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ABSTRACT

Introduction: Liposomal irinotecan promotes
controlled sustained release of irinotecan (CPT-
11), therefore, we hypothesize that the thera-
peutic index (quantitative measurement of the
relative efficacy/safety ratio of a drug) will be
higher for liposomal than non-liposomal
irinotecan.

Methods: We compared the therapeutic
indexes of liposomal and non-liposomal
irinotecan in mice bearing subcutaneous
patient-derived xenograft (PDX) pancreatic
tumors under dosing regimens approximating
the clinical setting. Following preliminary drug
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sensitivity/antitumor activity analyses on three
PDX tumor models, one model was selected for
analyses of efficacy, biomarker, toxicology,
pharmacokinetics in mice receiving liposomal
irinotecan (2.5, 10, 50 mg/kg/week) or non-li-
posomal irinotecan (10, 25, 50 mg/kg/week).
The maximum tolerated dose (MTD) for each
treatment was 50 mg/kg/week.

Results: Using the selected IM-PAN-001 model
at the MTD (both treatments, 50 mg/kg/week),
antitumor activity, phospho-histone gamma-
H2AX protein staining in cancer cell nuclei,
histological tumor regression, and plasma levels
of CPT-11 and its active metabolite SN-38 after
24 h were greater with liposomal than non-li-
posomal irinotecan, but tumor SN-38 levels
were similar. At the lowest doses assessed, anti-
tumor activity, histological tumor regression,
and jejunum and bone marrow toxicity were
similar. Based on these findings, liposomal and
non-liposomal irinotecan had therapeutic
indexes of 20 and 5, respectively.

Conclusion: This non-clinical study showed a
fourfold broader therapeutic index with liposo-
mal than non-liposomal irinotecan in mice
bearing IM-PAN-001 PDX pancreatic tumors,
even at optimal dosing for the two drugs. These
findings support the clinical benefit observed
with liposomal irinotecan in patients with
pancreatic cancer.
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Key Summary Points

Why carry out this study?

Irinotecan is an established component of
combination chemotherapies used to treat
cancers such as metastatic pancreatic
ductal adenocarcinoma, and like many
other anticancer compounds, toxicity
associated with irinotecan is dose-
limiting.

Encapsulation of irinotecan in a lipid
bilayer vesicle protects the drug from
metabolic conversion and clearance,
thereby increasing the half-life of
circulating liposomal irinotecan 40-fold
relative to non-liposomal irinotecan.

We hypothesize that the therapeutic index
will be higher for liposomal than non-
liposomal irinotecan.

What was learned from the study?

Our findings demonstrate that liposomal
irinotecan has a fourfold broader
therapeutic index than non-liposomal
irinotecan (20 vs. 5), even at optimal
treatment schedules for antitumor efficacy
evaluation, in this study.

These findings support the clinical benefit
observed with liposomal irinotecan in
patients with pancreatic cancer.

INTRODUCTION

Pancreatic adenocarcinoma remains an excep-
tion to the general trend of improvement in
cancer-related mortality [1]. Irinotecan (CPT-
11) is a chemotherapeutic agent used to treat
pancreatic cancer. Both irinotecan and its active
metabolite SN-38 (converted by non-specific
carboxylesterase [CES]) [2], bind reversibly to
the topoisomerase IDNA complex during S

phase and prevent re-ligation of DNA single-
strand breaks, leading to exposure-time-depen-
dent double-stranded DNA damage and cell
death [3, 4].

Irinotecan is an established component of
various combination chemotherapies [5],
including the FOLFIRINOX regimen (5-fluo-
rouracil [5-FU], leucovorin, oxaliplatin, irinote-
can) used to treat patients with metastatic
pancreatic ductal adenocarcinoma (mPDAC)
[6, 7]. Modified FOLFIRINOX is now recom-
mended as the first adjuvant therapy option for
select patients following resection of pancreatic
cancer [7, 8], based on findings from the PRO-
DIGE-24 trial [9]. However, this regimen is not
an approved treatment for patients with
mPDAC. The toxicity of irinotecan is dose-lim-
iting [10]. Irinotecan has a complex metabolic
pathway; it is rapidly cleared, leading to a short
elimination half-life, and there is large inter-
individual pharmacokinetic variability [10].
Preclinical animal studies suggest limited resi-
dence time of irinotecan in circulation and in
tumors [11-13]. In mice implanted with human
tumor xenografts, irinotecan was more effective
when administered on a five-times-daily
schedule compared with a twice-weekly sched-
ule, even though the cumulative drug dose was
50% of the twice-weekly schedule [14]. Both
schedules were considered equitoxic based on
weight loss.

Liposomal irinotecan (ONIVYDE®; nal-IRI,
MM-398, and PEP02) is irinotecan encapsulated
in a lipid bilayer vesicle [15]. In combination
with 5-FU/leucovorin, liposomal irinotecan is
an approved treatment for mPDAC following
progression with gemcitabine-based therapy
[16]. The NALIRIFOX regimen (liposomal
irinotecan, 5-FU, leucovorin, and oxaliplatin) is
under investigation as a first-line therapy for
mPDAC [17].

Liposomal encapsulation protects irinotecan
from metabolic conversion and clearance,
increasing the half-life of circulating liposomal
irinotecan 40-fold relative to non-liposomal
irinotecan [15]. The liposomal formulation
facilitates passive delivery of the drug to solid
tumors by the enhanced permeability and
retention effect [18]. Similar systemic and intra-
tumoral area under the curve SN-38 exposures
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were achieved at a fivefold lower dose of lipo-
somal irinotecan (10 mg/kg) than irinotecan
(50 mg/kg) in mice bearing human solid-tumor
xenografts [19]. In addition, the extended
duration of elevated SN-38 levels within tumors
conferred by the liposomal formulation (even at
fivefold lower doses of liposomal irinotecan
[5-10 mg/kg]) results in improved control of
growth rates across a range of murine xenograft
pancreatic and other tumor models compared
with non-liposomal irinotecan (25-50 mg/kg)
[12, 19].

