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mL for 20 and 25  mg/kg, respectively). No neutropenia 
occurred in dogs receiving EP at doses up to and including 
25 mg/kg (mean SN38 Cmax of 3.4 and 4.9 ng/mL for 20 
and 25 mg/kg, respectively), despite 2.5–3.6 times greater 
SN38 AUC after EP compared to irinotecan at equivalent 
doses.
Conclusions  EP administration avoids both high SN38 
Cmax values and development of dose-limiting neutropenia 
observed after irinotecan, while maintaining greater and 
sustained SN38 exposure between doses.

Keywords  Etirinotecan pegol · Irinotecan · SN38 · 
Neutropenia · Breast cancer · NKTR-102

Introduction

Irinotecan is the active pharmaceutical ingredient of Camp-
tosar® (Camptothecin-11), a topoisomerase 1 inhibitor 
widely used as a chemotherapeutic agent. Irinotecan is 
metabolized via enzymatic cleavage of the C-10 side chain 
by carboxylesterases to generate the biologically active 
metabolite, SN38, which is 100- to 1000-fold more potent 
as a cytotoxic agent than irinotecan [1]. Although irinote-
can has clinical utility, its anti-tumor activity may be lim-
ited by its short half-life due to inactivation at physiological 
pH by the opening of its lactone E-ring and rapid clearance 
of both parent drug and SN38. In humans, the terminal 
half-life (t1/2) of irinotecan is 9–14 h, while the t1/2 of SN38 
is 24–47 h [2–4]. The recommended irinotecan dosing regi-
men of 350 mg/m2 administered as a 90-min infusion every 
21  days results in high SN38 Cmax near the end of infu-
sion. SN38 exposure was previously shown to be a strong 
determinant of neutropenia [5–8]. The side effect profile 
of irinotecan is dependent on the mode of administration, 
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with protracted infusions associated with lower incidences 
of severe myelosuppression [7–9], suggesting that SN38 
Cmax rather than duration of exposure contributes to severe 
hematologic toxicities.

Because SN38 inhibits DNA topoisomerase I during the 
S-phase of the mitotic cycle, it is believed that extended 
SN38 cytotoxic exposure would enhance anti-tumor activity 
[10, 11]. Additionally, the conversion of irinotecan to SN38 
by carboxyl-esterase enzymes is believed to be a saturable 
process [9]. In patients with metastatic colorectal cancer, 
continuous infusion of 22.5 mg/m2/day given over 7 days, 
every 21 days, for a total of 157 mg/m2 per 21-day cycle, 
resulted in greater SN38 AUC compared to the 350 mg/m2 
given an 90-min infusion, even though only half the dose 
was administered [7]. A study investigating continuous infu-
sion of irinotecan over 14 days in patients with malignant 
solid tumors also reported a greater SN38 AUC compared to 
short infusion of equivalent irinotecan dose [8].

EP, a long-acting topoisomerase 1 inhibitor designed to 
provide sustained exposure to SN38, was developed with 
the aim of providing increased anti-tumor activity and 
improved safety compared with short-acting topoisomerase 
1 inhibitors [12]. EP is composed of irinotecan conjugated 
with polyethylene glycol via an ester-based linker that 
slowly releases irinotecan, a prodrug of SN38. The in vivo 
hydrolysis of this cleavable linker results in slow formation 
of irinotecan and subsequently slower transformation to 
SN38, resulting in reduced Cmax yet sustained plasma SN38 
concentrations.

We hypothesized that the pharmacokinetic properties of 
EP would attenuate Cmax, sustain exposure, and result in 
higher AUC to the active metabolite SN38 without encoun-
tering hematologic toxicities compared to irinotecan. To 
test this hypothesis, the relationship between incidences 
of neutropenia and model-predicted SN38 exposure was 
evaluated using SN38 Cmax and AUC and neutrophil count 
data from toxicology studies in beagle dogs receiving EP or 
irinotecan once weekly for 4 weeks.

Materials and methods

Chemicals and reagents

EP (Nektar Therapeutics, San Francisco, CA) was dis-
solved in 5% dextrose in water adjusted to a final pH of 
5.20–5.86. To facilitate direct comparison with irinotecan, 
all EP doses are expressed as irinotecan-equivalent unit 
delivered in the conjugated form. Irinotecan (Camptosar®, 
Pfizer, Groton, CT) was also prepared by dissolution in 5% 
dextrose in water, and final pH was adjusted to 4.61–4.85. 
The control solution contained only the vehicle, which was 
5% dextrose in water.

Animals

Eighty-four beagle dogs equally divided by gender were 
supplied by Marshall Bioresources (North Rose, NY). The 
age range of the dogs was 6–7 months old at the onset of 
experiment. The protocol was reviewed and approved by 
the Animal Care Committee of ITR Laboratories Canada, 
Inc. where the study was conducted. All animals were 
handled in accordance with the principles outlined in the 
Guide to the Care and Use of Experimental Animals [13, 
14] and Guide for the Care and Use of Laboratory Ani-
mals [15].

