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Summary
Background Pegylated liposomal (PL) mitomycin-c lipidic prodrug MLP) may be a useful agent in patients with metastatic colorectal carcinoma (CRC). We report here on the pharmacokinetics and clinical observations in a phase 1A/B study with PL-MLP.
Methods Plasma levels of MLP were examined in 53 CRC patients, who received PL-MLP either as single agent or in combination with capecitabine and/or bevacizumab. MLP was determined by an HPLC-UV assay, and its pharmacokinetics was
analyzed by noncompartmental methods. The correlation between clinical and pharmacokinetic parameters was statistically
analyzed. Results PL-MLP was well tolerated with a good safety profile as previously reported. Stable Disease was reported
in 15/36 (42%) of efficacy-evaluable patients. Median survival of stable disease patients (14.4 months) was significantly longer
than of progressive disease patients (6.5 months) and non-evaluable patients (2.3 months). MLP pharmacokinetics was stealthlike with long T½ (~1 day), slow clearance, and small volume of distribution (Vd). The addition of capecitabine and/or
bevacizumab did not have any apparent effect on the pharmacokinetics of MLP and clinical outcome. High baseline neutrophil
count and CEA level were correlated with faster clearance, and larger Vd. Stable disease patients had longer T½ and slower
clearance than other patients. T½ and clearance were significantly correlated with survival. Conclusions PL-MLP treatment
results in a substantial rate of disease stabilization in metastatic CRC, and prolonged survival in patients achieving stable disease.
The correlation of neutrophil count and CEA level with pharmacokinetic parameters of MLP is an unexpected finding that needs
further investigation. The association of long T½ of MLP with stable disease and longer survival is consistent with an improved
probability of disease control resulting from enhanced tumor localization of long-circulating liposomes and underscores the
relevance of personalized pharmacokinetic evaluation in the use of nanomedicines.
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Introduction
Pegylated liposomes, sometimes referred to as Stealth
liposomes, have been used to modify the pharmacokinetics and biodistribution of various anticancer agents
with the aim of reducing toxicity and improving selective delivery to tumors [1, 2], and have led to clinically
approved formulations for various cancer indications [3,
4]. Pegylated liposomes have an extended blood circulation lifetime as compared to traditional liposomes
lacking the polymer coating, allowing systemically administered liposomal drug to reach a target tissue more
efficiently. Pegylated liposomes tend to accumulate in
tumors and sites of inflammation due to the enhanced
permeability and retention effect (EPR) [5].
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Preclinical studies of a mitomycin-c lipidic prodrug (2, 3distearoyloxy-propane-1-dithio-4′-benzyloxycarbonyl- mitomycin-c, abbreviated as MLP) delivered by pegylated liposomes (PL-MLP) demonstrated prolonged circulation time
and an improved therapeutic index as compared to free
mitomycin-c (MMC) in several tumor models [6–8]. PLMLP (Promitil®1) is currently under clinical development
for cancer chemotherapy and chemo-radiotherapy [9, 10].
The MLP molecule was designed with a long diacylglycerol moiety to allow its intercalation in the lipid bilayer
as a lipid component, resulting in a highly stable association
with the liposome under storage conditions (>5 years shelf
stability in buffer suspension at 5 °C) and in plasma. The
inactive prodrug MLP is activated by thiolytic cleavage of
its disulfide bridge releasing active MMC. In animal and human studies, plasma levels of non-liposomal MLP (proteinbound or free) and its cleavage product, MMC, are negligible
or undetectable. This indicates that the prodrug remains noncleaved and entrapped in circulating liposomes [11], enabling
targeting of tumor tissue while decreasing systemic exposure
to MMC. In tissues, MLP is cleaved by ubiquitous reducing
agents abundant in tumors and other tissues [12–14], releasing
locally active MMC [11].
A dose escalation phase 1A study of PL-MLP demonstrated lower toxicity and higher dose tolerability when compared
to historical clinical data of MMC [9]. This study was expanded to a phase 1B to focus on advanced, chemo-refractory,
colorectal cancer (CRC) patients and obtain safety, efficacy
and pharmacokinetic (PK) data of PL-MLP as single agent
and combined with either capecitabine (Cap) or Cap plus
bevacizumab (Bev) in this specific patient population [15].
Here we report on the PK-analyzed CRC patient group (n =
53), the correlation of individual baseline clinical data with the
PK parameters, and the correlation of individual PK data with
survival and disease stabilization. These correlations reveal
hitherto unknown associations or interactions that may help
to optimize the clinical application of PL-MLP with possible
implications for other liposome-based therapies.