Based on the pharmacological properties of
liposomal irinotecan, we hypothesize that its
therapeutic index will be higher than that of
non-liposomal irinotecan. This study was a side-
by-side comparison of the therapeutic indexes
of liposomal and non-liposomal irinotecan in
mice bearing subcutaneous patient-derived
xenograft (PDX) pancreatic tumors.

METHODS

Ethics

Experimental procedures were approved by the
Ethics Committee of Ipsen Innovation (C2EA;
registration number 32) and performed in
compliance with the ARRIVE guidelines, EU
Directive 2010/63/EU for animal experiments,
and the 2013 French Regulatory Decree. All
efforts were made to minimize animal suffering
and to reduce the number of animals used.

Patient-Derived Xenograft Tumor Models

Three established PDX pancreatic tumor models
were evaluated: IM-PAN-001, SA-PAN-077, and
SA-PAN-083 (Innovative Models Initiative
Against Cancer consortium; Oncodesign Ser-
vices, Dijon, France). Xenografts were subcuta-
neously implanted within female CB17 severe
combined immunodeficient mice (Charles River
Laboratories) (more information on PDX mod-
els is provided in the Supplementary materials).

Treatments

Mice were randomized before administration of
liposomal irinotecan (MM-398 4.3 mg/ml,
Ipsen) or non-liposomal irinotecan (CAMPTO
20 mg/ml, Oncodesign) using VIVO Manager®
software (Biosystemes) when their mean tumor
volume was 100-200 mm?. Treatments were
injected into the caudal vein following dilution
in either phosphate-buffered saline (without
Mg”*" and Ca*") for liposomal irinotecan or
0.9% NaCl for non-liposomal irinotecan. Con-
trol mice received vehicle (0.9% NaCl) injec-
tions on the same dosing schedule as non-
liposomal irinotecan. Liposomal irinotecan was
administered as one injection per week (Q7D),
and non-liposomal irinotecan was administered
either as five injections over 5 days consecu-
tively per week (Q1DS) (optimized exposure
characteristics) or Q7D. This corresponds to one
cycle of treatment for both drugs.

Using the IM-PAN-001 model, mice received
three treatment cycles with liposomal irinote-
can at 2.5, 10, or 50 mg/kg/week (Q7D for
3weeks [Q7D x 3]), and non-liposomal
irinotecan at 10, 25, or 50 mg/kg/week (Q1DS
over 3 weeks [Q1DS x 3]) (eight mice per dose
group) (Figs. 1, S1c¢). Investigator-selected doses
were based on the preliminary efficacy analyses
used to determine the maximum tolerated dose
(MTD) (Supplementary materials).

Eight additional mice received non-liposo-
mal irinotecan at 33 mg/kg/week (Q7D x 3),
which is equivalent to that used clinically in
patients. The clinically equivalent dose and
schedule of liposomal irinotecan is 10 mg/kg/
week (Q7D x 3).

Figure S1 shows the schedule of activities.
Supplementary methods and results provide
further details on the rationale for and assess-
ments conducted in all three models. The
numbers of mice used in these studies were
based on historical standard practice.

Monitoring and Procedures
Monitoring Regimes

Monitoring continued for < 121 days after
randomization (based on preliminary data from

I\ Adis



114

Oncol Ther (2023) 11:111-128

TV, mm?, mean (SEM)

TV, mm?, mean (SEM)

o

Proportion of mice (%)

Liposomal
irinotecan

-e- Control

1400 - * * * Liposomal irinotecan 2.5 mg/kg/week
A -e- Liposomal irinotecan 10 mg/kg/week
12001 -e- Liposomal irinotecan 50 mg/kg/week
1000 1
800 1
600 1
400
2004
0- T T 1
-30 -20 -10 0 10 20 30 40 50 60 70 80 90
Time after randomization (days)
Non-liposomal
irinotecan —¢- Control
14001 Non-liposomal irinotecan 10 mg/kg/week
-o- Non-liposomal irinotecan 25 mg/kg/week
12001 -e- Non-liposomal irinotecan 50 mg/kg/week
-e- Non-liposomal irinotecan 33 mg/kg/week
10001
8001
6007
4007
2007
0 7 T = r—t=tr T T T T T T 1
-30 -20 -10 0 10 20 30 40 50 60 70 80 90
Time after randomization (days)
TTRV600 -e- Control
100 Liposomal irinotecan 2.5 mg/kg/week
l | l -o- Liposomal irinotecan 10 mg/kg/week
- -o—- Liposomal irinotecan 50 mg/kg/week
Non-liposomal irinotecan 10 mg/kg/week
-o—- Non-liposomal irinotecan 25 mg/kg/week
601 —-e— Non-liposomal irinotecan 50 mg/kg/week
-e- Non-liposomal irinotecan 33 mg/kg/week
40
20
0 T T T® 1 T T e T T T 1
0 10 20 30 40 50 60 70 80 90 100

Time after randomization (days)

A\ Adis



Oncol Ther (2023) 11:111-128

115

«Fig. 1 Antitumor activity of liposomal irinotecan and
non-liposomal irinotecan in the IM-PAN-001 tumor
model. Tumor growth profiles after three cycles of
treatment with a liposomal irinotecan or b non-liposomal
irinotecan (mice per group, # = 8). ¢ TTRVG600 for all
treated groups. One mouse in the liposomal irinotecan
10 mg/kg/week group reached a TV of 600 mm” on day 9
that was considered in the TTRV analysis; TTRV600 in
this group compared with that in controls was not
significant, p = 0.2173. SEM standard error of the mean,
TTRV600 time to reach a tumor volume of 600 mm?>, 7V
tumor volume

all three models; see Supplementary results, and
Figures S1 and S2) or until ethical limit criteria
were met, whichever came first. Animals were
weighed at least twice a week, and soft
stools/diarrhea patterns were assessed daily.
Tumor length and width were recorded twice a
week using calipers.