Dog toxicokinetics

All animals were monitored for clinical condition, body 
weight, food consumption, and mortality throughout the 
study. Ophthalmological and electrocardiographic evalu-
ations were performed. Blood samples were collected for 
evaluation of hematology and toxicokinetics.

The experimental design is shown in Table  1. Beagle 
dogs (42 males and 42 females) were assigned to vehicle 
control (n = 22), 20 (n = 6), or 25 (n = 8) mg/kg doses 
of irinotecan or 6 (n =  10), 15 (n =  10), 20 (n =  6), 25 
(n = 8), or 40/25 (n = 14) mg/kg doses of EP. Each dose 
group was further divided into main (3 of each gender), 
14-day recovery (2 of each gender), and 28-day recovery 
groups (2 of each gender only in the control and high-dose 
groups). The study phases were defined by the time that 
the dogs were euthanized post-first dose, either Day 25 
(main study), Day 37 (14-day recovery), or Day 51 (28-day 
recovery).

The control/vehicle and test article solutions (dose vol-
ume 8 mL/kg) were administered to each dog by intrave-
nous infusion over a 1-h period via an indwelling cath-
eter placed in the cephalic or saphenous vein on Days 1, 
8, 15, and 22. In the EP 40/25-mg/kg dose group, animals 
were administered 40 mg/kg on Days 1 and 8 followed by 
25 mg/kg on Days 15 and 22 due to severe adverse clini-
cal signs and mortalities observed on Day 8. For the first 
two dogs evaluated in the 40-mg/kg dose group, the dose 
level was decreased to 25  mg/kg on Day 22, as they had 
already received their Day 15 dose before the decision to 
change the dose level was made. Two male animals in the 
EP 40/25-mg/kg dose group only received three (Days 1, 
8, and 22) of the four scheduled doses due to poor health. 
In the irinotecan-treated animals, two animals in the 20 mg 
and 25-mg dose groups received humane euthanasia on 
Days 6 and 13, respectively. Three animals in the 25-mg 
dose group were found dead on Days 5 (n =  2) and 21 
(n = 1).

Blood samples were collected for toxicokinetic evalua-
tion in the main study group: pre-dose on Days 1, 15, 22 
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and post-dose at 1, 8, 48, 96, and 168 h on Day 1, and at 1, 
8, and 48 h on Day 22. An additional morning sample was 
collected on Day 36 for the 14-day recovery group, while 
the 28-day recovery group had additional samples taken 
on the morning of Days 38 and 50. Blood samples were 
analyzed for plasma concentrations of EP, irinotecan, and 
SN38, as well as hematologic parameters.

Pharmacokinetic analysis

Plasma concentrations of SN38 were quantified by a vali-
dated liquid chromatography–tandem mass spectrometry 
method as previously described [12].

The observed Cmax was determined directly from the 
concentration–time profiles. The area under the plasma 
concentration–time curve from time 0 to t (AUC0–t), 
wherein t is defined as either 48 or 168 h, was calculated 
using both linear trapezoidal method and a nonlinear mixed 
effect modeling approach. All concentrations reported as 
below the limit of quantitation were set to missing in the 
computation.

Pharmacokinetic model description

To obtain comparable SN38 AUC values for all dogs 
after irinotecan and EP administrations, simulated con-
centration–time profiles based on nonlinear mixed effects 
modeling were used. Determination of Cmax relied on the 
experimentally observed values. The area under the plasma 
concentration–time curves from time 0 to t (AUC0–t), 
wherein t is defined as either 48 or 168 h, were calculated 

by integration using the developed model as described 
below.

SN38 pharmacokinetics in dogs after EP administration 
was characterized by a two-compartment model with first-
order input describing the slow increase in plasma SN38 
concentration. The structural model relative to EP dose was 
parameterized on clearance (CL/F), intercompartmental 
clearance (Q/F), volumes of central (Vc/F) and peripheral 
(Vp/F) compartments, and the rate constant that described 
the appearance of SN38 in the plasma (Kin). Between-sub-
ject variability (BSV) was characterized by an exponential 
model on CL/F, Vc/F, and Q/F, whereas between-occasion 
variability (BOV) was associated with CL/F and Vc/F, also 
as an exponential model, such that:

where P̄ represents the mean parameter value. ηi and κij 
describe the BSV and BOV, both of which were assumed 
to be normally distributed with mean zero and variances 
of ωp

2 and πp
2, respectively. The subscript i represents the 

individual, and j represents the occasion for the individual. 
Dummy variables were introduced to distinguish sepa-
rate occasions, where 1 designated the first occasion for 
all observation times prior to the fourth weekly dose and 
2 indicated observation times after the fourth weekly dose. 
The two occasions were consolidated to determine the 
BOV.

