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Cancers are abundantly infiltrated by inflammatory cells that are modulated by tumor cells to secrete mediators
fostering tumor cell survival and proliferation. Therefore, agents that interfere with inflammatory signaling mol-
ecules or specific immune cell populations have been investigated as anticancer drugs.

Corticosteroids are highly potent anti-inflammatory drugs, whose activity is intensified when targeted by
nanocarrier systems. Liposome-targeted corticosteroids have been shown to inhibit tumor growth in different
syngeneic murine tumor models as well as human xenograft mouse models, which is attributed to a switch in
the tumor microenvironment from a pro-inflammatory to an anti-inflammatory state. Despite the recognized
value of implantation tumor models in preclinical research, the “acute” inflammation induced by inoculation of
tumor cells together with the exponential tumor growth in a relatively short period of time does not resemble
slow progressive human disease that develops in situ. Therefore, in this study, the antitumor effect of liposomal
corticosteroids was investigated in a clinically more relevant setting of transgenic mice developing spontaneous
breast carcinomas.

Here we show that liposomal prednisolone phosphate inhibits the growth of spontaneous breast carcinoma. In-
terestingly, the liposomal prednisolone was significantly more active than free drug. At 72 h after injection of the
liposomal formulation, 3 pg prednisolone per gram of tumor tissue was recovered whereas no drug could be re-
covered after injection of the free agent. This indicates that, despite etiological and morphological differences be-
tween implanted and spontaneous tumor models, EPR-mediated accumulation of drug occurs to similar extent in
this spontaneous mammary carcinoma model as in the syngeneic tumor models.

Finally, we analyzed miRNA profiles in the MMTV/neu model and showed that the top 10 of miRNAs in the
MMTV/neu tumor consisted of miRNAs with a known involvement in breast carcinoma proliferation and metas-
tasis. The only exception was the appearance of miR-146b, a known inflammation-regulating miRNA species,
after liposomal prednisolone treatment.
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1. Introduction

Tumors are complex assemblies of multiple cell types in a net favor-
able environment for their survival, growth, invasion and dissemina-
tion. Cancer growth, invasion and metastasis appear largely
dependent on the ability of the mutated malignant cells to hijack and
exploit physiological processes of the host. A dysfunctional inflammato-
ry response is one of the hallmarks of cancer [1-3]. Several malignancies
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arise at sites of chronic infection (e.g. Hepatitis B virus infection,
Helicobacter pylori infection) and inflammation (autoimmune diseases,
such as inflammatory bowel disease) [4]. But also after tumor initiation,
the microenvironment of a developing tumor often harbors a large infil-
trate of innate and adaptive immune cells and associated inflammatory
mediators [5]. Whereas full activation of innate and especially adaptive
immune cells may translate in eradication of the mutant cells, the
chronic activation of inflammatory cells within the tumor microenvi-
ronment is known to support tumor proliferation, survival and migra-
tion. Activated inflammatory cells produce signaling mediators
(cytokines, chemokines, growth factors), in general to ensure protection
against injury and promote tissue homeostasis. In cancer, these process-
es seem to be co-opted by the tumor cells to foster cell survival and pro-
liferation and reach an immune privileged status. This offers the
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possibility for therapeutic strategies that are aimed at interfering with
these signaling molecules and specific immune cell-subtypes to modu-
late -and ultimately shift- the inflammatory microenvironment towards
an anti-tumor phenotype [6,7].

One of the promising classes of compounds to achieve such a shift
are steroidal anti-inflammatory drugs [8]. They possess strong anti-
inflammatory and immunomodulatory activities that translate in anti-
tumor effects in vitro and in vivo. Various genomic and non-genomic
mechanisms of action could mediate this therapeutic effect. Genomic ef-
fects already seem to take place at low concentrations of corticosteroids,
while non-genomic mechanisms require higher concentrations. A com-
bination of both types of effects appears to be necessary as antitumor
activities are achieved only at very high doses. These concomitantly
can lead to the occurrence of severe adverse effects inherent to the
strong systemic immunosuppression, which can even lead to death
due to opportunistic infections [9].