Patients and methods
PL-MLP is a liposome product manufactured at Evonik
Canada (Burnaby, BC) for Lipomedix Pharmaceuticals
(Jerusalem, Israel). The active pharmaceutical ingredient,
MLP, is synthesized at Laurus Labs. (Hyderabad, India). The
product is supplied as a liposome suspension with a concentration of MLP of 5 mg/ml in 10-ml vials. The required dose is
diluted in 250 ml physiologic saline bags and administered by
intravenous infusion within 90–120 min.
1

Promitil® is a registered trademark of Lipomedix Pharmaceuticals Ltd.

72 patients with metastatic CRC patients after failure
to two or more lines of therapy received PL-MLP within the framework of a phase 1A-1B study [9, 15]. The
pharmacokinetics of MLP was examined in 53 of these
72 patients who form the PK set patient cohort. Of
note, one patient withdrew consent after cycle 1 and
could not be evaluated for survival, although her PK
data were available for analysis. PL-MLP was administered intravenously once every 4 weeks either as single
agent (n = 28), in combination with Cap (n = 12), or in
combination with Cap and Bev (n = 13). These combination cohorts were included in the study design primarily to investigate the impact of Cap and Bev, two common agents used in treatment of CRC, on the safety of
PL-MLP. Cap was orally administered at a flat dose of
1000 mg bid from day 1 to 14, and Bev was intravenously administered at a dose of 5 mg/kg on days 1 and
15 in every 4-week cycle. Patients who reached study
week 12 (3rd cycle) were evaluated for response by CT
scan and Recist criteria.
The following baseline clinical parameters were analyzed
for a correlation with survival and with the PK of MLP: age,
sex, weight, body mass index (BMI), serum albumin, hemoglobin (Hgb), neutrophil, lymphocyte and platelet counts, and
carcinoembryonic antigen (CEA) level.
The protocol was approved by the ethics committee
at each participating institution and performed in accordance with the International Conference on
Harmonization Good Clinical Practice guidelines, and
the Declaration of Helsinki. The trial was registered at
clinical trials.gov with identifier NCT01705002. All
patients signed informed consent.

PK analysis plan
PK analysis was performed on the PK analysis patient set (n =
53). Blood samples for analysis of plasma MLP levels were
obtained prior and during the first 7 days after the 1st cycle of
PL-MLP including the following post-end of infusion time
points: 15 min, 1 h, 3 h, 6 h, 20–24 h, 44–48 h, 68–96 h,
7 days±1. PL-MLP infusion lasted approximately 90–
120 min. Two plasma samples were analyzed per each time
point and their arithmetic mean calculated. The plasma concentration of MLP for each time point was used for statistical
analysis if at least 1 out of 2 values per time-point was above
the lower limit of quantification (LLOQ). If both samples per
time point were below LLOQ, they were considered as zero
and ignored in the PK analysis. When one of the values per
time point was above the LLOQ but the mean of both values
was below LLOQ, it was reported as below the limit of quantification and ignored. Missing samples were ignored in the
analysis. The actual sampling times were used for PK
analysis.
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The pharmacokinetic parameters were calculated with
SAS© version 9.3 (or higher) software. The following pharmacokinetic parameters were calculated, using noncompartmental methods for plasma concentrations of MLP
after single dose. The parameters included the following:
–
–

–

–
–
–

Cmax (mg/L or μg/ml), maximum plasma concentration
observed.
AUCo-t (mg*h/L or μg*h/ml), area under the plasma concentration versus time curve calculated using the trapezoidal method from time zero to the actual time (t) corresponding to the last concentration above the limit of quantification (C).
AUCo-∞ (mg*h/L or μg*h/ml), area under the plasma concentration versus time curve extrapolated to infinity according to the following equation: AUCo-∞ = AUCo-t +
(Ct/λz), where λz is elimination rate (Ke) or slope of the
regression line of the terminal phase of the plasma concentration versus time curve.
T½ (hours), terminal half-life determined according to the
following equation: T½ = 0.693/λz.
CL (L/h or ml/h), systemic clearance based on: CL =
Dose / AUCo-∞.
Vd (L or ml), apparent volume of distribution based on:
Vd = Dose / λz *AUCo-∞.

