

Preclinical study of the biodistribution of the CYL-02 gene

therapy product

We performed a first set of studies to address the biodistribution of
CYL-01 in female and male mice receiving 250, 1,500, or 7,500 mg/
kg of the gene therapy product i.v. Eleven organs were analyzed by
quantitative PCR (qPCR) for CYL-01 DNA detection, up to 6 weeks
following injection. Table 1 shows that CYL-01 DNA is readily detect-
able in all organs tested, 6-h post-injection of female mice. Twenty-
four hours later, we sampled blood and urine from animals receiving
250 mg/kg of the gene therapy product and found that only one-fourth
of the urine samples tested were positive for CYL-01, when all blood
samples were negative (data not shown). After 7 days, CYL-01 was de-
tected inconsistently in the lung, liver, kidney, and the heart of ani-
mals that received 250 and 1,500 mg/kg of the gene therapy product.
In addition, female mice receiving the highest dose of CYL-01
(7,500 mg/kg) showed a positive signal in muscles and brain. By
2 weeks, most male and female mice were free of CYL-01 (Table 1
and 2). Collectively, these data show that CYL-01 is only transiently
detectable in lung, heart, liver, and pancreas when injected i.v.
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 165
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Table 1. Analysis of the biodistribution of CYL-01 in female mice using qPCR following i.v. injection at the indicated dose

Lung Kidney Bowel Heart Muscle Brain Peritoneum Pancreas Spleen Liver Bladder Gonads

250 mg/kg

D7 – – – – – – – – – – –

D14 – – – – – – – – – – – –

D21 – – – – – – – – – – – +

D28 – – – – – – – + – + – –

D35 – – – + – + – – – – – –

1,500 mg/kg

D7 ++ ++ – ++ – – – – + – +

D14 + – – – – – – – – + – +

D21 – – – + – – – – – + – +

D28 + – – + – – – – – – – –

D35 – – – – – – – – – – – –

7,500 mg/gg

H6 ++++ +++ ++ +++ +++ +++ +++ +++ +++ +++ + +++

D7 ++ – – + + ++ – – – – – –

D14 – – – – – – – – – – – –

–, negative; +, 2.5 < ddCt<5; ++, 5 < ddCt<10; +++, 10 < ddCt<20; ++++, ddCt>20. ddCt = [(Ctneo-CtGAPDH) in organ from the injected group] – [(Ctneo-CtGAPDH) in organ from
the non-injected group).
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We further analyzed the biodistribution of CYL-01 in hamsters
following intra-tumoral injection of 500mg/kg of the gene therapy prod-
uct (day0), followedby treatmentwith gemcitabine thatwas given i.p. on
days 2, 4, and 6. Organs (spleen, liver, lung, kidney, and bowel) and tu-
morswere sampled7days followinggene transfer.Table 3 shows that the
level of CYL-01 is high in tumors, and in the liver and, to a lesser extent,
the spleen of animals receiving CYL-01 and gemcitabine. We then
moved to CYL-02 as mentioned before. Hamster pancreatic tumors
were injected with 900 mg/kg pre-GMP CYL-02, and urine and blood
were sampled 15 min, 30 min, 1 h, 3 h, 6 h, 12 h, 18 h, and 24 h later.
Tumors were also collected 24 h following the intra-tumoral injection
of the gene therapy product. Figure 4A shows that CYL-02 is not de-
tected in urine (0/24), and occasionally in the blood 6 h (1/3 hamsters,
correspondingwith0.1%of the dose injected) or 24 h (1/3 hamsters, cor-
responding with 2.3% of the dose injected) following intra-tumoral in-
jection. However, experimental tumors showed high levels of the gene
therapy product. We conclude that CYL-02 is largely sequestered in
the tumor with an inconstant and delayed presence of a small quantity
of the gene therapy product in the vascular compartment.We then per-
formed repeated intra-tumoral injection of pre-GMPCYL-02 in pancre-
atic tumors in hamsters followed by i.p. injection of gemcitabine. Four-
teen days later, the hamsters were killed and CYL-02 was detected by
qPCR in the tumor, pancreas, lung, liver, bowel, gonad, kidney, bladder,
spleen, heart, striated muscle, brain, and peritoneum. As shown in Fig-
ure 4B, a significant increase in CYL-02 was identified in tumors from
animal receiving the gene therapy product up to 2 weeks following
intra-tumoral injection (+8.75 ± 1.3-fold increase; p < 0.001). Thus,
we demonstrate that CYL-02 is cleared from organs 1 month following
i.v. injection and is sequestered in tumors up to 7 days following intra-
tumoral injection with minimal, early, exposure in the blood.
166 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
Characterization of CYL-02 activity in preclinical models of