The therapeutic index of corticosteroids and their anti-inflammatory
effects can be substantially increased by incorporation of corticosteroids
in nanocarrier-platforms such as polymeric micelles and liposomes
[10-13]. The leaky architecture of the tumor vasculature tissues allows
the passive delivery of long-circulating nanomedicines to the tumor tis-
sue by the “enhanced permeability and retention (EPR) effect” but also
macrophage-rich organs like liver, spleen and bone marrow are
targeted, which could also be involved in the therapeutic effect [14].
The distribution of the drug to other sites is limited, reducing the occur-
rence of certain side effects.

The antitumor activity of liposomal corticosteroids has been studied
in different subcutaneous murine tumor models, particularly in BI6F10
melanoma and C26 colon carcinoma [15]. In both experimental models,
a single intravenous administration of prednisolone encapsulated in
long-circulating liposomes (LCL-PLP) inhibited tumor growth in a
dose-dependent manner.

By definition, animal models are an approximation of human dis-
ease. However, spontaneous tumor models are likely to be closer to
the clinical situation than the transplantation models that we have
used thus far [16,17]. The acute injection of a mass of ex vivo cultured
tumor cells may contain a different inflammatory milieu than spontane-
ous tumors. A frequent concern in developing new anti-cancer drugs is
the difficulty to predict drug activity in human disease when employing
murine tumor models. Thus, more advanced, genetically engineered
mouse tumor models may better predict the ultimate clinical activity
of drug molecules, since such models display orthotopic primary tumors
in an immune competent setting [18].

In this study, we investigated the accumulation in the tumor and an-
titumor effects of LCL-PLP in transgenic mice that carry the unactivated
neu (Erbb2) oncogene under the control of the mouse mammary tumor
virus (MMTV). This mouse model is characterized by the spontaneous
development and slow growth of breast cancer over a period of months
[19].

2. Materials and methods
2.1. Liposome preparation

Liposomes were prepared as described previously [12]. In
brief, appropriate amounts of dipalmitoylphosphatidylcholine
(Lipoid GmbH, Ludwigshafen am Rhein, Germany), cholesterol
(Sigma-Aldrich, Germany), and poly (ethylene glycol) 2000-
distearoylphosphatidylethanolamine (Lipoid GmbH), in a molar ratio
of 1.85:1.0:0.15 respectively, were dissolved in ethanol in a round-
bottom flask. A lipid film was prepared under reduced pressure on a ro-
tary evaporator and dried under a stream of nitrogen until complete
dryness. Liposomes were prepared by rehydration of the lipid film
with a solution of 100 mg/ml prednisolone disodium phosphate
(BUFA, The Netherlands). Liposome size was reduced by multiple extru-
sion steps (Lipex high pressure extruder, Northern Lipids) using

polycarbonate membranes (Whatman, Nuclepore) with a final pore
size of 50 nm. Mean particle size of the liposomes was determined by
dynamic light scattering with a Malvern ALV CGS-3 system and found
to be 0.1 pm in a monodisperse system. Total lipid content of the liposo-
mal dispersion was determined with a phosphate assay on the organic
phase after extraction of liposomal preparations with chloroform and
according to Rouser et al. [20]. Liposomal dispersion was transferred
to a Slide-A-Lyzer cassette (Thermo Scientific, Waltham, MA, USA)
with a molecular weight cut-off of 10 kD in order to remove
unencapsulated drug by dialysis at 4 °C with repeated changes of buffer.
The aqueous phase after chloroform extraction was used for quantifica-
tion of prednisolone phosphate by Ultra Performance Liquid Chroma-
tography (UPLC, Waters Acquity UPLC- TUV system, Waters
Corporation, Milford, MA, USA). Measurements were performed using
an Acquity BEH C18 1.7 um column (2.1 x 50 mm, Waters) and the mo-
bile phase consisted of acetonitrile (Biosolve, Valkenswaard, The
Netherlands) and water (25:75 (v/v)), brought to pH 2 with perchloric
acid (Mallinckrodt Chemicals, Chesterfield, UK). Detection was per-
formed by a diode array detector set at a wavelength of 254 nm. The li-
posomal preparation contained approximately 5 mg of prednisolone/ml
and 60 pmol lipid/ml. The liposome suspension was stored at 4 °C.