Humane Endpoints and Euthanasia

Table S1 lists humane endpoints selected in
accordance with the Organisation for Economic
Co-operation and Development. Mice were
euthanized with isoflurane gas anesthesia fol-
lowed by cervical dislocation/exsanguination.

Blood Collection

Intra-cardiac blood collection (< 150 pl into K3
ethylenediaminetetraacetic acid tubes [Sarst-
edt]) was performed as a terminal procedure
under deep isoflurane gas anesthesia. Blood was
kept on ice before centrifugation at 4°C
(2000 x g) for 5 min to obtain plasma. Plasma
samples were stored at — 80 °C within 10 min
ready for drug-level monitoring.

Tissue and Tumor Collection

Plasma, tumor, jejunum, and bone marrow
samples were collected for histopathology
analysis and drug monitoring (four mice per
group and timepoint) (Fig. Slc). Collection
occurred during the third treatment cycle, at 24
and 168 h after administration of liposomal
irinotecan, and at 1 h after the second dose and
168 h after the first dose of non-liposomal
irinotecan.

After tumors were weighed, half of each
tumor was snap frozen and stored at — 80°C
ready for drug-level monitoring, and the other
half was fixed in isotonic formalin solution (4%
formalin [VWR]) for 48 h along with jejunum
and sternum with bone marrow. Fixed tissues
were embedded in paraffin for histopathological
and immunohistochemical analyses.

Assessments

Body Weight

Body weight loss (BWL) relative to day O was
presented as a heat map and categorized as:
green, > 0%; yellow, — 9.99 to — 0.01%; orange,
— 14.99 to — 10.00%; red, — 30.00 to — 15.00%.

Tumor Growth

Tumor growth-related parameters included
tumor volume (TV), time (days) to reach a TV of
600 or 750 mm® (TTRV600 or TTRV750,
dependent on the analysis), and time to relapse
(TTR). TV was calculated as, [(width? x length)/
2]; with width and length reflecting the shortest
and longest dimensions of the tumor, respec-
tively. TTR was calculated when tumor regres-
sion was observed and corresponded to the last
timepoint before sacrifice that the smoothened
estimated tumor growth rate turned positive.

CPT-11 and SN-38 Levels

CPT-11 and SN-38 levels in plasma and tumor
homogenates were determined via an explora-
tory liquid chromatography-triple quadrupole
mass spectrometry bioanalytical method (Sup-
plementary methods).

Histopathology and Immunohistochemistry
Tumor regression was graded according to
decreased cancer cellularity and increased
fibrous tissue (grade: 0, no regression; 1, mini-
mal; 2, mild; 3, moderate; 4, marked; 5, severe)
on hematoxylin-eosin-stained tissue sections.
Intestinal toxicity (apoptotic cells in intestinal
crypts of the jejunum) and bone marrow toxi-
city (decreased cellularity) were graded accord-
ing to a standard toxicologic pathology scale
(grade: 0, no change; 1, minimal; 2, mild; 3,
moderate; 4, marked; 5, severe).
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DNA damage was assessed through
immunohistochemical staining for pS3 binding
protein 1 (53BP1 [Novus Biologicals]), phospho-
histone  gamma-H2AX  protein (pH2AX
[Abcam]) and RADS51 (Abcam) (further details in
Supplementary methods). Quantification of the
staining in tumors was performed using an
H-score method (proportion of positive-labelled
cells x staining intensity [grade: 0, no staining;
1, minimal; 2, moderate; 3, strong]). The
H-score scale ranged from O (no staining) to 300
(strongest intensity of labeling in all cells
[100%]). pH2AX immunostaining was also gra-
ded 0-5 to assess toxicity in the jejunum.

Therapeutic Index

The therapeutic index is a quantitative mea-
surement of the relative safety of a drug. It was
calculated per treatment, as the ratio of the
highest exposure dose that produces the desired
antitumor response for a maximum tolerated
toxicity (i.e., the MTD) to the lowest dose that
produces an effective antitumor response.

To evaluate therapeutic index, mice were
assessed for BWL, TV, DNA damage within
tumor cells, tumor regression, plasma and
tumor CPT-11 and SN-38 levels (tumor CPT-11
data not shown), and toxicity within the jeju-
num and bone marrow.

Statistical Analyses

TV comparisons between treatments and con-
trols were assessed using an analysis of covari-
ance with repeated measures. The two factors
assessed were (1) treatment groups, and (2)
times of TV measurement. TV was normalized
relative to TV at randomization. Per timepoint
and pairwise comparison, a contrast was calcu-
lated followed by a Sidak correction to account
for the multiplicity of tests.

TTRV  comparisons between treatment
groups and controls were assessed using the log-
rank test with Dunnett-Hsu adjustment if the
test converges, and by simulation in the oppo-
site case. In cases where all the comparisons
between the groups present in the analysis were
carried out, the log-rank test with TukeyHsu
adjustment if the test converged, and by

simulation in the opposite case. In cases where
the request only concerned certain compar-
isons, the log-rank test between two compar-
isons was adjusted by the Siddk method.
Statistical analyses were performed using JMP
Pro 15.0 and SAS 9.3 software.