Pharmacokinetic parameters of the PK patient set were
summarized by arithmetic and geometric means, SEM, geometric SD factor or 95% CI, median, minimum, and maximum. For inter-dose comparisons and correlation analyses,
Cmax and AUC o-∞ (simply referred to as AUC) were
Table 1

normalized to Cmax and AUC per mg of injected dose and
abbreviated as Cmax/mg and AUC/mg.
MLP was extracted from plasma by ×10 fold dilution in
isopropanol and measured by HPLC with UV detection at
360 nm wavelength as previously reported [11]. Mitomycin
c levels were very low or undetectable and are not reported.
For statistical analysis, we used parametric and nonparametric (Mann-Whitney) t tests, linear regression and Pearson
or Spearman correlation coefficients, and when appropriate
log rank test and contingency analysis, all with Prism software, v. 8 (Graphpad, San Diego, CA). All p values are twotailed.

Results
Patient characteristics (Table 1) All patients had advanced
metastatic CRC and had been pretreated with 2 or more lines
of chemotherapy for metastatic disease including
fluopyrimidines, irinotecan, and oxaliplatin, and a significant
fraction also received bevacizumab (92%) and/or anti-EGFR
antibodies (38%). The MLP dose range was 0.5–3.5 mg/kg
with most patients (55%) receiving 2.0–2.5 mg/kg. The median number of cycles administered per patient was 3 with a
range between 1 and 12 (Table 2).
Safety The safety profile was similar to that observed in the
phase 1A study [9]. No new safety signals were detected.
Treatment was well tolerated particularly when the dose level
was up to 2.0 mg/kg. The vast majority of Adverse Events
(AEs) were mild to moderate in severity and unrelated to study

Patient Characteristics of CRC patient set (Phase 1A and 1B)

Treatment Cohort
Phase/ Cohort

1A Single
Agent

1B Single
Agent

1B Cap
Comboa

1B Cap + Bev
Combo

1B Bev
Combob

Whole CRC Patient
Set

PK CRC Patient
Set

N
Age (years)
Mean (SD)
Median
Min, Max
Sex N (%)
Male
Female
ECOG N (%)
0
1
2

11

17

23

13

8

72

53

63.1(10.6)
65.0
42.4, 76.1

65.2 (8.2)
65.3
51.3,78.6

61.4 (9.9)
62.2
40.4, 75.4

61.0 (12.4)
62.1
42.9, 83.5

54.3 (7.8)
56.6
39.6, 62.4

61.7 (10.1)
62.2
39.6, 83.5

63.7 (9.7)
65.0
42.4, 83.5

6 (55)
5 (45)

10 (59)
7 (7)

9 (61)
14 (39)

5 (38)
8 (62)

4 (50)
4 (50)

34 (47)
38 (53)

27 (51)
26 (49)

5 (46)
4 (36)
2 (18)

8 (47)
9 (53)
1 (4)

16 (70)
6 (26)
3 (4)

7 (54)
6 (46)
2 (4)

6 (75)
2 (25)

42 (58)
27 (38)

29 (55)
22 (42)

a

In this group of patients, only 12 out of 23 participated in the PK study

b

In this group, none of the 8 patients participated in the PK study
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Table 2