2.2. Inhibition of cell proliferation

MCF-7 cells (ATCC HTB-22) and MDA-MB-231 (ATCC HTB-26)
human mammary carcinoma cells were incubated with PLP, LCL-PLP
or liposomes as control (C). Cells were cultured in DMEM/F12 medium
(Life Technologies Europe B.V., Bleiswijk, The Netherlands) containing
1.2 g/L sodium bicarbonate, 3.6 g/L HEPES, 3.2 g/L p-glucose, 2.5 mM
L-glutamine, and supplemented with 10% FBS. 10? cells/well were plat-
ed in a 96-well plate for 24 h. Subsequently, liposomal PLP and free PLP
or vehicle were added in the respective wells. The anti-proliferative ef-
fect was determined over 48 h, by ELISA BrdU-colorimetric immunoas-
say (Roche Applied Science, Penzberg, Germany) according to the
manufacturer's instructions. This technique is based on the incorpora-
tion of the pyridine analogue bromodeoxyuridine (BrdU) instead of thy-
midine into the DNA of proliferating cells. To detect BrdU incorporated
in newly synthesized cellular DNA, a monoclonal antibody conjugated
with peroxidase was added. After 90 min of incubation, cell lysates
were washed three times with PBS. The immune complexes were de-
tected by adding the substrate of peroxidase (tetramethyl-benzidine).
The reaction product was quantified by measuring the absorbance at
450 nm with a reference wavelength of 655 nm.

2.3. In vivo studies

Transgenic female mice FVB/N-Tg (MMTV/neu) 202Mul/] (12-
13 weeks age) were purchased from Jackson Laboratory (USA). Mice
were kept in standard housing on a 12 h light/dark cycle with standard
rodent chow and water available ad libitum. Experiments were per-
formed in accordance to the national regulations and were approved
by the local animal experiments ethical committee. Transgenic mice de-
veloped mammary tumors spontaneously within 3 to 7 months upon
arrival, as described earlier [19]. Tumors were measured daily with a
digital calliper and the tumor volume was calculated according to the
formula: V = 1/6ma®b, where a is the smallest and b the largest superfi-
cial diameter. In a small number of mice, tumor growth was extremely
fast going from palpable to over 200 mm? within 1 week. These mice
were excluded as they deviate from the tumor growth curve that has
been described for this model. Mouse weight was recorded in order to
monitor weight loss as a result of toxic side effects. To evaluate the ther-
apeutic effects of corticosteroids in a spontaneous tumor model, trans-
genic mice received 20 mg/kg of free or liposomal prednisolone
phosphate or an equivalent volume of vehicle, intravenously via the
tail vein when mammary tumors reached a size of 200 mm?>. The dose
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was based on therapeutic activity of liposomal prednisolone in trans-
plantation models [15]. Treatments were given to mice once weekly
until endpoint was reached, i.e., tumor volume of 1500 mm?® or therapy
was given for a maximum of 10 weeks. At this time, mice were sacrificed
by asphyxiation with CO,, tumors were harvested and snap frozen in
liquid nitrogen.

2.4. Drug accumulation in tumor tissue

Prednisolone phosphate concentrations in tumor tissue were ana-
lyzed as described previously [15] with slight modifications regarding
homogenization of tissues. When mammary tumors reached
200 mm?>, mice received a single intravenous administration of
20 mg/kg of free or liposomal prednisolone phosphate via the tail
vein. At 72 h after treatment administration, mice were sacrificed by as-
phyxiation with CO,, tumors were harvested and snap frozen in liquid
nitrogen. For quantification of prednisolone phosphate in the tumor tis-
sue, 675 pl of phosphate buffered saline (B. Braun, Melsungen,
Germany) was added per 250 mg of tumor tissue. Each sample was
spiked with 1000 ng of dexamethasone phosphate (Sigma-Aldrich,
Germany) as internal standard. Tumor tissue was homogenized in
Precellys lysing kit tubes, by 3 sequential 20 second steps of 5000 rpm
at 4 °Cin a Precellys 24 Dual tissue homogenizer (Bertin Technologies,
France). After centrifugation at 10,000 rpm for 5 min at 4 °C, tumor ho-
mogenates were collected in glass vials. After liquid-liquid extraction
with dichloromethane (Biosolve, The Netherlands) at pH 11, the organic
phase was collected and evaporated using a block heater and under ni-
trogen flow. Prednisolone phosphate levels were quantified by UPLC ac-
cording to the method described previously [21]. A calibration curve
was prepared by spiking tumor tissue with a known concentration of
prednisolone and the internal standard dexamethasone phosphate.
The limit of detection of this method was ~20 ng/ml.