SN38 concentration–time profiles in dogs after irinote-
can administration were characterized by a two-compart-
ment model with zero-order input (1-h infusion) to describe 
the rapid increase in SN38 concentration in plasma after 

Pij = P̄ × exp
(

ηi + κij
)

Table 1   Experimental design 
showing the assignment of 
number of animals to each study 
group, the dose received, and 
the phases of the study

EP etirinotecan pegol, M male, F female, Nec necropsy
a  In mg irinotecan contained
b  Animals in the high-dose (40/25) etirinotecan pegol group were dosed at 40 mg/kg for the first two treat-
ments (Days 1 and 8) and were then dosed at 25 mg/kg on Days 15 and 22 due to severe adverse clinical 
signs and mortalities observed on Day 8. However, for two animals in the first replicate, the dose level was 
decreased to 25 mg/kg only for Day 22, since they were dosed on Day 15 prior to the decision to change 
the dose level

Group no. Test article Dose level 
(mg/kg/week)a

Dose conc. 
(mg/mL)b

Main  
(Day 25 Nec)

Recovery phase

14 days (Day 
37 Nec)

28 Days (Day 
51 Nec)

M F M F M F

1 Vehicle 0 0 6 6 3 3 2 2

2 EP 6 0.75 3 3 2 2 nd nd

3 EP 15 1.875 3 3 2 2 nd nd

4 EP 20 2.5 3 3 nd nd nd nd

5 EP 25 3.125 3 3 1 1 nd nd

6 EP 40/25 5/3.125 3 3 2 2 2 2

7 Irinotecan 20 2.5 3 3 nd nd nd nd

8 Irinotecan 25 3.125 3 3 1 1 nd nd
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1-h infusion of irinotecan. The structural model relative 
to irinotecan dose was parameterized on CL/F, Q/F, Vc/F, 
and Vp/F. The BSV was characterized by an exponential 
model for all parameters except Vp/F. There was no BOV 
in the model for SN38 pharmacokinetics after irinotecan 
administration.

The residual variability was modeled using a propor-
tional error model for both models of SN38.

Pharmacokinetic model evaluation was based on the 
likelihood objective function value (OFV), goodness-of-fit 
plots, precision of parameter estimates, shrinkage for BSV 
and BOV terms and for the residual variability, bootstrap 
resampling, and visual predictive check [16]. Corrections 
for prediction and variability were incorporated in the vis-
ual predictive check [17].

AUC was calculated by integration of a separate com-
partment defined as the amount in the central compart-
ment divided by Vc/F [18]. For example, AUC0–168h after 
the last dose was computed as total AUC0–672h minus total 
AUC0–504h, and AUC0–48h after Day 22 dose was computed 
as AUC0–552h minus AUC0–504h. The SN38 AUC0–48h values 
on Day 1 and Day 22 determined from non-compartmental 
analysis were compared to the AUC0–48h values determined 
from the population pharmacokinetic model by correlation.

Statistical analysis

Logistic regression analysis was performed to determine 
the relationship between the occurrence of neutropenia and 
the SN38 exposure parameters Cmax and AUC0–168h. Obser-
vations from 82 dogs were included in the logistic regres-
sion analysis. The logit function was fitted to both Cmax 
and AUC0–168 values to relate the probability of developing 
neutropenia:

where parameter refers to Cmax or AUC0–168 values. The 
logit transformation limits the probability of developing 
neutropenia between 0 and 1. f(parameter) is a linear func-
tion of either SN38 Cmax or SN38 AUC0–168:

where α and β represent intercept and slope of the regres-
sion. The odds ratio was defined as the change in the esti-
mated odds of having neutropenia when Cmax or AUC is 
increased by one unit.

The predictability of the final logistic regression model 
was evaluated using the visual predictive check, wherein 
plasma concentration–time profiles after a single 25  mg 
dose were simulated in 1000 replicates using the final 
model. The percentage of dogs with neutropenia within a 
specific Cmax range was estimated and compared with the 

P(Yi=1) =
1

1+ exp (−f (parameter))

f (parameter) =∝ +β(parameter)

actual observed percentage to evaluate the predictive per-
formance of the final model.

Software

Nonlinear mixed effects modeling of SN38 pharmacoki-
netics was carried out in NONMEM (ICON, Ellicott City, 
MD), with first-order conditional estimation and η interac-
tion. The subroutine was ADVAN6 with tolerance value of 
9. Visual predictive check and bootstrap resampling were 
performed with Perl-speaks-NONMEM 3.5.5 running 
ActivePerl 5.12 (ActiveState, Vancouver, Canada). The 
non-compartmental analysis was carried out using Phoe-
nix WinNonlin 6.3 (Certara, Princeton, NJ). The logistic 
regression models were developed using R (version 3.0.0).

Results

Comparison of SN38 Cmax and AUC values 
after administration of irinotecan or etirinotecan pegol

Figure  1 shows plasma SN38 concentration–time profiles 
after Day 1 and Day 22 administrations by increasing EP 
and irinotecan doses and by gender of beagle dogs. SN38 
disposition was similar between male and female dogs. 
The plasma disposition of SN38 after irinotecan admin-
istration is characterized by rapid increase followed by a 
fast exponential decline, whereas SN38 disposition after 
EP administration is characterized by lower Cmax values, 
much slower elimination, and higher AUC values for iri-
notecan-equivalent doses. SN38 concentrations after iri-
notecan administration were below the limit of quantitation 
after 48 h post-dose, whereas SN38 concentration after EP 
remained measurable for the duration of assessment (48–
678  h). The SN38 pharmacokinetic model development 
results are found in supplemental material.