PDAC

We next analyzed SSTR2, DCK, and UMK expression following the
in vitro transfection of hamster pancreatic cancer cells. Thus,
PC.1-0 cells were transfected with 1 mg CYL-02. Control cells received
5% glucose. Forty-height hours later, therapeutic gene expression was
quantified by reverse transcription followed by qPCR (RT-qPCR), as
described before.14 Figure 5A demonstrates that CYL-02 strongly in-
creases SSTR2 (844-fold ± 307; p < 0.01), DCK (249-fold ± 123;
p < 0.01), and UMK expression (516-fold ± 406; p < 0.05) in trans-
fected cells as compared with control cells.

We then performed cell proliferation studies to document the activ-
ity of CYL-02. Thus, PC.1-0 cells were transfected with 1 mg CYL-02
and treated or not by gemcitabine 48 h later. Control cells received
either 5% glucose and/or NaCl 90/00 as controls. Forty-eight hours
later, cells were counted. Results shown in Figure 5B demonstrate
that gemcitabine significantly inhibits the proliferation of PC.1-0
cells (�71% ± 12%; p < 0.0001). Remarkably, CYL-02 transfection
strongly inhibits hamster PDAC cells proliferation (�94% ± 5%;
p < 0.0001), and combination of CYL-02 and gemcitabine treatment
led to nearly complete eradication of the tumor cells population
(�97% ± 6%; p < 0.0001).

We next generated PDAC experimental orthotopic tumors following
engraftment of PC1.-0 cells in the pancreas of immune competent
Syrian golden hamsters. Seven days later, tumors received an intra-tu-
moral injection of 900 mg/kg GMP CYL-02. Animals were treated on
days 9, 11, and 13 following engraftment with 80 mg/kg gemcitabine,
when control animals received NaCl 90/00. Hamsters were killed
023



Table 2. Analysis of the biodistribution of CYL-01 in male mice using qPCR following i.v. injection at the indicated dose

Lung Kidney Bowel Heart Muscle Brain Peritoneum Pancreas Spleen Liver Bladder Gonads

250 mg/kg

D7 + – – – – + – – – – – –

D14 – – – – – – – – – – – –

D21 – – – – – – – – – – – –

D28 – – – – – – – – – – – –

D35 – – – – – – – – – – – –

1,500 mg/kg

D7 – – – – – – – – – – –

D14 – – – – – – – – – – – –

D21 – – – + – – – – – – – –

D28 – – – – – – – – – – – –

D35 – – – – – – – – – – – –

7,500 mg/kg

D7 ++ + – – – – + – + + + +

D14 – – – – – – – – – – – –

–, negative; +, 2.5 < ddCt<5; ++, 5 < ddCt<10; +++, 10 < ddCt<20; ++++, ddCt>20. ddCt = [(Ctneo-CtGAPDH) in organ from the injected group] – [(Ctneo-CtGAPDH) in organ from
the non-injected group).
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15 days following tumor engraftment. SSTR2,DCK, andUMK expres-
sion were monitored by qPCR in tumors as previously described.14