2.5. miRNA profiling

Frozen tumor tissue stored at — 80 °C was transferred into RNAlater-
ICE frozen tissue transition solution (Ambion Life Technologies/Thermo
Fisher Scientific, Waltham, MA, USA) on dry ice, and subsequently incu-
bated for 24 h at — 20 °C according to manufacturer's instructions. Tis-
sues were homogenized using the Precellys 24 Dual Homogenizer and
transferred into a polypropylene centrifuge tube. miRNA Homogenate
Additive was added and mixed and miRNA fraction was isolated using
the miRVANA isolation kit. Isolated small RNAs were sequenced on an
Ion Torrent Personal Genome Machine™ Sequencer according to manu-
facturer's instructions using the lon Total RNA-Seq kit. Sequences were
uploaded to the miRanalyzer software accessible via http://bioinfo2.ugr.
es/miRanalyzer/miRanalyzer.php [22] and ranked according to their
abundance.

2.6. Stem-loop reverse transcription PCR

Tumor tissue was prepared as described above and RNA isolation
was performed using Trizol (Invitrogen) following the manufacturer's
protocol. The presence of miR-146b was determined by Stem-Loop
RT-PCR as described in Chen et al. [23]. miRNA levels were determined
according to standard protocol using home-made primers and
SYBRGreen (Bio-Rad, CA, USA). For the stem-loop RT-PCR individual
forward primers were designed according to mature miRNA sequence
in miRBase 16. As a housekeeping gene U6 was used. RT-PCR was per-
formed on a BioRad CFX96 (CA, USA). Sequences of the primers were.

Stem loop mmu-miR-146b

5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAAGC
CTAT-3'

Forward mmu-miR-146b

5’ TGCCAGTAGAACUGAATTCCATAGG-3’

RT-PCR Reverse

5'-GTGCAGGGTCCGAGGT-3’

U6 stem loop primer

5'-GTCATCCTTGCGCAGG-3’

U6 forward primer

5'-CGCTTCGGCAGCACATATAC-3'

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism software
v5.03. A F-test on the overall fit was used to evaluate the differences be-
tween individual growth curves. One-way ANOVA in combination with
Bonferroni post-testing was used to determine statistical differences in
drug accumulation in mammary tumors of free and liposomal treated
mice. A value of p < 0.05 was considered significant.

3. Results and discussion
3.1. Characterization of liposomes

Liposomes had a size of 0.10 £ 0.06 um with a polydispersity index
<0.1 and a PLP content of 5.1 4- 0.4 mg/ml at a phospholipid concentra-
tion of 60 + 7 pmol lipid/ml (average + standard deviation of 3
preparations).

3.2. In vitro activity

Corticosteroids have been described to inhibit the proliferation of
breast cancer cells [24]. Indeed, when we incubated MDA-MB-486 or
MCF-7 mammary carcinoma cells with PLP or LCL-PLP, a
concentration-dependent inhibition of cell proliferation was noted,
with maximal inhibition approximately 40% for the MDA-MB-486 cells
and approximately 50% for the MCF-7 cell line (Fig. 1). The sensitivity
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Fig. 1. In vitro effect of free and liposomal PLP on the proliferation of human mammary carcinoma cells. MDA—MB-486 (A) and MCF-7 (B) cell lines were incubated for 48 h with different
concentrations of PLP or LCL-PLP, and anti-proliferative effect was determined by ELISA BrdU-colorimetric immunoassay.
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of the breast cancer cells to PLP was approximately 10 times higher than
for B1I6F10 melanoma or C26 colon carcinoma cells [15]. Comparable ef-
ficacy was found of PLP and LCL-PLP for MDA-BM-486 cells. The liposo-
mal formulation appeared to be slightly less efficacious than the free
drug for MCF-7 cells, which is likely related to the fact that the lipo-
somes need to be taken up and processed for the drug to be released
and become active. However, statistical significance was not reached
at any of the tested doses when analyzed by non-linear regression.