RESULTS

PDX Model Selection

Of the three models assessed, IM-PAN-001 was
selected for therapeutic index comparison,
based on its sensitivity to liposomal irinotecan
and the study duration; the MTD was consid-
ered to be 50 mg/kg/week for both treatments
(for more details, see Supplementary results,
Table S2, and Figures S2 and S3). Interestingly,
the most treatment-sensitive PDX models were
those presenting with the highest mean number
of mitoses per three high-power fields (SA-PAN-
083, 57.8 > IM-PAN-001, 38.8 > SA-PAN-007,
13.7).

Antitumor Activity After Three Treatment
Cycles in IM-PAN-001

Mice were treated with three cycles of liposomal
irinotecan or non-liposomal irinotecan, and TV,
TTR, and TTRV600 were assessed. Significant
dose-dependent reductions in tumor growth
compared with controls were reported for both
treatments at all doses tested (p < 0.05 each)
(Fig. 1a, b). Compared with controls, a signifi-
cant reduction in TV was observed from day 10
to day 29 when mice received 50 mg/kg/week of
either liposomal irinotecan (p < 0.0032) or
non-liposomal irinotecan (p < 0.0279). Regres-
sion in tumor size was observed from day 10
and day 14 with liposomal and non-liposomal
irinotecan, respectively.

TTRV600 was significantly longer with lipo-
somal irinotecan 50 mg/kg/week (90.5 days),
and with non-liposomal irinotecan 25 mg/kg/
week (41.3 days) and 50 mg/kg/week
(60.6 days), compared with controls (24.3 days)
(p < 0.05 each) (Fig. 1c and Table S3).
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TV with liposomal irinotecan 50 mg/kg/week
was significantly lower than that with 2.5 mg/
kg/week from day 14 to day 39 and 10 mg/kg/
week from day 10 to day 66. Similarly, non-li-
posomal irinotecan 50 mg/kg/week signifi-
cantly reduced TV compared with 10 mg/kg/
week from day 17 to day 43 and 25 mg/kg/week
from day 24 to day 50. Median TTR was signif-
icantly different between liposomal irinotecan
50 and 10 mg/kg/week (39 vs. 33 days, respec-
tively; p = 0.0141), but not between non-lipo-
somal irinotecan 50 and 25 mg/kg/week (33 vs.
27 days, respectively; p = 0.6876) (Table S3).

At clinically equivalent doses, liposomal
irinotecan (10 mg/kg/week) significantly
reduced TV from day 17 to day 39 (p < 0.0084)
and numerically delayed TTRV600 (50.5 vs.
28.1 days, p =0.6349) compared with non-li-
posomal irinotecan (33 mg/kg/week) (Fig. 1c
and Table S3). Changes in TV were similar with

non-liposomal  irinotecan 10 mg/kg/week
administered Q1DS x 3 and non-liposomal
irinotecan 33 mg/kg/week administered
Q7Dx3.

The MTD and lowest dose at which antitu-
mor efficacy was observed were estimated based
on previous analyses (Figures S2 and S3) and
were then used to determine the therapeutic
index of both treatments in the IM-PAN-001
model.

Treatment at the MTD in IM-PAN-001
(Therapeutic Index Comparison)

Antitumor Activity

At the selected MTD (50 mg/kg/week for each
treatment), liposomal irinotecan demonstrated
greater antitumor activity than non-liposomal
irinotecan over three treatment cycles (Fig. 2a).
Compared with non-liposomal irinotecan,
liposomal irinotecan was associated with sig-
nificantly lower TV from day 36 to day 70 (p
< 0.0002), significantly longer median TTR (33
vs. 39days, respectively; p=0.0044), and
numerically delayed TTRV600 (90.5 ws.
60.6 days, respectively; p = 0.1606) (Table S3).

Pharmacodynamic Biomarkers

Expression of pH2AX is an early cellular
response to DNA double-strand breaks and is
activated when the cell undergoes mitosis.
Liposomal irinotecan induced greater and more
sustained DNA damage in tumors than non-li-
posomal irinotecan (Fig. 2c, e). During the third
treatment cycle at the MTD 24 and 168 h, DNA
damage was high with > 95% of liposomal
irinotecan-treated tumor cells showing high
pH2AX expression (H-score range, 270-300). At
24 h after non-liposomal irinotecan adminis-
tration, > 80% of tumor cells showed high
pH2AX expression (H-score range, 240-270),
and this decreased by 168 h, with 60-70% of
tumor cells showing moderate-high expression
(H-score range, 150-210; Fig. 2¢, arrow pointing
at cancer cell without evidence of DNA dam-
age). Similar trends were observed for 53BP1
expression.

Both pH2AX and S53BP1 expression were
associated with histological tumor regression,
which was higher with liposomal than non-li-
posomal irinotecan. At 168 h, fewer cancer cells
were observed within tumors treated with lipo-
somal compared with non-liposomal irinotecan
(Fig. 2c, arrows). RADS1 expression was not
associated with histological tumor regression,
and no differences were observed between
treatments.

Toxicity

Most mice receiving liposomal irinotecan (7/8)
or non-liposomal irinotecan (6/8) at the MTD
had moderate-severe BWL up to day 21
(Fig. 2b). BWL was transient with liposomal
irinotecan and was partially reversed after the
end of both treatments. One mouse receiving
non-liposomal irinotecan showed severe BWL
and was ethically euthanized for poor clinical
condition at day 11 (no abnormalities at
autopsy).