Figure  2 shows SN38 Cmax and AUC after administra-
tion of irinotecan or EP; exposure parameters are summa-
rized in Table 2. At dose levels delivering the same irinote-
can content, mean SN38 Cmax values after the first dose of 
irinotecan were approximately 4- to 5.4-fold higher than 
after the first dose of EP. In contrast, Day 1 mean SN38 
AUC after EP was 2.5- to 3.6-fold greater than following 
irinotecan administration. This ratio increased 4.9- to 8.9-
fold after repeated administration on Day 22. No accumula-
tion of SN38 was observed after irinotecan dosing.

Relationship between decrease in neutrophils and SN38 
exposure

Baseline neutrophil counts for all dogs ranged between 
2.68 and 14.41 × 109 cells/L. Neutropenia was defined as 
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a decrease in neutrophil count below 2 × 109 cells/L at any 
time during the study.

Table  3 shows the incidence of neutropenia by treat-
ment and dose group. In the irinotecan treatment groups, 
100% of dogs receiving 20 mg/kg and 60% of dogs receiv-
ing 25  mg/kg experienced neutropenia. The remaining 
40% of dogs in the irinotecan 25 mg/kg group died before 
study completion with reduced neutrophil counts, but prior 
to meeting criteria for neutropenia. In the EP treatment 
groups, none of the dogs receiving ≤25 mg/kg developed 
neutropenia, but 71% of dogs receiving 40/25 mg/kg did.

Figure 3 shows the incidences of neutropenia by SN38 
Cmax and SN38 AUC0-168h. The top graphs show the per-
centage of neutropenic dogs for binned SN38 Cmax values 
after the first (Day 1) and fourth (Day 22) weekly dose of 
either irinotecan or EP. An increasing incidence of neutro-
penia was observed with increasing SN38 Cmax. SN38 Cmax 
values <5  ng/mL were associated with low incidences of 
neutropenia (<10%). Incidence of neutropenia increased to 
67% at SN38 Cmax values between 10 and <20 ng/mL and 
reached 100% for SN38 Cmax values between 20 and 50 ng/

mL. While SN38 Cmax values after administration of EP 
were <10 ng/mL (with 74% <5 ng/mL), irinotecan admin-
istration led to SN38 Cmax values between 10 and 50  ng/
mL. At irinotecan-equivalent dose levels (20 and 25  mg/
kg), mean SN38 Cmax values after EP administration were 
twofold to fivefold lower compared to irinotecan adminis-
tration and did not exceed 5 ng/mL after Day 1 and 10 ng/
mL after Day 22 EP administrations (Table 2).

Table  4 shows the parameter estimates for the linear 
logistic regression model. The Day 1 odds ratio was equal 
to e0.12, corresponding to a value of 1.13, while the Day 22 
odds ratio was e0.33 or 1.39. The odds ratios for both days 
were statistically greater than 1, indicating that the probabil-
ity of neutropenia occurring was dependent on SN38 Cmax.

Figure  4 shows that the probability of neutropenia 
increases with increasing SN38 Cmax values. The blue-
shaded area indicates the range of SN38 Cmax values after 
25 mg/kg EP, whereas the red-shaded area is the range of 
values after 20 mg/kg irinotecan. Irinotecan administration 
is associated with a higher risk of developing neutropenia, 
even at lower SN38 exposures than EP.

Fig. 1   Plasma SN38 concentration–time profiles in dogs by dose 
group. Dogs for each treatment group were split equally between 
genders. The high-dose (40/25) etirinotecan pegol animals were 
treated at 40  mg/kg for the first two treatments (Days 1 and 8) 
and were then dosed at 25 mg/kg on Days 15 and 22 due to severe 

adverse clinical signs and mortalities observed on Day 8. However, 
for two animals in the first replicate, the dose level was decreased to 
25 mg/kg only for Day 22, since they were dosed on Day 15 prior to 
the decision to change the dose level
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Fig. 2   Comparison of SN38 Cmax (top) and AUC0-168h (bottom), by study day, treatment, and dose level

Table 2   SN38 pharmacokinetic parameters after 1-h intravenous infusion of irinotecan or etirinotecan pegol

Values reported as mean ± SD [min, max]
a  AUC0–168h was determined from the population pharmacokinetic model

Treatment Dose (mg/kg) Cmax (ng/mL) AUC0–168h (ng h/mL)a

Day 1 Day 22 Day 1 Day 22

Irinotecan 20 (N = 6) 13.5 ± 2.7 [9.07, 16.4] 11.3 ± 1.9 [9.31, 14.1] 72.4 ± 31.1 [37.6, 118] 65.0 ± 30.8 [34.0, 118]

25 (N = 8) 26.3 ± 10.5 [14.7, 47.2] 12.7 ± 4.4 [10.2, 19.3] 115 ± 77.0 [56.2, 270] 109 ± 82.4 [43.3, 272]