Number of Cycles and Initial Dose of PL-MLP

Phase/ Cohort

1A Single
Agent

1B Single
Agent

1B Cap
Comboa

1B Cap + Bev
Combo

1B Bev
Combob

Whole CRC
Patient Set

PK CRC
Patient Set

N patients
Initial
Dose (mg/kg)
N cycles

11

17

23

13

8

72

53

Median
Min
Max

0.5–3.5

3.0

2.0–2.5

2.0

2.0

0.5–3.5

0.5–3.5

3.0
1
12

3.0
1
7

3.0
1
8

3.0
1
6

3.5
2
6

3.0
1
12

3.0
1
12

a

In this cohort, only 12 out of 23 participated in the PK study

b

In this cohort, none of the 8 patients participated in the PK study

treatment. At higher dose levels, fatigue and loss of appetite
were more frequent. Dose reductions were seldom required.
As previously reported, thrombocytopenia was the main doselimiting factor upon cumulative dosing [9, 15].
No deaths were related to study treatment. Life-threatening
events were reported by ten patients. With the exception of
one report of thrombocytopenia certainly related to the study
treatment, all other life-threatening events were considered
unrelated or unlikely to be related to the study treatment.
Among all 72 CRC patients, two Grade 3 thrombocytopenia
events (probably related) and one Grade 3 fatigue (possibly
related) were considered dose-limiting toxicities and patient
participation in study was subsequently discontinued. Of the
50 reported SAE’s, only two were considered possibly related
to study treatment. The remainder were unlikely related or
unrelated. Low platelet count, fatigue and anemia were the
most frequently reported SAE’s.
Based on the safety analysis (Data on file, Lipomedix
Pharmaceuticals Inc.), there was no apparent added toxicity
in patients receiving PL-MLP in combination with
Capecitabine and/or Bevacizumab.
Response and survival 36 patients of the PK analysis patient
set received 3 or more cycles of PL-MLP and were evaluable
for efficacy response on week 12. Stable Disease (SD) was the
best response observed in 42% (15/36) of the evaluable patients and in 29% (15/52) of the whole PK patient set. Survival
data for the various patient groups are presented in Table 3.
Table 3 Survival of the PK
patient set by response group

Median survival of all patients (n = 52) and of evaluable patients (n = 36) was 6.4 months and 8.7 months, respectively.
The median survival times of SD patients (14.4 months), progressive disease (PD) patients (6.5 months), and early dropout/non-evaluable (NE) patients (2.3 months) were significantly different (Fig. 1) and substantially longer in SD patients. There was also a major difference (>4-fold) in the fraction of 1-year survivors when the SD patient group was compared to other groups (Table 3). The survival and disease
stabilization rates of the PK patient set (n = 52) were similar
to the data for the whole CRC patient data set (n = 71) (data
not shown).
The addition of Cap and/or Bev to PL-MLP treatment
and the effect of the start dose of MLP on survival and
disease stabilization were examined (Fig. 2a-b). Cap and
Bev did not have any apparent effect on survival (Fig. 2a),
nor on the rate of SD (not shown). To examine the effect
of PL-MLP dose, patients were ranked by their starting
dose and divided in 2 groups of 26 patients each (0.5–2.0
and 2.5–3.5 mg/kg). As seen in Fig. 2b, there was a possible deleterious effect on survival of the higher dose level
(median survival: 9.6 and 5.0 months for low and high
start dose groups respectively, p = 0.0077), suggesting that
any increase of dose above 2.0 mg/kg may contribute to
toxicity and has no added therapeutic value. The rate of
SD in the low start-dose group (10/26) and in the high
start-dose group (5/26) were not significantly different
(Fisher’s exact test).

Patient Group

All

Evaluablea

SD

PD

NE

N patients
Median (months)
95%CIb
%1-year survival (N/Total)

52
6.4
4.5–8.8
23.1% (12/52)

36
8.7
6.5–12.3
33.3% (12/36)

15
14.4
9.6–19.3
60.0% (9/15)

21
6.5
4.6–8.8
14.3% (3/21)

16
2.3
1.6–3.4
0 (0/16)

a

Evaluable includes all SD and PD patients alive and on study in week 12

b

The actual CI of the median survival values ranged between 96% and 98%
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Correlation of baseline clinical parameters with survival For
this analysis, we used the whole 71 CRC patient set for
whom survival data were available. Baseline BMI, serum albumin, and Hgb levels were positively correlated
with survival while baseline CEA, neutrophil, and platelet counts were negatively correlated with survival
(ESM-Fig. 2). Age, sex, weight, and lymphocyte count
were not correlated with survival in this patient data set.