During the third treatment cycle, toxicity
within the jejunum and bone marrow was
observed with both treatments at 24 h (Fig. 2d,
f). In the jejunum, mild levels of apoptotic cells
in crypts (grade 2) and moderate associated
DNA damage (pH2AX expression, grade 3) were
observed with liposomal irinotecan; slightly
lower levels were observed with non-liposomal
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Liposomal irinotecan 24 130887 (29185) 1613 (155) 736 (39.1)
50 mg/kg/week 168 BLQ BLQ BLQ

A\ Adis



Oncol Ther (2023) 11:111-128

119

«Fig. 2 Antitumor activity and toxicity after three treat-
ment cycles at the MTD (IM-PAN-001 model). Analyses
were performed during the third treatment cycle: at 24 and
168 h after the dose of liposomal irinotecan; at 1 h after
the second dose and 168 h after the first dose of non-
liposomal irinotecan. a Tumor growth profiles and survival
analysis (TTRV600) in the IM-PAN-001 model treated at
the MTD (mice per group, #» = 8); charts are Fig. 1 sub-
plots. b Heat map visualization of BWL in individual mice
in the IM-PAN-001 model compared with their first day
of treatment. Mice were weighed at least twice a week.
Color grading represents the intensity of BWL (mice per
group, 7 = 8); X represents mouse euthanasia. ¢ pH2AX
immunostaining in tumor samples and H&E staining to
show  representative regression  (magnifica-
tion, X 400, scale bars: 50 pm). d pH2AX immunostain-
ing in intestine samples (magniﬁcation, x 1000, scale bars:

tumor

20 um). During the third treatment cycle, e tumoral
H-scores of pH2AX, 53BP1, and RADS51 immunostain-
ing, and tumor regression grading were assessed in parallel
with f jejunum and bone marrow toxicity (assessed by
pH2AX immunostaining). g Plasma CPT-11, plasma SN-
38 and tumor SN-38 levels (mice per group, # = 4).
Plasma CPT-11 LLOQ = 1nmol/l; plasma SN-38
LLOQ = 13 nmol/l; tumor SN-38 LLOQ = 3 nmol/kg
53BPI p53 binding protein 1, BLQ below the limit of
quantification, BWL body weight loss, CPT-11 irinotecan,
H-score  histological score, HeE  hematoxylin—eosin,
LLOQ lower limit of quantification, M7TD maximum
tolerated dose, pH2AX phospho-histone gamma H2AX,
SD standard deviation, SEM standard error of the mean,
TTRV600 time (days) to reach a TV of 600 mm?, TV

tumor volume

irinotecan (apoptotic cells in crypts, grade 1;
pH2AX expression, grade 2). In the bone mar-
row, decreased cellularity was mild (grade 2)
with liposomal irinotecan and minimal (grade
1) with non-liposomal irinotecan. Toxicity in
both tissues had reduced at 168 h.

CPT-11 and SN-38 Levels

During the third treatment cycle, mean plasma
CPT-11 and SN-38 levels were 96- and 7-fold
higher with liposomal (24 h post-injection)
compared with non-liposomal irinotecan (1h
post second injection) at the MTD, and mean
tumor SN-38 levels were similar (Fig. 2g). At the
end of the third treatment cycle, plasma and
tumor SN-38 levels were undetectable, and

plasma CPT-11 levels were very low. Observed
inter-individual variability was low-high with
non-liposomal irinotecan and low-moderate
with liposomal irinotecan.

Treatment at the Lowest Doses Assessed
in IM-PAN-001 (Therapeutic Index
Comparison)

Antitumor Activity

TV with liposomal irinotecan 2.5 mg/kg/week
was similar to that with non-liposomal irinote-
can 10 mg/kg/week, and TTRV600 was not sig-
nificantly different (26.4 vs. 28.6days,
respectively; p = 0.9997) (Fig. 3a and Table S3).

Pharmacodynamic Biomarkers

During the third treatment cycle, liposomal
irinotecan induced low-moderate pH2AX
expression (H-score range, 75-120) in 50-60%
of tumor cells at 24 h, and low pH2AX expres-
sion (H-score range, 60-60) in 30-30% of tumor
cells at 168 h (Fig.3c). Levels of pH2AX
expression were higher with non-liposomal
irinotecan than liposomal irinotecan. Similar
trends were observed with 53BP1 and RADS1
expression.

Tumor regression was minimal at 24 and
168 h with liposomal (1/4 and 3/4 mice,
respectively) and non-liposomal irinotecan (2/4
and 4/4 mice, respectively) (Fig. 3¢).

Toxicity
All mice receiving liposomal irinotecan 2.5 mg/
kg/week or non-liposomal irinotecan 10 mg/kg/
week had minor BWL up to day 21 (Fig. 3b).
Four mice receiving liposomal irinotecan had
transient moderate-severe BWL after ending
treatment, but partially recovered until ethical
euthanization due to TV. Less than half of the
mice (3/8) receiving non-liposomal irinotecan
had moderate-severe BWL up to day 21
(Fig. 3b). After ending non-liposomal irinotecan
treatment, two mice showed transient moderate
BWL with partial recovery in one mouse, and
four animals with severe BWL did not recover
before ethical euthanization due to TV.
Toxicity was minimal or lower within the
jejunum at 24h (grade range, 0-1.5) and
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Fig. 3 Antitumor activity and toxicity after three treat-
ment cycles at the lowest doses assessed (IM-PAN-001
model). Analyses were performed during the third treat-
ment cycle: at 24 and 168 h after the dose of liposomal
irinotecan; at 1 h after the second dose and 168 h after the
first dose of non-liposomal irinotecan. a Tumor growth
profiles and survival analysis (TTRV600) in the IM-PAN-
001 model treated at the lowest doses (mice per group,
n = 8); charts are Fig. 1 sub-plots. b Heat map visualiza-
tion of BWL in individual mice in the IM-PAN-001
model compared with their first day of treatment. Color
grading represents the intensity of BWL (mice per group,
n = 8). During the third treatment cycle, ¢ tumoral
H-scores of pH2AX, 53PB1, and RADS5I

minimal within the bone marrow at 168 h (1/4
mice) (Fig. 3d).