Etirinotecan Pegol 6 (N = 6) 1.03 [0, 1.03] 3.11 ± 0.84 [1.98, 4.18] 104 ± 3.77 [97.4, 110] 338 ± 73.3 [223, 420]

15 (N = 10) 2.08 ± 0.47 [1.43, 2.74] 3.07 ± 1.25 [1.69, 5.31] 188 ± 16.4 [165, 218] 364 ± 152 [209, 640]

20 (N = 6) 3.39 ± 0.63 [2.90, 4.61] 6.32 ± 0.6 [5.32, 6.84] 260 ± 13.0 [245, 279] 581 ± 12.0 [566, 595]

25 (N = 6) 4.86 ± 0.75 [4.14, 5.87] 6.45 ± 1.13 [5.82, 8.74] 282 ± 34.7 [220, 316] 537 ± 90.7 [410, 693]

40/25 (N = 14) 5.40 ± 1.49 [3.49, 9.08] 5.69 ± 2.01 [2.98, 9.34] 409 ± 62.7 [313, 572] 614 ± 212 [363, 1087]
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In contrast to SN38 Cmax, no relationship was found 
between SN38 AUC0–168h and incidence of neutropenia 
(Fig.  3). The majority (71%) of irinotecan-treated dogs 
had SN38 AUC0–168h values between 30 and <100  ng  h/

mL, while the majority of EP-treated dogs (96%) exhibited 
AUC0–168h values ≥100  ng  h/mL. Despite fivefold greater 
SN38 systemic exposure after EP compared to irinotecan, 
only 22% of EP-treated dogs developed neutropenia.

The logistic regression model was qualified by simulat-
ing 1000 uniformly distributed SN38 Cmax values ranging 
from 0 to 50 ng/mL and estimating the incidence of neutro-
penia using the model parameters. Figure 5 shows that the 
model-predicted incidence of neutropenia as a function of 
SN38 Cmax (top row) is similar to the observed incidence 
(bottom row), except for the 20–50  ng/mL Cmax range, 
where many dogs in the 25  mg/kg irinotecan group died 
prior to reaching the neutrophil cutoff for neutropenia.

Discussion

EP administration avoids high SN38 Cmax and development 
of dose-limiting neutropenia observed after irinotecan, 

Table 3   Incidences of neutropenia in dogs by treatment and dose 
groups

a  Neutropenic dogs are defined as dogs whose neutrophil count 
was < 2x109/L at any point during the treatment

Treatment Dose (mg/
kg)

Number  
of dogs

Neutro-
penic 
dogsa

n n %

Control (n = 22) 0 22 0 0

Etirinotecan pegol (n = 46) 6–25 32 0 0

40/25 14 10 71

Irinotecan (n = 14) 20 6 6 100

25 8 5 60

Fig. 3   Observed fraction of 
dogs with neutropenia by SN38 
Cmax (top) and AUC0–168h (bot-
tom). Percentages are computed 
based on number of dogs 
within the bin range. *In the 
20–50 ng/mL Cmax range, the 
dogs that were given 25 mg/kg 
irinotecan and died prior to their 
neutrophil levels falling below 
2 × 109/L were not counted as 
neutropenic. Majority of the 
dogs in 25 mg/kg irinotecan 
died prior to their Day 22 dose
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while maintaining reduced yet sustained plasma SN38 
concentrations between doses. The probability of a neutro-
penia incidence was estimated to be between 0.1 and 0.4 
for EP administered at an irinotecan-equivalent dose of 
25  mg/kg once weekly compared to 0.3 to >0.9 with iri-
notecan administered at 20  mg/kg once weekly. Neutro-
penia occurred in approximately 80% of dogs receiving 
irinotecan (mean SN38 Cmax of 13.5–26.3  ng/mL for 20 
and 25 mg/kg). No neutropenia occurred in dogs receiving 
EP up to an irinotecan-equivalent dose of 25 mg/kg (mean 
SN38 Cmax of 3.4–4.9 ng/mL for 20 and 25 mg/kg), even 
though SN38 AUC after EP was 2.5–3.6 times greater than 
that for irinotecan when both drugs were administered on 
the same schedule at doses delivering the same amount of 
irinotecan. EP is designed to achieve a reduced Cmax but 
sustained exposure of SN38 to provide an enhanced anti-
tumor activity and a better safety profile compared to iri-
notecan in animal models [12]. In a previous study on 
preclinical efficacy, EP outperformed irinotecan in tumor 
growth suppression and regression at equivalent or lower 

doses [12]. Animals treated with EP exhibited lasting 
tumor growth suppression and marked regression; com-
plete regression continued for weeks after administration of 
the last EP dose in all tumor models. In contrast, animals 
treated with irinotecan at the maximum tolerated dose had 
limited and temporary tumor growth inhibition. EP also 
has better safety profile with significantly lesser severity of 
adverse events at an equivalent or lesser dose compared to 
irinotecan, as demonstrated in this study. The results from 
these two studies indicate that the extent or duration of 
exposure to SN38, characterized by AUC, likely determines 
its anti-tumor efficacy, whereas peak SN38 concentration 
determines the degree of toxicity. The results were con-
sistent with a protracted infusion schedule of irinotecan in 
mice bearing xenograft of human tumors that showed more 
effective tumor regression [19].