Results shown in Figure 5C demonstrate that CYL-02 transfection
strongly increases the intra-tumoral expression of the therapeutic
genes (p < 0.005). We next performed immunohistochemistry for
SSTR2 expression (Figure 5D), and found that 16.25% ± 7.4% of tu-
mor cells expressed the therapeutic transgene (Figure 5E). Last, we
questioned the anti-tumoral activity of CYL-02 intra-tumoral injec-
tion, in the presence or not of gemcitabine. Thus, experimentally
growing tumors were injected with GMP CYL-02, then treated with
gemcitabine as described before. Hamsters were killed and tumors
were measured and sampled 8 days following gene transfer. We found
that gemcitabine resulted in the significant inhibition of the tumor
growth (�74% ± 12%; p < 0.001). Four of 24 animals (16%) showed
tumor regression. CYL-02 significantly inhibited tumor growth
(�66% ± 12%; p < 0.005), with 1 of 23 animals (4%) showing tumor
regression. Remarkably, combining CYL-02 and gemcitabine showed
stronger inhibition of tumor growth as compared with controls
(�89% ± 12%; p < 0.001) or chemotherapy alone (p < 0.001). Com-
bination therapy resulted in tumor regression in 15 of 24 animals
(63%). We obtained similar results using pre-GMP CYL-02 (Fig-
Table 3. Analysis of the biodistribution of CYL-01 in hamsters using qPCR,

7 days following intra-tumoral injection of the GTP

Lung Kidney Bowel Spleen Liver Tumor

CYL-01 – – – + ++ ++

CYL-01 + gemcitabine – + – ++ +++ +++

–, negative; +, 2.5 < ddCt<5; ++, 5 < ddCt<10; +++, 10 < ddCt<20; ++++, ddCt>20.
ddCt = [(Ctneo-CtGAPDH) in organ from the injected group] – [(Ctneo-CtGAPDH)
in organ from the non-injected group).

Molecul
ure S5A). We next analyzed the metastatic propensity of tumors
from the different groups. We found that 86.5% ± 3% of animals
from the control group presented with metastasis, mainly in the liver
and in the peritoneum (Figure 5F). Gemcitabine or CYL-02 adminis-
tration significantly reduced tumor dissemination (�41% ± 11% and
�49% ± 27%, respectively; p < 0.05). Here again, the combination of
CYL-02 and gemcitabine demonstrate stronger inhibition of tumor
dissemination (�81.5% ± 8%; p < 0.005) and antimetastatic activity
when compared with chemotherapy alone (p < 0.005). Collectively,
these results demonstrate that CYL-02 significantly sensitizes tumor
cells to chemotherapy, with more frequent tumor regression and
less metastatic dissemination as compared with gemcitabine or
CYL-02 administration alone. Last, we investigated the molecular
mechanisms involved in the anti-tumoral activity of CYL-02 gene
therapy when combined to gemcitabine chemotherapy. We found
that tumor cell proliferation was significantly inhibited (proliferating
cell nuclear antigen [PCNA] labeling; �59 ± 5%; p < 0.05) (Fig-
ure 5G), when cancer cell death by apoptosis was significantly
increased (terminal uridine nick-end labeling assay; 11.25 ± 0.16-
fold increase; p < 0.001) (Figure 5H). Collectively, we demonstrate
herein that CYL-02 that encodes for SSTR2, DCK, and UMK cDNA
complexed with PEI non-viral vector is safe and shows promising
anti-tumoral and antimetastatic potential for the non-viral gene ther-
apy of patients with PDAC.

DISCUSSION
PDAC is characterized by a unique ability to withstand therapeutic
aggression, and current treatments, mainly chemotherapies, are inef-
fective; they increase survival times of patients only by weeks to
months.2 In previous studies, we demonstrated that SSTR2, DCK,
and UMK genes have strong potential to limit cancer cell
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 167
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Figure 4. Biodistribution study following intra-

tumoral injection of CYL-02 in orthotopic

pancreatic tumors in Syrian golden hamsters

Experimental orthotopic PDAC tumors were induced as

described in materials and methods. (A) We administered

900 mg/kg CYL-02 in exponentially growing tumors, and

urine and blood were sampled at the indicated time after

gene transfer. As control, tumors were sampled and

analyzed 24 h following intra-tumoral gene transfer of

CYL-02. CYL-02 DNA was detected by qPCR for

neomycin gene. Data are expressed as Ct of 3 biological

replicates. (B) We administered 900 mg/kg CYL-02 at

days 0 and 7 in exponentially growing tumors, when

control animals received 5% glucose. Gemcitabine was given at 80 mg/kg i.p. every 2 days for 1 week following each injection. NaCl9�/00 was given i.p. as control. CYL-02