20

15

10

5

0
Stable
disease

Progressive
disease

Not Evaluable
(rapid progression)

Fig. 1 Survival per patient response group. Based on the PK Analysis
Patient Set (n = 52): SD vs PD, p < 0.0001 (t test), p = 0.0002 (MannWhitney); PD vs NE, p < 0.0001 (both t and Mann-Whitney tests)

PK parameters The median, mean, and geometric mean
values for Cmax, AUC, T½, CL, and Vd with normalization of Cmax and AUC per mg of injected dose are
presented in Table 4 as the average of all dose levels
and in the Electronic Supplementary Material (ESM)Table 1 per dose level group. The PK of MLP was
stealth-like with a long T½, just under 24 h, slow CL,
and a small Vd just slightly above the estimated plasma
patient volume. The plasma time-concentration elimination curves of MLP in 3 representative patients are presented in Fig. 3. There was inter-patient variability particularly in the T½ values even at the same dose of
MLP. For example, at 2 mg/kg the range of T½ was
13 to 41 h, more than a 3-fold difference. The MLP
start dose had a significant effect on the PK with a
trend to higher Cmax/mg dose and AUC/mg dose and
lower CL and Vd when the dose is gradually raised,
particularly from 2.0 to 3.0 mg/kg (ESM-Fig. 1). This
is consistent with prior observations in the phase 1A
study of PL-MLP in which a trend to clearance saturation was noticed at doses above 2.0 mg/kg [9].
Fig. 2 Survival of PL-MLPtreated patients -Effects of
combination with Cap ± Bev
and Start Dose level. a. PL-MLP
only (n = 27) vs. PL-MLP with
Cap±Bev (n = 25), not significant
(Mann-Whitney test). b. Start
Dose 0.5–2.0 mg/kg (n = 26) vs.
Start Dose 2.5–3.5 mg/kg (n =
26), median 9.6 months vs.
5.0 months, p = 0.0077 (MannWhitney test)

Correlation of baseline clinical parameters with PK parameters We looked at a possible association between various
patient pre-treatment clinical factors and the PK parameters of MLP. We found that a high neutrophil count
and a high CEA baseline were significantly associated
with low Cmax/mg and AUC/mg, faster CL, larger Vd,
and shorter T½ (only for neutrophil count), suggesting a
direct or indirect relationship of these factors with the
disposition and/or distribution of liposomal MLP from
circulation. The strongest correlations (Pearson r > 0.50)
were found between neutrophil count and clearance and
between CEA level and Vd (Fig. 4). Pearson r values
for other significant correlations not shown in Fig. 4
are: neutrophil count with Cmax/mg, r = −0.32 (p =
0.020), with AUC/mg, r = −0.37 (p = 0.0068), and with
T½, r = −0.40 (p = 0.0028); CEA level with Cmax/mg:
r = −0.44 (p = 0.0012), and with AUC/mg, r = −0.56
(p < 0.0001).
Other factors (sex, age, weight, BMI, albumin, Hgb, platelet count, lymphocyte count) did not show any significant
correlation with the PK parameters of MLP.
Correlation of PK parameters with survival and response We
then examined whether there is an association of the PK parameters with response and survival. Longer T½, greater
AUC/mg dose, and slower CL were significantly correlated
with longer survival (Fig. 5 and inset table). Notably, all 12
patients with survival >1 year had T½ > 20 h. No such correlation was found for Cmax/mg dose and Vd. In addition, we

Author's personal copy
Invest New Drugs
Table 4 PK Parameters of MLP
across all dose levels (n = 53)

Parameter

Cmax/mg dose

AUC/mg dose

T½

CL

Vd

Units
Geometric Mean
95% CI
Mean
SEM

mg/L
0.28
0.26–0.31
0.29
0.01

mg*h/L
7.14
6.28–8.105
7.90
0.54

h
21.3
19.8–23.0
22.1
0.8

ml/h
115
100–130
130
10

L
3.52
3.21–3.86
3.72
0.18

observed a significantly longer T½ and slower CL in the SD
patient group as compared to the PD and NE patient group
(Fig. 6a-b).