The SN38 AUC after EP administration represents eight-
fold and fourfold increase in steady-state exposure com-
pared to equivalent doses of irinotecan at 20 and 25 mg/kg 
once weekly, respectively. The slow release of irinotecan 
from EP is thought to not overwhelm the capacity of the 
carboxyl-esterase enzymes that deacetylate irinotecan to 
SN38 [20], thus allowing for a more efficient drug activa-
tion and resulting in greater SN38 AUC after EP adminis-
tration than that of irinotecan administration. The exposure 
inside the tumor cells was previously shown to be increased 
by 300-fold compared with conventional irinotecan. The 
accumulation of SN38 in the tumor in the EP-treated ani-
mals was also sustained for a long duration [12], attributed 
to the extravasation through the leaky vasculature leading 
to an enhanced permeability and retention effect [21–23].

With EP resulting in an effective SN38 half-life of 
>40  days in humans [24], it can provide sustained SN38 
exposure throughout the dosing interval. In cancer patients, 

Table 4   Summary pharmacodynamic parameters of SN38 Cmax and 
neutropenia incidence relationship

* p < 0.01
a  Odds ratio is computed as exp(β)

Study day Model parameters Estimate (SE)

Day 1 α (logit intercept) −1.88 (0.37)

β (logit slope) 0.12 (0.038)*

Odds ratioa 1.13

Day 22 Α −3.43 (0.714)

Β 0.33 (0.093)*

Odds ratio‡ 1.39

Fig. 4   Logistic regression 
model showing the probability 
of neutropenia as a function 
of SN38 Cmax. Black and gray 
points represent Cmax values 
after etirinotecan pegol and iri-
notecan once-weekly adminis-
tration and whether neutropenia 
was observed (p = 1) or not 
(p = 0). The blue-shaded area 
represents SN38 Cmax range 
after 25 mg/kg etirinotecan 
pegol and the red-shaded area 
represents SN38 Cmax range 
after 20 mg/kg irinotecan, both 
administered once per week
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after the fourth dose of 145  mg/m2 of EP administered 
every 21  days, corresponding SN38 Cmax was approxi-
mately 5  ng/mL, cumulative AUC of approximately 
2800 ng.h/mL, and trough concentrations of approximately 
1 ng/mL [24]. In comparison, four cycles of 350 mg/m2 iri-
notecan administered every 21 days result in a SN38 Cmax 
of 19 ng/mL, a cumulative AUC of 1300 ng h/mL, and con-
centrations of >1 ng/mL for less than 24 h post-each dose 
[25, 26]. Similar to the data presented in dogs, in the Phase 
3 BEACON study, where 145  mg/m2 EP was adminis-
tered every 21 days to patients with advanced or metastatic 
breast cancer, the rate of grade ≥3 neutropenia was 10% 
[27], while the Camptosar package insert mentions a 22% 
rate of grade ≥3 neutropenia in the patients [28].

In conclusion, EP avoids the high SN38 Cmax and 
reduces the incidence of dose-limiting neutropenia that is 
frequently observed with irinotecan administration while 
maintaining sustained SN38 exposure. The incidence of 
neutropenia in dogs receiving weekly doses of irinotecan or 
EP is strongly dependent on the magnitude of plasma SN38 
Cmax, but not SN38 AUC.

Acknowledgements  The authors thank Dr. Toufigh Gordi for review 
of the manuscript.

Compliance with ethical standards 

Conflict of interest  All authors are employees and own stocks and 
stock options of Nektar Therapeutics.

Fig. 5   Visual predictive check comparing the predicted fraction of dogs with neutropenia from the logistic regression model (top) within each 
SN38 Cmax bin with the actual fraction of dogs with neutropenia within the pre-specified bin range (bottom)



66	 Cancer Chemother Pharmacol (2017) 79:57–67

1 3

Ethical approval  All procedures performed in the study was reviewed 
and approved by the Animal Care Committee of ITR Laboratories 
Canada, Inc. where the study was conducted. All animals were han-
dled in accordance with the principles outlined in the Guide to the Care 
and Use of Experimental Animals and Guide for the Care and Use of 
Laboratory Animals.

Open Access  This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Kawato Y, Aonuma M, Hirota Y, Kuga H, Sato K (1991) Intra-
cellular roles of SN-38, a metabolite of the camptothecin deriva-
tive CPT-11, in the antitumor effect of CPT-11. Cancer Res 
51(16):4187–4191

	 2.	 Kehrer DF, Yamamoto W, Verweij J, de Jonge MJ, de Bruijn P, 
Sparreboom A (2000) Factors involved in prolongation of the 
terminal disposition phase of SN-38: clinical and experimental 
studies. Clin Cancer Res 6(9):3451–3458

	 3.	 Chabot GG (1997) Clinical pharmacokinetics of irinotecan. Clin Phar-
macokinet 33(4):245–259. doi:10.2165/00003088-199733040-00001