DNAwas detected in the indicated organs and in tumors by qPCR for neomycin gene. Data are expressed as Ct ±SD for neomycin gene of five biological replicates per group

with three experimental replicates. ***p < 0.005.
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proliferation, dissemination, and sensitize tumors to gemcitabine
chemotherapy, respectively. This was achieved following in vivo
intra-tumoral gene transfer using PEI non-viral vector in very aggres-
sive PDAC experimental models.4,5,13 These findings advocated for
clinical exploration, but required proper development and character-
ization of the candidate gene therapy product.

Meanwhile, we deliberately excluded viral vectors that may improve
therapeutic gene transduction and expression, but that come with
limitations, such as cloning capacity for adeno-associated virus, or
even threats, illustrated by the risk of insertional mutagenesis caused
by host genome integration by lentiviral vectors, or supra-physiolog-
ical inflammation and risk of pancreatitis due to adenoviral transduc-
tion. As long-term gene expression is not a priority in cancer gene
therapy, and considering the unrivalled safety of non-viral vectors,
we confirmed PEI as the gene delivery vehicle to be used for the pro-
duction of the gene therapy product. Another technical innovation to
improve safety is the use of promoters to limit transgene expression to
target tumor cells. Glucose-regulated protein 78 (GRP78) and 94
(GRP94) are chaperone proteins that are induced at the transcrip-
tional level following endoplasmic reticulum stress to regulate
unfolded protein response and apoptosis.17 Both proteins were shown
to be involved in PDAC early stages or late dissemination.18 Thus, we
selected GRP78 and GRP94 promoters to drive DCK::UMK and
SSTR2 expression, respectively. These promoters were also chosen
as they share common regulatory factors and are coordinately regu-
lated into cells,19 so as to avoid transcriptional competition.

Safety has long been a primary concern in gene therapy research,
particularly after the death of a gene therapy trial participant.20 Dur-
ing this work, we identified that the MTD of the gene therapy product
in mice was of 1,500 mg/kg of body weight. Pathological analysis
further revealedmononuclear aggregates in the liver, which are gener-
ally found in mice and should not be attributed to the injection of a
toxic substance, kidney congestion, and bowel autolysis, due to dying
mice, and alveolar atelectasis, which usually indicates a defect in tissue
fixation. We confirmed the lack of toxicity and the excellent safety
profile of CYL-02 in Syrian golden hamsters; no animal death was re-
corded and control and CYL-02 injected animals grew similarly.
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However, significant body weight loss, leukopenia, and animal death
were recorded when gemcitabine was combined or not with the gene
therapy. However, we found that CYL-02 administration did not
aggravate chemotherapy toxicity. We then explored whether the
gene therapy product may induce unwanted immune responses
that could hamper translation to the clinic. Repeated injection of
CYL-01 or CYL-02 did not result in acute or systemic reaction
following, regardless of the route of administration. Collectively, we
demonstrate here that the gene therapy product is safe, with an
MTD of 1,500 mg/kg in mice corresponding with 900 mg/kg in ham-
sters when associated with chemotherapy, respectively. To calculate
the human equivalent dose (HED), the MTD in mice was divided
by 12.3 according to regulatory guidelines16 to give 122 mg/kg.
Dividing HED values by a safety or uncertainty factor is the common
procedure to calculate a maximum recommended starting dose
(MRSD) and decrease the risk of possible adverse effects in hu-
mans.16,21 We used an uncertainty factor of 30 as the gene therapy
product classifies as a nanoparticle, so that the MRSD for CYL-02
in humans is 4 mg/kg. As one hamster receiving 900 mg/kg CYL-02
showed frailty, we added an additional safety factor of 2, to define
2 mg/kg as the starting dose of CYL-02 in humans. Extrapolating by
body weight, the minimum injected DNA dose to be tested in the first
injection in humans was 125 mg for a 60-kg male or female.14