CPT-11 and SN-38 Levels
During the third treatment cycle, mean plasma
CPT-11 and plasma and tumor SN-38 levels

immunostaining, and tumor regression grading were
assessed in parallel with d jejunum and bone marrow
toxicity. e Plasma CPT-11, plasma SN-38, and tumor SN-
38 levels (mice per group, » = 4). Plasma CPT-11
LLOQ = 1 nmol/l; plasma SN-38 LLOQ = 13 nmol/l;
tumor SN-38 LLOQ = 3 nmol/kg. Heat map data pre-
sented here for the control group is repeated from Fig. 2b
for comparison with both treatments at their respective
lowest doses. CPT-11 irinotecan, BWL body weight loss,
H-score histological score, LLOQ lower limit of quantifi-
cation, pH2AX phospho-histone gamma H2AX, SD
standard deviation, SEM standard error of the mean,
TTRV600 time (days) to reach a TV of 600 mm>, TV

tumor volume

were 10-, 7- and 3-fold higher with non-lipo-
somal (1h post second injection) than with
liposomal irinotecan (24h post-injection)
(Fig. 3e). At the end of the third treatment cycle,
plasma and tumor SN-38 levels were unde-
tectable, and plasma CPT-11 levels were unde-
tectable with non-liposomal irinotecan and low
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with liposomal irinotecan. Observed inter-indi-
vidual variability was moderate with non-lipo-
somal irinotecan and high with liposomal
irinotecan.

Findings at the equivalent cumulative dose
(ECD) of 10 mg/kg/week for either formulation
are reported in Supplementary results and Fig-
ure S4; findings at the ECD of 50 mg/kg/week
are reported in the preceding MTD section.

Based on these findings at the MTD and
lowest doses assessed, the therapeutic indexes of
liposomal and non-liposomal irinotecan were
20 and 5, respectively.

DISCUSSION

Patients with pancreatic cancer have a poor
prognosis, with a reported S-year survival rate of
only 10.8% [20]. Therapy options are limited
and there is a need for new effective treatments.
Currently, the NALIRIFOX regimen is under
investigation as a first-line therapy for patients
with mPDAC [17].

To date, there are no clinical studies com-
paring non-liposomal and liposomal irinotecan
in pancreatic cancer treatment. This non-clini-
cal study provides important data comparing
these two formulations that can be used to
supplement existing clinical data. In this study
in mice with subcutaneously implanted IM-
PAN-001 PDX pancreatic tumors, the thera-
peutic index was fourfold greater with liposo-
mal irinotecan Q7D than non-liposomal
irinotecan Q1DS (20 vs. 5, respectively), sup-
porting the effectiveness of liposomal irinote-
can in the clinical setting in mPDAC. Transient
dose-dependent BWL was observed with both
formulations, with greater tolerance for liposo-
mal irinotecan at the MTD and the clinically
equivalent dose. At the MTD (50 mg/kg/week),
liposomal irinotecan was associated with
greater efficacy than non-liposomal irinotecan.
Similar trends were observed at the lowest doses
assessed (liposomal irinotecan 2.5 mg/kg/week,
non-liposomal irinotecan 10 mg/kg/week), as
well as at the ECD of 10 mg/kg/week (Supple-
mentary results and Figure S4).

Worldwide, 85% of preclinical agents enter-
ing oncology clinical trials fail to demonstrate

sufficient safety or efficacy to gain regulatory
approval [21]. Because cancers are heteroge-
neous diseases with biological, genetic, and
histopathological differences between patients,
tumors, and even within individual tumors, it is
not difficult to understand why animal models
based on established cell lines can have limited
preclinical and clinical translational value, due
to their clonal nature and adaptations to
defined culture media. Compared with models
based on established cell lines, xenografts from
patient tumors implanted into immunodefi-
cient or humanized mice better preserve the
characteristics of the original tumor and pro-
vide tools for translational and clinical research.
Primary tumor xenograft explants may recapit-
ulate the heterogeneity and genetic diversity
observed in patients [22, 23], and PDXs report-
edly retain sufficient histology, transcriptome,
and genome fidelity with their parental tumor
[24]. This has been demonstrated in pancreatic
cancer models [25]. Use of PDX models in new
cancer treatment screening has been shown in a
prospective study in PDAC, which demon-
strated the efficacy of gemcitabine + nab-pacli-
taxel in a PDX model [26], correlating with the
known clinical efficacy of gemcitabine + nab-
paclitaxel. Similarly, a lack of efficacy in PDX
models has been shown to correlate with neg-
ative clinical results [27].

The IM-PAN-001 PDX model used in this
study came from a tumor biopsy in a treatment-
naive patient who later received FOLFIRINOX.
Although FOLFIRINOX is associated with
increased survival, this patient did not show an
objective response and died 3.44 months after
diagnosis. Similarly, in this study, non-liposo-
mal irinotecan (a component of FOLFIRINOX)
at the clinically equivalent dose was associated
with only a marginal response.