Discussion
The treatment of advanced CRC patients refractory to
oxaliplatin, irinotecan, fluopyrimidines, and, in the case
of Ras-wild type tumors, to anti-EGFR antibodies remains very disappointing as reflected by the minimal
impact on survival of two new drugs (Regorafenib,
TAS-102) approved for this indication in the last decade
[16, 17] and the restricted activity of anti-PD1 antibodies to a very small fraction of patients with high MSI at
this advanced stage [18].
MMC is a powerful cytotoxic and antibacterial agent
with activity against a broad spectrum of tumors including multi-drug resistant (MDR) tumor and stem cells,
but also with problematic toxicities limiting its systemic
use in the clinic at effective pharmacologic doses [19].
MMC has been used in metastatic CRC, particularly in
combination with fluopyrimidines, and found to be an
effective agent in 1st and 2nd or 3rd line chemotherapy
[20, 21]. A review of clinical studies with MMC in
CRC concludes that the drug has modest efficacy in
patients refractory to standard treatment and is a valid

MLP, mg/L plasma

100

3.0mg/kg

10

2.5mg/kg
2.0mg/kg

1
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Hours after infusion

Fig. 3 PK clearance curves of MLP curves in 3 representative CRC
patients. Plasma clearance curves of MLP are nearly mono-exponential.
The effect of dose on plasma levels is clearly noticeable

approach as alternative to supportive care [22]. A more
recent study has shown that the combination of
bevacizumab, capecitabine and MMC is safe and more
effective than capecitabine with regard to PFS and response rate in 1st line chemotherapy [23], with an additional survival benefit in the elderly subpopulation of
the study [24].
However, in most clinical studies, the dose of MMC
has been limited to a very low dose intensity of approximately 1.2 mg/m2/week (7 mg/m2 q 6 week) and to a
very low cumulative dose of 28 mg/m2 for fear of toxicity. These are much lower doses than the achievable
doses with PL-MLP in MMC-equivalents, which are
~7.0 mg/m2/week for single dose cycle (2.5 mg/kg q
4 week) and ~140 mg/m2 cumulative dose2 [9]. In addition to this major advantage in dose safety, an additional factor that may confer a pharmacologic advantage
to PL-MLP is the EPR effect [5] which results in passive tumor targeting of long-circulating and stable liposomal formulations and enhanced tumor exposure to the
drug payload [11]. The disease stabilization rates obtained with PL-MLP in this study at week 12 (29% for all
patients and 42% for the evaluable patients) compare
favorably with historical phase 3 data for Regorafenib
(19%), TAS-102 (23%), and Placebo-treated (4%) patients in a similar disease stage [16, 17], suggesting that
PL-MLP may have significant added value in the management of advanced CRC. The favorable safety profile
of PL-MLP with mild myelosuppression, no gastrointestinal toxicity, no skin toxicity and no neurotoxicity may
well allow combination with old (capecitabine) or newer
fluopyrimidines (TAS-102), with various biological
agents approved for treatment of CRC (anti-EGFR and
anti-VEGF/VGEFR2 antibodies), and even with
irinotecan given the potentiating effect of MMC on
DNA Topo-isomerase I inhibitors [25].
While many PK studies have been reported with various
nanomedicines, few have addressed the correlation of the PK
parameters with response and survival. Understanding these
correlations is important to determine what makes one
2
Calculated for an MLP single dose of 2.5 mg/kg q4weeks and a cumulative
MLP dose of 12.5 mg/kg (1 cycle of 2.5 mg/kg and 5 cycles of 2 mg/kg) to an
adult patient of 70 kg weight and 170 cm height. Conversion factor: 1 mg
MMC = 3.4 mg MLP.