We next addressed the biodistribution of CYL-02 in mice and in pre-
clinical models of PDAC. Importantly, PEI the amplification of the
plasmid DNA by PCR (data not shown). This indicates that positive
signal by PCR is tangible proof of the delivery and of the release of the
therapeutic DNA into cells. We demonstrate that CYL-02 is tran-
siently detected in organs following i.v. injection and is sequestered
in the tumor following intra-tumoral injection with low diffusion in
the vascular compartment (<2.5% of the initial dose). Importantly,
CYL-02 was not detected in urine from hamsters following i.v. injec-
tion. This suggests that CYL-02 is not free, probably intra-globular,
because it is not eliminated in the urine. This was later confirmed
in humans receiving the gene therapy product.14 Interestingly,
when used alone, CYL-02 is not detected in the lung, kidney, or bowel.
In association with gemcitabine, kidney and bowel show low levels of
the gene therapy product, in sharp contrast with high levels of CYL-02
023



Figure 5. Pre-clinical characterization of CYL-02 activity and anti-tumoral efficacy in orthotopic pancreatic tumors in Syrian golden hamsters

(A) PC.1-0 hamster pancreatic cancer cells were transfected with CYL-02 as described in materials andmethods, and SSTR2,DCK, andUMK gene expression analysis was

performed as described elsewhere.14 Results aremean of n = 11 independent experiments performed in duplicate and expressed asmean fold change ±SDbetween control

and transfected cells, using 18S as an internal control. (B) PC.1-0 hamster pancreatic cancer cells were transfected with CYL-02 and treated by gemcitabine as described in

the materials and methods. Three days later, cells were counted. Results are mean ± SD of 9 (control, gemcitabine) or 36 (CYL-02, CYL-02 + gemcitabine) independent

experiments. (C) Experimental orthotopic PDAC tumors were induced as described in the materials and methods. Eight days later, 900 mg/kg CYL-02 were administered in

exponentially growing tumors, when control animals received 5% glucose. Gemcitabine was given at 80 mg/kg i.p. every 2 days for a week. NaCl9�/00 was given i.p. as

control. At the end of the experiments, mice were killed and DCK::UMK and SSTR2 gene expression was measured in control tumors and CYL-02-treated tumors, 8 days

(legend continued on next page)
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in spleen. We speculate that this may reflect the microsomal release of
the gene therapy product caused by tumor cell lysis in the presence of
gemcitabine, which is in line with the expected pharmacological ac-
tion of the combination. Although toxicity studies showed CYL-02
to be safe, and although tissue biodistribution studies and respiratory
system monitoring did not show pulmonary toxicity, we nevertheless
recommended pulmonary function monitoring in follow-up clinical
studies, because the complex injected is considered as a nano-vector,
so that it can eventually forms micro-aggregates. Last, we recommen-
ded the monitoring of cardiac, renal, and hepatic function; we found
traces of the gene therapy product in these organs when injected at the
highest dose.