Despite the strengths of PDX models,
implantation within rodents is a major limita-
tion because rodents can tolerate significantly
greater systemic exposure to camptothecin
analogues (i.e., irinotecan) than patients [28].
Additionally, irinotecan conversion by plasma
CES is observed in mice but not humans. Con-
sequently, studies with syngeneic or human
xenograft models in mice may overpredict the
potential clinical activity of this class of
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anticancer drug. Based on rodent data, one
study predicted that the estimated MTDs for
eight topoisomerase I inhibitors would result in
clinical trials having to initiate with doses close
to or exceeding the MTD in humans [29]. In the
present study, this difference in camptothecin
tolerance had no impact on our findings
because the respective MTDs in humans for the
two formulations in the clinical setting are
already known, while any potential MTD ben-
efit for the liposomal formulation in the mouse
models was mitigated by assuring optimal effi-
cacy of the non-liposomal irinotecan.

As both formulations should yield data that
accurately reflect response characteristics in
patients despite greater tolerances found in
mouse models, we administered non-liposomal
and liposomal irinotecan using schedules and
doses that were similar to those used in clinical
settings. The dosing schedule for each treat-
ment was selected to optimize within the mouse
models the balance between tumor exposure to
SN-38, antitumor activity, and toxicity, com-
pared to traditional administration schedules.
Liposomal irinotecan Q7D accounted for the
prolonged residence time of the drug [30].
Owing to irinotecan pharmacokinetics and
clearance in plasma and tumor, Q1DS has
emerged as a popular schedule for new irinote-
can-containing regimens in non-clinical studies
[14, 31, 32], and has been used in pediatric
studies for irinotecan trials [33]. Data suggest
that smaller doses administered frequently
(protracted irinotecan) may result in greater
antitumor activity and reduced toxicity than
larger doses administered intermittently
[34, 35]. Consequently, we selected the Q1DS
schedule for non-liposomal irinotecan to allow
sufficient time for tumor exposure to SN-38. Use
of this schedule (5mg/kg/day for 35 days)
improved efficacy compared with irinotecan
administered as a single clinically relevant dose
(33 mg/kg/week), demonstrating the optimized
exposure characteristics for the Q1DS schedule.

Using these doses and optimal treatment
regimens, liposomal irinotecan was associated
with greater efficacy than non-liposomal
irinotecan at all dose levels, despite optimal
exposure for non-liposomal irinotecan. Local
conversion of the payload and prolonged

residence time of SN-38 within tumors after
liposomal irinotecan administration may
explain the greater efficacy observed. The
impact of residence time has been evaluated in
clinical trials and in the literature using differ-
ent schedules of treatment. According to a post-
hoc analysis of clinical observations from six
trials, a high and sustained circulating SN-38
level after liposomal irinotecan was associated
with longer overall survival and progression-
free survival, and a higher objective response
rate [36]. This is consistent with preclinical
findings after liposomal irinotecan administra-
tion that showed associations between the
longer residence time of SN-38 within tumors
and antitumor efficacy, compared with non-li-
posomal irinotecan administered once a week
[19]. In addition, prolonged SN-38 exposure
with liposomal irinotecan compared with non-
liposomal irinotecan in PDX pancreatic cancer
models has been reported previously [13].
Liposomal irinotecan has been compared with
non-liposomal irinotecan in other cancer mod-
els such as a mouse model of Ewing’s sarcoma,
where liposomal irinotecan administered twice
in a week showed greater antitumor activity
compared with non-liposomal irinotecan at the
same dosing regimen [37]. This supports an
ongoing phase 2 clinical trial of liposomal
irinotecan in children and young adults with
recurrent solid malignancies and Ewing’s
sarcoma.

To exert maximum cytotoxic effects across
different cell-cycle phases, tumor cells have to
be exposed to SN-38 across multiple cell cycles,
with TV doubling time and percentage of cells
in the S phase of the cell cycle being described
as important markers of efficacy [19, 38]. The
amount of DNA damage within tumors, detec-
ted through pH2AX, 53BP1, and RADS1
expression, in the present study was associated
with histological tumor regression. At the end
of the third treatment cycle, when the majority
of tumor cells had strongly positive pH2AX
expression, persistent tumor regression and
DNA damage were observed; this was associated
with a greater in vivo response to treatment.
The most treatment-sensitive PDX models were
those presenting with high mean numbers of
mitoses per three high-power fields (SA-PAN-
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083, 57.8 > IM-PAN-001, 38.8 > SA-PAN-007,
13.7), and basal expression of pH2AX, which
suggests that DNA repair mechanisms were
already altered or that cells were prone to pre-
sent with spontaneous DNA damage. Expres-
sion of Schlafen 11 (SLFN11), which has been
linked with response to DNA-damaging agents
[39], may correlate with the different responses
to SN-38 in our PDX models, but this remains to
be evaluated.

Although treatment was associated with
tumor shrinkage, after three cycles with non-
liposomal irinotecan 25and 50 mg/kg/week
and liposomal irinotecan 10 and 50 mg/kg/
week, residual viable tumor cells eventually
began to proliferate, but this tumor relapse was
delayed for liposomal irinotecan. In the litera-
ture, local recurrence of a tumor after treatment
could be related to the presence of cancer stem
cells (CSCs), a group of poorly differentiated
cells. These CSCs are highly treatment-resistant
and are characterized by both increased renewal
capacity and low proliferation capacity (the
stem cell pool is not mitotically active), which is
associated with a more aggressive phenotype
[40]. In the IM-PAN-001 tumor model, we
showed that three treatment cycles may have
inadvertently constituted a selection pressure
for a sub-population of cells within tumors that
could resume tumor growth once treatment
ended. Alternatively, or in addition, tumor
relapse may have stemmed from residual tumor
cells that did not exhibit DNA damage, whether
by treatment resilience or limited/non-uniform
treatment exposure throughout the tumor
mass. Similar to CSCs, chemo-resistant cells
may have higher energy availability to regrow
the tumor mass. Studying the signaling path-
way characteristics of the tumor cells responsi-
ble for tumor relapse could help to understand
mechanisms implicated in tumor recurrence
after topoisomerase 1 treatment or associated
with the topoisomerase I resistance phenotype
[41]. This would help gather more evidence for
(1) the differentiation of liposomal from non-
liposomal irinotecan, or (2) combination regi-
mens that take advantage of the prolonged
exposure and improved antitumor effect of
liposomal irinotecan.