	 4.	 Chabot GG, Abigerges D, Catimel G, Culine S, de Forni M, 
Extra JM, Mahjoubi M, Herait P, Armand JP, Bugat R et  al 
(1995) Population pharmacokinetics and pharmacodynamics of 
irinotecan (CPT-11) and active metabolite SN-38 during phase I 
trials. Ann Oncol 6(2):141–151

	 5.	 Innocenti F, Undevia SD, Iyer L, Chen PX, Das S, Kochergin-
sky M, Karrison T, Janisch L, Ramirez J, Rudin CM, Vokes 
EE, Ratain MJ (2004) Genetic variants in the UDP-glucuron-
osyltransferase 1A1 gene predict the risk of severe neutrope-
nia of irinotecan. J Clin Oncol 22(8):1382–1388. doi:10.1200/
JCO.2004.07.173

	 6.	 Iyer L, Das S, Janisch L, Wen M, Ramirez J, Karrison T, Flem-
ing GF, Vokes EE, Schilsky RL, Ratain MJ (2002) UGT1A1*28 
polymorphism as a determinant of irinotecan disposition and 
toxicity. Pharmacogenomics J 2(1):43–47

	 7.	 Masi G, Falcone A, Di Paolo A, Allegrini G, Danesi R, Barbara 
C, Cupini S, Del Tacca M (2004) A phase I and pharmacokinetic 
study of irinotecan given as a 7-day continuous infusion in meta-
static colorectal cancer patients pretreated with 5-fluorouracil or 
raltitrexed. Clin Cancer Res 10(5):1657–1663

	 8.	 Herben VM, Schellens JH, Swart M, Gruia G, Vernillet L, Bei-
jnen JH, ten Bokkel Huinink WW (1999) Phase I and phar-
macokinetic study of irinotecan administered as a low-dose, 
continuous intravenous infusion over 14  days in patients with 
malignant solid tumors. J Clin Oncol 17(6):1897–1905

	 9.	 Takimoto CH, Morrison G, Harold N, Quinn M, Monahan BP, 
Band RA, Cottrell J, Guemei A, Llorens V, Hehman H, Ismail 
AS, Flemming D, Gosky DM, Hirota H, Berger SJ, Berger 
NA, Chen AP, Shapiro JD, Arbuck SG, Wright J, Hamilton JM, 
Allegra CJ, Grem JL (2000) Phase I and pharmacologic study 
of irinotecan administered as a 96-hour infusion weekly to adult 
cancer patients. J Clin Oncol 18(3):659–667

	10.	 Ryan AJ, Squires S, Strutt HL, Johnson RT (1991) Camptothecin 
cytotoxicity in mammalian cells is associated with the induction 
of persistent double strand breaks in replicating DNA. Nucleic 
Acids Res 19(12):3295–3300

	11.	 Gerrits CJ, de Jonge MJ, Schellens JH, Stoter G, Verweij J (1997) 
Topoisomerase I inhibitors: the relevance of prolonged exposure 
for present clinical development. Br J Cancer 76(7):952–962

	12.	 Hoch U, Staschen CM, Johnson RK, Eldon MA (2014) Nonclin-
ical pharmacokinetics and activity of etirinotecan pegol (NKTR-
102), a long-acting topoisomerase 1 inhibitor, in multiple can-
cer models. Cancer Chemother Pharmacol 74(6):1125–1137. 
doi:10.1007/s00280-014-2577-7

	13.	 Olfert ED, Cross BM, McWilliam AA (1993) Guide to the care 
and use of experimental animals, vol 1, 2. Canadian Council on 
Animal Care Ottawa

	14.	 Schiefer H (1985) Guide to the care and use of experimental ani-
mals, volume 2. Can J Comp Med 49(1):49

	15.	 Garber JC, Barbee RW, Bielitzki JT, Clayton L, Donovan J, Hen-
driksen C, Kohn D, Lipman N, Locke P, Melcher J (2011) Guide 
for the care and use of laboratory animals, vol 8. The National 
Academic Press, Washington, DC, p 220

	16.	 Yu M, Gao Z, Dai X, Gong H, Zhang L, Chen X, Zhong DF, Sy 
SK (2016) Population pharmacokinetic and covariate analysis of 
apatinib, an oral tyrosine kinase inhibitor, in healthy volunteers 
and patients with solid tumors. Clin Pharmacokinet. doi:10.1007/
s40262-016-0427-y

	17.	 Bergstrand M, Hooker AC, Wallin JE, Karlsson MO (2011) Pre-
diction-corrected visual predictive checks for diagnosing nonlin-
ear mixed-effects models. AAPS J 13(2):143–151. doi:10.1208/
s12248-011-9255-z

	18.	 Sy SK, de Kock L, Diacon AH, Werely CJ, Xia H, Rosenkranz 
B, van der Merwe L, Donald PR (2015) N-acetyltransferase 
genotypes and the pharmacokinetics and tolerability of para-
aminosalicylic acid in patients with drug-resistant pulmonary 
tuberculosis. Antimicrob Agents Chemother 59(7):4129–4138. 
doi:10.1128/AAC.04049-14