3.3. MMTV/neu model

Despite the established preclinical value of syngeneic tumor models,
such as B16F10 and C26 models, and xenografts, in which tumors are
transplanted, the ectopic subcutaneous inoculation of tumor cells in
the flank of mice may, by itself, generate an inflammatory response.
The exact interference of such “acute” inflammation with tumor devel-
opment is not known. In addition, this interference may be very differ-
ent in immune competent mice (for syngeneic tumors) compared to
immune-deficient animals (for xenografts). This is especially crucial
when developing anti-inflammatory drugs for cancer, as the tissue sur-
rounding the tumor is very important in tumor immunology. In this
study, the antitumor effects of liposomal prednisolone phosphate
were studied in transgenic mice bearing spontaneous breast carcino-
mas. The spontaneous development of the tumor in an immune compe-
tent host allows us to better assess the potential of targeted anti-
inflammatory nanomedicines for tumor therapy.

The spontaneous development of focal mammary adenocarcinomas
is well described for transgenic FVB/N c-neu mice carrying the
unactivated rat HER-2/neu proto-oncogene driven by the MMTV pro-
moter. Mice develop tumors after a long latency period (approximately
at an age of 4 months) and tumor progression is associated with occur-
rence of somatic activating mutations in the transgene [19].

Fig. 2 shows the range of time points of appearance of a palpable
tumor in the MMTV/neu mice. Mice were randomly assigned into
three experimental groups. In MMTV/neu mice, the time course in
which tumors developed was similar for all experimental groups
(p = 0.9) with a median tumor detection time of 102 days. The curve
shows a sigmoidal shape, typical for the Gaussian distribution of the sta-
tistical chance of mutation. Approximately 90% of animals developed a
tumor within 220 days after the first mouse did. In contrast, our
B16F10 melanoma model previously showed a much faster tumor de-
velopment. In this model, 2 days after the first tumor was detected,
the majority of animals had a palpable tumor. Over 95% of animals de-
veloped a tumor within 1 week after the first tumor was detected [12].
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Fig. 5. Prednisolone phosphate levels in MMTV/neu tumors at 72 h after administration of
20 mg/kg of PLP (liposomal and/or free). Transgenic FVB/N c-neu transgenic mice (MMTV/
neu), n = 4, received a single intravenous administration of 20 mg prednisolone
phosphate/kg free (PLP) or in the liposomal form (LCL-PLP) when tumors reached a
volume of approximately 200 mm?>. Mice were sacrificed 72 h after drug injection and
tumors harvested and snap frozen. Prednisolone phosphate was extracted and
quantified by UPLC. In free PLP group, prednisolone phosphate level was below limit of
detection. Data presented as mean + SEM.

3.4. In vivo efficacy

The three treatment groups were assigned to receive vehicle (i.e.
PBS) liposomes or 20 mg/kg prednisolone phosphate in free or liposo-
mal form. Mice were treated when tumors reached a volume of
200 mm>. Treatments were administered once weekly until the tumor
volume reached the humane endpoint (>1500 mm?). In the B16F10
model, only LCL-PLP treatment inhibited tumor proliferation and the
free drug was not effective. Tumor doubling time for vehicle controls
was 2.2 days for vehicle controls (95% CI 2.0-2.5), 3.2 days for PLP
(95% CI 2.3-4.5), and 4.2 days for LCL-PLP (95% CI 3.1-7.4) (p < 0.05
LCL-PLP compared to control) in this model [15].

In the MMTV/neu model, tumor volumes were significantly smaller
after liposomal prednisolone treatment as compared to free drug or ve-
hicle (Fig. 3). Average tumor growth curves were plotted until one or
more mice reached the humane endpoint in that group. Tumor doubling
time was 10.5 days for vehicle controls (95% CI 8.5-13.6), 20.7 days for
PLP (95% CI 18.0-22.8), and 35.5 days for LCL-PLP (95% CI 28.7-46.4)
(p <0.05; PLP and LCL-PLP compared to control, and LCL-PLP compared
to PLP). Overall, these results show that the tumor-inhibitory activity of
LCL-PLP is maintained in a spontaneous mammary carcinoma model.
Although tumor growth is smaller than in the implantation models
that we previously studied it is still substantially faster than in the
human disease.

Table 1
Top ten miRNA profiles of control and LCL-PLP-treated mice.