As well as demonstrating efficacy associated
with non-liposomal and liposomal irinotecan,
our study also presents a rigorous analysis of the
associated safety of these compounds, with
BWL assessments, histological analyses of target
organs, and therapeutic index calculations
based on the correlation to antitumor effect at
several doses for both drugs. At the time of this
study, this level of analysis in the context of a
therapeutic index comparison is not currently
well documented in the scientific literature. As
part of the safety analysis, the defined MTD
criteria (based on BWL and clinical condition)
enabled selection of appropriate dose-levels in
the optimal treatment regimen (repeated cycles)
for the PDX models. These criteria are aligned
with published guidelines on humane end-
points [42], including the Organisation for
Economic Co-operation and Development
guidelines. Our evaluation of MTD is in agree-
ment with published data [43] as well as non-
clinical safety data of liposomal irinotecan pre-
sented in the Food and Drug Administration’s
New Drug Application.

Studies of liposomal irinotecan in healthy
rats and dogs have identified the gastrointesti-
nal tract and hematologic system as target
organs of dose-dependent toxicity, with possi-
bly resultant diarrhea, consistent with the
known effects of irinotecan; lower body weight
gain and reduction in food intake were also
recorded, though these effects were reversible
[44]. Drug-related diarrhea in rodents receiving
high-dose liposomal irinotecan may be attrib-
uted to structural and functional injuries to the
intestinal tract resulting from the cytotoxic
activity of SN-38 [16, 45]. Indeed, CPT-11 or
conjugated SN-38 may be further converted or
processed to SN-38 by CES or the p-glu-
curonidase activity of microflora resident
within the large intestine [46]. In one study
using a rat model, histological damage was most
severe in the cecum, with the duration of
exposure to both CPT-11 and SN-38 in the
intestinal epithelium, and the CPT-11 plasma
Cmax closely related to the incidence and
severity of CPT-11-induced delayed-onset diar-
rhea [47]. Intraperitoneal administration of
irinotecan in mice has induced diffuse mucosal
damage, with correlations reported between
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diarrhea grade and (1) the amount of irinotecan
administered, and (2) both irinotecan and SN-
38 concentrations in the intestinal wall [48].

In the present study, no diarrhea was
observed and only minimal-mild toxicity in the
jejunum and bone marrow was observed com-
pared to in the tumor, despite BWL at the MTD.
This result cannot be explained by low exposure
to the drug because SN-38 is reportedly widely
distributed throughout the body as well as in
tumors (based on published and unpublished
internal data [19]). Because irinotecan and SN-
38 are S-phase-dependent DNA damage induc-
ers [49], and because H2AX phosphorylation is
part of cell-cycle checkpoints allowing time for
repair mechanisms to correct genetic lesions or
to induce apoptosis, pH2AX foci were only
detected within dividing cells. As a conse-
quence, owing to the lower doubling time of
cancer cells, a greater cytotoxic effect of treat-
ment, depicted by pH2AX expression, could
have been anticipated in tumors compared with
the jejunum and bone marrow.

It is important to consider potential study
limitations when interpreting our findings. No
formal statistical calculations were performed to
determine sample sizes across studies. Sample
sizes were determined heuristically based on
historical standard practice with preclinical
investigations at the participating research
centers. Only female mice were used in this
study, which were selected for logistical reasons
owing to their less aggressive nature; no sex-
related differences were anticipated. Although
our investigations initially assessed three PDX
models for dose-range finding purposes, only
one model was carried through for the full
analysis. Further investigation in a larger pop-
ulation of PDX models is warranted.

CONCLUSIONS

In this study, we took a global approach to
compare the therapeutic indexes of liposomal
and non-liposomal irinotecan in a preclinical
model of pancreatic PDX, which included tox-
icology, pharmacokinetic, efficacy and phar-
macodynamic biomarker analyses. The Q1DS5
schedule used for non-liposomal irinotecan was

selected to mimic the extended exposure of
liposomal irinotecan and approximate the
clinical setting used for example in pediatric
patients. Even at its optimal treatment sched-
ules for antitumor efficacy evaluation in this
study, liposomal irinotecan (Q7D) had a greater
therapeutic index than non-liposomal irinote-
can (Q1DS) with 20 vs. 5, respectively. Our
findings showed a fourfold broader therapeutic
index of a Q7D schedule of liposomal irinote-
can over a Q1DS5 schedule of non-liposomal
irinotecan. These findings suggest that liposo-
mal irinotecan could potentially be more ben-
eficial to patients with pancreatic cancer than
non-liposomal irinotecan. The efficacy of
irinotecan has been evaluated previously in a
single ‘mouse clinical trial’ using PDX models
for biomarker discovery and mechanism of
action analyses [50]. This type of non-clinical
approach, which mimics clinical trials, could be
used to document the therapeutic index of
liposomal irinotecan and its differentiation
from non-liposomal irinotecan in a large panel
of indications (not limited to pancreatic can-
cer), in order to explore the heterogeneity of
clinical response among patients.
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