In this work, we addressed for the first time the anti-tumoral potential
of combining SSTR2, DCK, and UMK gene transfer all together with
chemotherapy treatment. We found that CYL-02 delivery resulted in
comparable levels of expression of the three therapeutic genes, in cell
lines and tumors, even if we identified a non-significant trend for
lower expression of DCK and UMK as compared with SSTR2. This
validates the choice of the two promoters that drive therapeutic
gene expression.We found that almost 20% of cancer cells were trans-
fected in vivo using CYL-02, which is in line with our previous expe-
rience with commercial PEI.4 This validates that CYL-02 processing
does not alter therapeutic gene delivery or expression into cancer
cells. Next, we demonstrated that CYL-02 treatment strongly sensi-
tizes PDAC cells to chemotherapy, both in vitro and in vivo, with
increased anti-tumoral efficacy and more frequent tumor regression
as compared with gemcitabine alone. Although comparisons are diffi-
cult to make, this surpasses the anti-tumoral effect following SSTR2
gene transfer alone,4 or combination of DCK::UMK gene transfer
with gemcitabine treatment.13 In addition, CYL-02 therapy decreased
the capacity of tumor cells to disseminate, as previously found with
SSTR2 monotherapy.22 The latter strongly suggests that the anti-tu-
moral properties of SSTR2 and DCK and UMK are complementary
to inhibit the growth of very aggressive PDAC tumors and are pre-
served in the CYL-02 gene therapy product. However, proper evalu-
ation of possible synergism of the four active agents would have
required matrix designs23 and/or synergy scoring models,24 as the re-
sults may have further influenced the dosing regimen for the clinical
trial. Last, we found that CYL-02 combined with gemcitabine inhibits
tumor cell proliferation and induces cell death by apoptosis. Still, one
of the major limitation of this work is that we did not use during this
study transgenic animal models of PDAC, such as KPC mice,25,26 as
they were not available at the time the experiments were performed.
following gene therapy. Data are means ± SD of five biological replicates per group wi

CT(DCK::UMK or SSTR2) – CT(18S)). D. SSTR2 protein was detected by immunoche

therapy. Sixteen fields were analyzed per condition. Data are representative of four bio

magnification,�20. Scale bar, 30 mm (valid for all images). (E) Mean ± SD of the % of SS
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and analyzed for PCNA expression (H) and terminal uridine nick-end labeling (TUNEL)

biological replicates from two experimental replicates. All images: original magnification

TUNEL (K)-positive cells per fields. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. #
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These mice would also be instrumental to question the potential of
CYL-02 and gemcitabine to induce an immune response against
tumors.

Collectively, we provide during this work evidence that the CYL-02
gene therapy product generated under pre-GMP and GMP condi-
tions for a pharmaceutical development is safe in pre-clinical models
and strongly inhibits PDAC experimental growth when combined
with gemcitabine. In addition, we determined the MTD that was later
used to define the starting dose of CYL-02 that was administered in
humans.14 In addition, this work generated analytical procedures to
explore the biodistribution of the gene therapy product in patients
and also recommendation for organs monitoring during and after
intra-tumoral gene delivery. Based on these findings, 57 patients
with PDAC were treated by CYL-02 gene therapy combined with
gemcitabine and no adverse events directly related to the gene therapy
drug were recorded. In some patients, CYL-02 and chemotherapy
treatment resulted in tumor control, which advocated for a phase II
study that was closed this year. Taken together, we demonstrate here-
in that rigorous and thorough preclinical investigations are essential
for the clinical transfer of gene therapy against PDAC.

MATERIALS AND METHODS
Animal studies

Experimental procedures performed on mice and hamsters were
approved by the ethical committee of INSERM CREFRE US006 ani-
mal facility and authorized by the French Ministry of Research: APA-
FIS#3600-2015121608386111v3. C57Bl/6 mice were obtained from
Charles River and Syrian Golden hamsters from Harlan.

Experimental tumor induction in Syrian golden hamsters

Hamster PDAC-derived PC-1.0 cells are grown in RPMI medium
supplemented with 10% fetal calf serum, L-glutamine, antibiotics,
antimycotics (Life Technologies), and Plasmocin (InvivoGen) in a
humidified incubator at 37�C in 5% CO2. Six-week-old male Syrian
golden hamsters were anesthetized by intraperitoneal injection of
pentobarbital (80 mg/kg) diluted in NaCl 90/00, supplemented with
oral anesthesia using oxygen/isoflurane (2.5 mixture), and PC-1.0
cells were implanted in the tail of pancreas as previously described.27

Gene therapy product

CYL-02 is a complex of plasmid DNA and linear polymers of polye-
thyleneimine (in vivo-jetPEI 22-kDa from Polyplus), prepared in 5%
w/v glucose with a PEI nitrogen to DNA phosphate ratio of 8–10. The
th three experimental replicates and expressed as arbitrary units (2�DCt with DCt =

mistry in control and CYL-02-treated experimental tumors 8 days following gene

logical replicates per group with three experimental replicates. All images: original