When examining body weight of the mice, we observed a steady in-
crease in body weight until the moment when treatment was initiated.
At that time-point we observed an approximately 10% loss in body
weight only for the LCL-PLP treated animals in the MMTV/neu model
(Fig. 4). This is similar to the body weight loss observed after LCL-PLP
treatment in B16F10 tumor-bearing animals.

3.5. Tumor accumulation of LCL-PLP

To investigate if long circulating liposomes accumulate in the tumor
tissue of MMTV/neu mice, prednisolone levels were quantified in the
tumor tissue 72 h after administration of 20 mg prednisolone/kg. As
shown in Fig. 5, free drug could not be detected in the tumor tissue at
72 h after drug administration, similar to BI6F10 tumor tissue. In con-
trast, liposomal drug could still be recovered. The passive tumor accu-
mulation of the liposomal drug is known to rely on the EPR effect,
which is a phenomenon that is not applicable to all tumors and
intratumoral areas to the same extent. Because of the rapid growth of
subcutaneously implanted tumors, we hypothesized that blood vessels
have less time to develop properly and we expected the EPR effect to
be more prominent in implanted tumors than slow-growing spontane-
ous tumors. Our results suggest that despite the developmental, struc-
tural and morphological differences between these two tumor models,
liposomes extravasate from the circulation in a spontaneous tumor
model to the same extent as syngeneic tumor models, which to our
knowledge has never been demonstrated before. These results imply
that the capillary permeability is increased by angiogenesis and inflam-
matory reactions to an equal extent in the MMTV/Neu model as in the
B16F10 and C26 models.

3.6. Micro RNA analysis

To characterize the molecular response within the tumor due to li-
posomal PLP treatment we analyzed miRNA profiles of dissected
tumor tissues. In total >200 miRNA species were identified. The ten
most abundant miRNAs constituted 53% of the total number of miRNA
sequences that were detected. Nine of the top ten miRNA species
were the same between treatments (Table 1). These nine miRNA spe-
cies of the let-7 family and miR-16, -21, -23b, -24, -27b, -30a, and -30c
are known to be involved in cancer, and their expression is both related
to tumor promoting and inhibiting activities. One miRNA, miR-146b ap-
peared to be strongly upregulated by liposomal PLP treatment. Very few
copies were detected in the controls but this miRNA rose to the top 10
after liposomal PLP treatment.

Interestingly, expression of miR-146a/b has been found to be down-
regulated in breast cancer [25]. MiR-146b expression is reported to be
associated with an inhibition of inflammation through downregulation
of NF-kB activity and subsequent decrease in IL-6 production [26]. IL-6
induces expression of miR-146b by activating STAT3, which negatively

Rank Rank
control miRNA LCL-PLP Role

1 mmu-miR-27b 6 Pro-oncogenic factors miR-23b and miR-27b are regulated by Her2/Neu, EGF, and TNF-« in breast cancer.

2 mmu-miR-23b 3

3 mmu-miR-30a 7 MicroRNA-30a suppresses breast tumor growth and metastasis by targeting metadherin.

4 mmu-miR-24 1 MicroRNA miR-24 enhances tumor invasion and metastasis by targeting PTPN9 and PTPRF to promote EGF signaling.

5 mmu-let-7¢ 5 LIN28: a regulator of tumor-suppressing activity of let-7 microRNA in human breast cancer.

6 mmu-miR-30c 2 Deregulated miRNAs in hereditary breast cancer revealed a role for miR-30c in regulating KRAS oncogene.

7 mmu-miR-26a 8 Trastuzumab produces therapeutic actions by upregulating miR-26a and miR-30b in breast cancer cells.

8 mmu-let-7f 10 LIN28: a regulator of tumor-suppressing activity of let-7 microRNA in human breast cancer.

9 mmu-miR-21 4 MicroRNA-21 as an indicator of aggressive phenotype in breast cancer.