Author's personal copy
Invest New Drugs
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r = +0.56
p <0.0001
R sq = 0.31
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Baseline CEA - Volume of Distribution (n=51)
7.5

r = +0.49
p = 0.0003
R sq = 0.24

Volume of Distribtuion (L), 95%CI

Clearance (L/h), 95%CI

Baseline CEA - Clearance (n=51)
0.4
0.3
0.275

r = +0.39
p = 0.0043
R sq = 0.15

0.250
0.225
0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025

7.0
6.5

r = +0.55
p <0.0001
R sq = 0.30

6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0

0.0

0.5

1.0

1.5

2.0

Log10 CEA (ng/ml)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

Log10 CEA (ng/ml)

2.5

3.0

3.5

Fig. 4 Correlation of baseline Neutrophil count and CEA level with Clearance and Volume of Distribution. r = Pearson Correlation Coefficient; R
sq. = Goodness of linear regression fit (r2)

nanomedicine work better than others and may help to optimize the clinical application of PL-MLP and other liposomebased therapies.
The longer circulation time of the liposomal prodrug in SD
patients and its correlation with longer survival are consistent
with the well-known correlation between liposome circulation
time and localization in tumors. The correlation of high neutrophil counts with shorter survival is not surprising, as many
of these myeloid derived cells are immunosuppressive, but the
correlation with faster CL of a liposomal drug, as shown here
for PL-MLP, is a novel observation. A high neutrophil count
may be a sign of inflammatory macrophage activation
resulting in shorter liposomal circulation half-life and reducing the chances of disease control.
A high CEA level generally predicts a poor prognosis
and short survival. Serum CEA is one of the most
widely used tumor markers for assessing treatment response and detecting recurrence in CRC. CEA is part of
a family of adhesion glycoprotein molecules that serve
as functional L-selectin and E-selectin ligands of colon

carcinoma cells, and may be critical to their metastatic
dissemination [26, 27]. Yet, the correlation of a higher
CEA with larger Vd and faster CL was rather unexpected and may be an indirect indication of greater vascular
permeability and larger extracellular fluid volume related to high CEA levels and/or other co-elevated inflammatory cytokines in this group of poor prognosis
patients.
Contrary to the frequently retarded clearance of many
low molecular weight drugs in patients with advanced
disease and worse baseline clinical parameters, we
found that PL-MLP is cleared faster in these patients.
This underscores another important difference between
nanomedicines and conventional drugs with clinical implications. Probes assessing the mononuclear phagocyte
system activity for predicting the pharmacokinetics and
pharmacodynamics of liposomal drugs have been proposed, and a correlation of pre-treatment monocyte
counts with liposomal drug clearance in humans has
been reported [28–30].

Author's personal copy
Invest New Drugs

Fig. 5 PK of MLP and Survival. All 12 patients with survival
>12 months (above dashed line) had T½ > 20 h. Inset Table shows that
T½, as well as AUC/mg, and Clearance of MLP are significantly
correlated with Survival

Furthermore, the association of the long circulation
time of liposomal MLP with SD and with longer survival is consistent with an improved probability of disease control resulting from enhanced tumor localization
of long-circulating liposomes and underscores the relevance of personalized pharmacokinetic evaluation in the
clinical use of nanomedicines [31]. The correlation
found between some key PK parameters of MLP on
the one hand, and survival on the other hand, suggests
that the PK of MLP during the 1st cycle of PL-MLP
therapy can help predict the patient chances to achieve
disease stabilization and to survive longer than the expected historical average. Earlier studies with pegylated
liposomal doxorubicin had also indicated significant
pharmacokinetic-pharmacodynamic relationships vis-àvis toxicity [32] and efficacy [33].
While we recognize that the joint analysis of different patient cohorts receiving single agent PL-MLP or combined
treatment of PL-MLP with Cap and/or Bev may compromise
the interpretation of our observations, there was no indication
that Cap and/or Bev affected the PK of PL-MLP and it seems
unlikely that these agents could have a significant contribution
to tumor control and survival given the prior exposure of most
of the study patients to both agents.
Finally, our observations also raise the possibility of direct
intervention by blocking inflammation (COX-2 inhibitors,
anti-IL1 antibodies, NF kappa B blockers, other) or

Fig. 6 PK parameters of MLP and disease stabilization. a: Mean T½:
SD group = 26.2 h, PD + NE group = 20.5 h, p = 0.0031 (t test).; b: Mean
Clearance: SD group = 103 ml/h, PD + NE group = 141 ml/h, p = 0.0396
(t test). SD group, n = 15; PD + NE group, n = 38

suppressing tumor-associated macrophages [34] along with
PL-MLP treatment or treatment with other nanomedicines to
further improve their PK and thereby their therapeutic
efficacy.
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