TR2-positive cells per field. Tumor progression (F) and dissemination (G) at endpoint

n = 23–24 animals per group, sum of 5 independent experiments, and of tumor

ed line indicates no progression (fold = 1). Following autopsy, tumors were sampled

assay (J). Fifteen fields were analyzed per condition. Data are representative of six

, �40. Scale bar, 60 mm (valid for all images). Mean ± SD of the % of PCNA-(I) or

###p < 0.001 gemcitabine vs CYL-02 + gemcitabine.
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plasmid within the gene therapy product encodes for DCK:UMK
cDNAs (separated by the self-cleaving FMDV 2A peptide), the
expression of which is driven by the glucose-regulated protein 78
(GRP78) promoter, and the human SSTR2 cDNA, the expression of
which is driven by the glucose-regulated protein 94 (GRP94) pro-
moter. Briefly, GRP78 and GRP94 are chaperone proteins that are
induced following endoplasmic reticulum stress to regulate unfolded
protein response and apoptosis,17 that were shown to be involved in
PDAC early stages or late dissemination.18 These promoters share
common regulatory factors and are coordinately regulated into
cells,19 so to avoid transcriptional competition. The prokaryotic pro-
moter-driven neomycin gene is used for bacterial selection and bio-
distribution and pharmacokinetic studies. The gene therapy product
is assembled and lyophilized by InvivoGen following good medical
product guidelines. Lyophilized CYL-02 was reconstituted 10 min
before use by adding 2.5 mL sterile water for the injectable prepara-
tion. Therapeutic DNA and RNA were detected as described
elsewhere.14

In vitro analysis of CYL-02 activity and therapeutic efficacy

We incubated 5 � 10e5 PC.1-0 cells with 1 mg CYL-02 and plated in
100-mm dishes. Three days later, the culture medium was removed,
cells were washed using PBS, and cellular RNA was extracted using
the RNAeasy kit from Qiagen. SSTR2, DCK, and UMK expression
was quantified by RT-qPCR as described before.14 For proliferation
studies, 1� 10e5 PC.1-0 cells were plated in 6-well plates in the pres-
ence of 1 mg CYL-02. Two days later, cells were treated with 20 nM
gemcitabine and cells were counted 3 days later using the Z1 Coulter
(Beckman).

In vivo delivery of CYL-02 gene therapy product

Following laparotomy, tumors were measured using a caliper and
randomized with mean = 100 mm3 in size as described before.27

CYL-02 was administrated in exponentially growing orthotopic tu-
mors 8 days following tumor induction as previously described.27

Control animals received 5% glucose. Gemcitabine (80 mg/kg) was
injected i.p. every 2 days for 1 week, 48 h after CYL-02 intra-tumoral
injection. Control animals received NaCl 90/00 i.p. At 8 days after
CYL-02 injection, animals were killed, primary tumors were
measured using a caliper, and tumor volume was calculated as
described before.27 Lung, liver, and peritoneal macro-metastases
were counted.

Experimental tumor analysis

PC.1-0 tumors were harvested and fixed in formalin. Four-micro-
meter-thick sections were prepared from paraffin-embedded sections
and rehydrated. DNA fragmentation was performed using In situ
Apoptosis Detection Kit according to the manufacturer’s instructions
(Takara Bio Inc.). For immunostaining, sections were incubated
for 10 min in Protein Block, Serum-free reagent following antigen
retrieval to reduce background staining (DakoCytomation).
Slides were next incubated overnight at 4�C with anti-PCNA
(DakoCytomation, clone PC10, ref M0879, dilution: 1:100), or
SSTR2 antibodies (AbCAM clone [UMB1] ref ab134152, dilution:
Molecul
1:100) diluted in Antibody diluent (DakoCytomation). Slides were
washed and incubated in 3% H2O2 for 30 min at room temperature
for endogenous peroxidase inhibition, quickly rinsed in distilled wa-
ter, washed twice in PBS, and incubated for 30 min at room temper-
ature with Envision+ system-HRP (DakoCytomation). After one
wash in distilled water, slides were incubated in AEC+ reagent and
counterstained with Mayer’s hematoxylin. Immunostaining was re-
corded with an optical microscope and quantified using a
VisioLab2000 image analyzer (Biocom). For each sample, 15 fields
were analyzed.