10 mmu-miR-16 12 Downregulation of the tumor-suppressor miR-16 via progestin-mediated oncogenic signaling contributes to breast cancer development.
32 mmu-miR-146b 9 Breast cancer metastasis suppressor 1 up-regulates miR-146, which suppresses breast cancer metastasis. MicroRNA-146 represses

endothelial activation by inhibiting pro-inflammatory pathways. MicroRNAs in resolution of acute inflammation: identification of novel

resolvin D1-miRNA circuits.
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controls the activity of NF-kB [27]. However, in cancer cells, STAT3-
induced expression of miR-146b is reduced leading to a disruption in
the negative feedback loop and transforming cells to malignant pheno-
type [28]. Furthermore, the FOXP3-miR-146-NF-KB axis was recently
identified as a therapeutic target in breast cancer due to its involvement
in proliferation and survival of breast cancer cells [29,30]. FOXP3 induc-
tion in breast epithelial cells results in upregulation of miR-146a/b. Ear-
lier studies showed that glucocorticoids upregulate expression of FOXP3
in Treg cells [31]. Secondly, miR-146a/b downregulates expression of
the BRCA1 gene by directly binding to its 3'UTR [32]. This correlates
with the potent anti-inflammatory profile of liposomal PLP. Indeed,
these results are in line with a study by Phuong et al. showing that over-
expression of miR-146 inhibits proliferation of breast cancer cells [33].
Therefore, miR-146b was analyzed in more detail with quantitative
RT-PCR. These results confirmed the observed increased abundancy of
miR-146b. An 18-fold increased expression was measured compared
to control animals (Fig. 6). For PLP a non-significant 4.5 fold increase
was noted.

The spontaneous tumor models resemble the human disease better
than xenograft models. Still, there are several factors in human breast
cancers that are not fully replicated in these spontaneous models. For
example, it is known that the glucocorticoid receptor changes its cellu-
lar location during breast cancer development and in general there is a
pattern towards the decline in glucocorticoid-receptor expression from
normal via precancerous lesions to invasive breast carcinoma [34]. Ad-
ditionally, the activation of the glucocorticoid receptor induces expres-
sion and activity of an enzyme involved in the deactivation of
estrogen and may in this way interfere with the growth of hormone-
dependent tumors [35]. However, the majority of spontaneous breast
cancer models are estrogen receptor negative and hormone indepen-
dent [36]. Immunohistochemistry studies in mammary tissue from
MMTV/unactivated neu transgenic mice have shown that it is composed
of different subpopulations of proliferating cells present in hyperplastic
mammary ducts with respect to estrogen-a and neu expression [37].
These differences may impact the translatability of findings in the spon-
taneous models to the human disease.

Taken together, liposomal glucocorticoids also inhibit tumor growth
in the spontaneous MMTV/neu model, similar to syngeneic B16F10 and
C26 models. Although tumor growth kinetics are remarkably different
between the two models, this apparently does not translate in different
enhanced permeability and retention-mediated liposome accumulation
kinetics. To our knowledge, this is the first time that tumor accumula-
tion of a drug delivered by a liposomal delivery system is studied and
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Fig. 6. MiR-146b abundancy in PLP and LCL-PLP-treated tumors. Transgenic FVB/N c-neu
transgenic mice (MMTV/neu), n = 4, received a single intravenous administration of
20 mg prednisolone/kg free (PLP) or in the liposomal form (LCL-PLP) when tumors
reached approximately 200 mm?>. Mice were sacrificed 72 h after drug injection and
miRNA levels were detected in tumors. MiR-146b showed an 18-fold increased
expression in LCL-PLP-treated mice when compared to vehicle control animals
(p <0.01), whereas PLP-treated mice only showed a non-significant 4.5-fold change.

quantified in a spontaneous tumor model. A study of the miRNA profile
in the tumor tissue with and without treatment revealed that the top
ten most abundant miRNA were remarkably similar. Many of the prom-
inent miRNAs that are associated with human breast cancer were also
highly expressed in the murine model. One notable exception was
miR-146b. This miRNA was strongly upregulated after treatment. The
increased expression of miR-146b in liposomal PLP treated tumors sug-
gests that liposomal PLP can inhibit tumor growth at least in part by
modulating the FOXP3-miR-146-NF-kB axis.

Liposomal glucocorticoids act by modulating the pro-inflammatory
tumor micro-environment that has a net positive effect on tumor
growth. But this therapeutic approach is not curative by itself it is only
inhibiting tumor growth. A logical next step would be to combine treat-
ment with cytotoxic chemotherapeutic agents, as conventional agents
or in nanocarrier-encapsulated form, to explore synergy between
these two therapeutic modes of action. Since the stromal cells in the
tumor can modulate chemotherapeutic resistance of tumor cells, such
a two-pronged may improve therapeutic outcome compared to either
treatment alone.
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