	19.	 Houghton PJ, Cheshire PJ, Hallman JD 2nd, Lutz L, Friedman 
HS, Danks MK, Houghton JA (1995) Efficacy of topoisomer-
ase I inhibitors, topotecan and irinotecan, administered at low 
dose levels in protracted schedules to mice bearing xenografts 
of human tumors. Cancer Chemother Pharmacol 36(5):393–403. 
doi:10.1007/BF00686188

	20.	 Rivory LP, Bowles MR, Robert J, Pond SM (1996) Conversion 
of irinotecan (CPT-11) to its active metabolite, 7-ethyl-10-hy-
droxycamptothecin (SN-38), by human liver carboxylesterase. 
Biochem Pharmacol 52(7):1103–1111

	21.	 Fang J, Sawa T, Maeda H (2003) Factors and mechanism of 
“EPR” effect and the enhanced antitumor effects of macromo-
lecular drugs including SMANCS. Adv Exp Med Biol 519:29–
49. doi:10.1007/0-306-47932-X_2

	22.	 Maeda H, Wu J, Sawa T, Matsumura Y, Hori K (2000) Tumor 
vascular permeability and the EPR effect in macromolecular 
therapeutics: a review. J Control Release 65(1–2):271–284

	23.	 Dvorak HF, Nagy JA, Dvorak JT, Dvorak AM (1988) Identifi-
cation and characterization of the blood vessels of solid tumors 
that are leaky to circulating macromolecules. Am J Pathol 
133(1):95–109

	24.	 Jameson GS, Hamm JT, Weiss GJ, Alemany C, Anthony S, 
Basche M, Ramanathan RK, Borad MJ, Tibes R, Cohn A, 
Hinshaw I, Jotte R, Rosen LS, Hoch U, Eldon MA, Medve 
R, Schroeder K, White E, Von Hoff DD (2013) A multicenter, 
phase I, dose-escalation study to assess the safety, toler-
ability, and pharmacokinetics of etirinotecan pegol in patients 
with refractory solid tumors. Clin Cancer Res 19(1):268–278. 
doi:10.1158/1078-0432.CCR-12-1201

	25.	 Xie R, Mathijssen RH, Sparreboom A, Verweij J, Karlsson MO 
(2002) Clinical pharmacokinetics of irinotecan and its metabo-
lites in relation with diarrhea. Clin Pharmacol Ther 72(3):265–
275. doi:10.1067/mcp.2002.126741

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.2165/00003088-199733040-00001
http://dx.doi.org/10.1200/JCO.2004.07.173
http://dx.doi.org/10.1200/JCO.2004.07.173
http://dx.doi.org/10.1007/s00280-014-2577-7
http://dx.doi.org/10.1007/s40262-016-0427-y
http://dx.doi.org/10.1007/s40262-016-0427-y
http://dx.doi.org/10.1208/s12248-011-9255-z
http://dx.doi.org/10.1208/s12248-011-9255-z
http://dx.doi.org/10.1128/AAC.04049-14
http://dx.doi.org/10.1007/BF00686188
http://dx.doi.org/10.1007/0-306-47932-X_2
http://dx.doi.org/10.1158/1078-0432.CCR-12-1201
http://dx.doi.org/10.1067/mcp.2002.126741


67Cancer Chemother Pharmacol (2017) 79:57–67	

1 3

	26.	 Xie R, Mathijssen RH, Sparreboom A, Verweij J, Karlsson MO 
(2002) Clinical pharmacokinetics of irinotecan and its metabo-
lites: a population analysis. J Clin Oncol 20(15):3293–3301

	27.	 Perez EA, Awada A, O’Shaughnessy J, Rugo HS, Twelves C, 
Im SA, Gomez-Pardo P, Schwartzberg LS, Dieras V, Yardley 
DA, Potter DA, Mailliez A, Moreno-Aspitia A, Ahn JS, Zhao C, 
Hoch U, Tagliaferri M, Hannah AL, Cortes J (2015) Etirinote-
can pegol (NKTR-102) versus treatment of physician’s choice 

in women with advanced breast cancer previously treated with 
an anthracycline, a taxane, and capecitabine (BEACON): a ran-
domised, open-label, multicentre, phase 3 trial. Lancet Oncol 
16(15):1556–1568. doi:10.1016/S1470-2045(15)00332-0

	28.	 Pfizer (2004) Campto SmPC (Campto package insert). Pfizer. 
https://www.medicines.org.uk/emc/medicine/12508. Accessed 
17 March 2016

http://dx.doi.org/10.1016/S1470-2045(15)00332-0
https://www.medicines.org.uk/emc/medicine/12508

	Etirinotecan pegol administration is associated with lower incidences of neutropenia compared to irinotecan administration
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Chemicals and reagents
	Animals
	Dog toxicokinetics
	Pharmacokinetic analysis
	Pharmacokinetic model description
	Statistical analysis
	Software

	Results
	Comparison of SN38 Cmax and AUC values after administration of irinotecan or etirinotecan pegol
	Relationship between decrease in neutrophils and SN38 exposure

	Discussion
	Acknowledgements 
	References