Statistical analysis

Unpaired Student’s t test orWilcoxonMann-Whitney tests were used
to determine the statistical significance of differences between two
groups using GraphPad Prism 9 software with the default settings.
Methods of statistical analysis are indicated in the figure captions.
Values are presented as *p < 0.05, **p < 0.01, ***p < 0.005, and
****p < 0.0001. Error bars are SEM unless otherwise stated. The ex-
periments were performed with a sample size ngreater than or equal
to three replicates. When monitoring tumor growth, the investigators
were blinded to the group allocation but were aware of group alloca-
tion when assessing the outcome. No data were excluded from the
analyses.
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Figure S1. Schematic description of the preclinical animal models used during the study. Description of the

toxicology and biodistribution studies following injection of the gene therapy product (GTP) in C57Bl/6 mice (A) and

Syrian golden hamsters (B).
1
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Figure S2. Toxicology monitoring in mice receiving an i.v. injection of CYL-01. 250µg/kg, 500µg/kg and

7500µg/kg of first generation CYL-01 was administered i.v. in C57Bl/6 mice from both sex. Body weight of female (A),

or male mice (B), white (C), red (D) blood cells and platelets (E) counts, ALAT (F), ASAT (G), LDH (H) and creatinine

(I) levels were monitored at the time indicated following injection of CYL-01. Results are mean ± SD of n=5 animals per

group. 2



A B

FIGURE S3

C

D

Figure S3. Toxicology monitoring in hamsters receiving an intratumoral injection of CYL-02 combined with

gemcitabine treatment. Experimental orthotopic PDAC tumors were induced as described in Materials and Methods.

Eight days later, 900µg/kg of second generation CYL-02 was administered in exponentially growing tumors, when

control animals received 5% glucose. Gemcitabine was given at 80mg/kg i.p. every 2 days for a week. NaCl90/00 was

given i.p. as control. Red blood cells count (A), ASAT (B), ALAT (C), and creatinine (D) levels were monitored 7 days

following injection of CYL-02 and treatment with gemcitabine. Results are mean ± SD of n=5 animals per group
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FIGURE S4

C
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Figure S4. Toxicology monitoring in hamsters receiving two intratumoral injection of CYL-02 combined with

gemcitabine treatment. Experimental orthotopic PDAC tumors were induced as described in Materials and Methods.

900µg/kg of second generation CYL-02 was administered at days 0 and 7 in exponentially growing tumors, when

control animals received 5% glucose. Gemcitabine was given at 80mg/kg i.p. every 2 days for a week following each

injection. NaCl90/00 was given i.p. as control. Red blood cells count (A), ASAT (B), ALAT (C), LDH (D) and creatinine

(E) levels were monitored 14 days following the first injection of CYL-02 combined with gemcitabine treatment. Results

are mean ± SD of n=3 to 5 animals per group.
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A

FIGURE S5

Figure S5. preclinical characterization of CYL-02 activity and antitumoral efficacy in orthotopic pancreatic

tumors in Syrian golden hamsters. A. Experimental orthotopic PDAC tumors were induced as described in Materials

and Methods. Eight days later, 900µg/kg of preGMP CYL-02 were administered in exponentially growing tumors, when

control animals received 5% glucose. Gemcitabine was given at 80mg/kg i.p. every 2 days for a week. NaCl90/00 was

given i.p. as control. Tumor progression at endpoint between the different groups. Results are mean fold ± SD of tumor

progression in n=14 to 15 animals per group, sum of 3 independent experiments. **: p<0.01, ***: p<0.005, ****:

p<0.0001
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