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General introduction
Cancer and inflammation
In 1863, Rudolf Virchow first described a link between inflammation and cancer
[1]. Inflammation plays a critical role in tumor progression. Chronic inflammation
is present within tumors and featured by angiogenesis and infiltration of immune
cells. The rapidly dividing tumor cells require high amounts of nutrition and oxygen,
which in turn triggers angiogenesis [2]. The inflammatory cells are attracted by
tissue damage but fail to mount an effective response and instead are converted
to cells that enable a smoldering chronic inflammatory milieu. Anti-inflammatory
agents exert antitumor activity by modulating the tumor microenvironment,
altering expression of inflammatory cytokines, transcription factors, and by
targeting immune cells [3]. Chronic inflammation has also been associated with
increased risk of some cancers [4]. Combining anti-inflammatory agents in
therapeutic regimens for cancer benefits the clinical outcomes. Figure 1 highlights
the key features of cancer-related inflammation.

Glucocorticoids in cancer treatment
Glucocorticoids (GCs) are potent drugs used in the treatment of various sold
and hematological cancers including multiple myeloma [5]. Dexamethasone
and prednisone constitute an important part of myeloma therapy regimens [6].
Prednisolone has also shown to have anti-inflammatory and anti-tumor activity
in various animal models [7]. Glucocorticoids exert their anti-inflammatory and
anti-tumor activity mainly by two types of mechanisms; non-genomic and genomic
effects [8]. Non-genomic mechanisms are characterized by a rapid onset of
effects. GCs can exert non-genomic effects by acting as agonists (direct), without
involvement of a receptor. These types of action of GCs include for example
intercalation into cell membranes and altering cell functions by influencing cation
transport through the plasma membrane, and increasing proton leak out of
mitochondria. Figure 2 shows an overview of mechanism action of GCs [9].
The genomic effects take longer and include transactivation and transrepression
of various genes in resulting in increased and decreased expression of antiinflammatory and pro-inflammatory proteins, respectively [10]. At lower
concentrations, GCs enhance production of anti-inflammatory proteins/cytokines
(transactivation), while at higher concentrations they also inhibit production of
pro-inflammatory cytokines (transrepression).
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Figure 1: Cancer-related inflammation. Inflammation or oncogene activation results
in the expression of pro-inflammatory transcription factors within tumor cells
(such as NF-κB, STAT3 or HIF1α), which mediate expression of key cytokines and
chemokines (including TNFα and IL-6) as well as inflammatory enzymes (such as
COX-2), forming a rich and complex network of inflammatory responses within the
tumor. Immune cells such as macrophages, dendritic cells, mast cells and T cells are
recruited by chemokines. Consequently, resulting in cell survival and proliferation of
the malignant cell, immune suppression, angiogenesis, and migration and metastasis
of the malignant cells. Abbreviations: CCL2, chemokine (C-C motif) ligand 2; COX-2,
cyclo-oxygenase-2; HIF1α, hypoxia-inducible factor 1α; IL-1α, interleukin-1 α; IL-6,
interleukin-6; NF-κB, nuclear factor-κB; STAT3, signal transducer and activator of
transcription 3; TNFα, tumor necrosis factor-α. Adapted from [3]. Figure created by
Anil Deshantri, no copyright permission required

Proteasome inhibitors in cancer treatment
Proteasome inhibitors are an increasingly important part of therapy regimens to
treat multiple myeloma and mantle cell lymphoma [11]. Bortezomib, carfilzomib,
and ixazomib are already approved drugs belonging to this class while others
are currently in clinical development and expected to enter the market soon
(Table 1). Recent reports show that these small molecules also show therapeutic
efficacy in other HM such as chronic myeloid leukemia, and solid tumors such as
neuroblastoma and breast cancer [12, 13]. The mechanism of action of proteasome
13
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Figure 2. Mechanisms of action for glucocorticoids. Glucocorticoids (GC) exert
genomic and non-genomic mechanisms. Genomic mechanisms take place via
classical GC receptors and include transactivation and transrepression, which
lead to increased expression of anti-inflammatory proteins, and suppression of
pro-inflammatory proteins respectively (A). The non-genomic mechanisms can be
driven by classical or non-classical GC receptors. Activation of kinase pathways and
second-messenger-mediated pathways take place via classical GC receptors (B),
whereas increase in Ca2+ and IP3 is driven via non-classical GC receptors (C). Nongenomically, GC can also alter physicochemical properties of the cell membrane
or mitochondrial membrane (D), and can inhibit arachidonic acid release (E).
Abbreviations: Ch, chaprones; coCh, co-chaprones; COX-2, cyclo-oxygenase-2; ERK/
MAPK, Extracellular-signal-regulated kinase/mitogen-activated protein kinases; GC,
glucocorticoid; GCR, classical GC receptor; IκB, inhibitor of kappa B; IL, interleukin;
INF-γ, interferon gamma; IP3, inositol triphosphate; MEK, MAPK and ERK kinase;
NA, nuclear activator; ncGCR, non-classical GC receptor; PI3K, phosphatidylinositol
3-kinase; PM, polymerase; TF, transcription factor; TNF, tumor necrosis factor;
VEGF, vascular-endothelial growth factor. Adapted from [8-10]. Figure created by Anil
Deshantri, no copyright permission required

inhibitors is based on disrupting a cell’s protein waste management. Cells maintain
homeostasis by degrading detrimental proteins by the ubiquitin proteasome
system [14]. The proteasome assembly recognizes poly-ubiquitinilated proteins
and degrades them by chymotrypsin-like, trypsin-like and peptidylglutamylpeptide hydrolyzing activities of 20S proteasome. Proteasome inhibitors inhibit
one or more of the activities of this system, reversibly or irreversibly, preventing
14
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degradation of the detrimental proteins, which ultimately leads to tumor cell
apoptosis [14]. However, faulty protein degradation is also an important process
in healthy tissues. As a result, this class of drugs faces several hurdles in clinical
application. For example, the poor pharmacokinetic properties and off target
adverse effects of bortezomib present a very narrow therapeutic window [15].

1
2

Drug delivery in cancer
To widen the therapeutic window, targeted drug delivery is an attractive approach.
Targeted drug delivery can increase local concentrations of the drug at the target
tissue while minimizing toxic effects in healthy tissue. Over the last decades,
significant progress has been made in the field of drug delivery with the use of
nanomedicines. Nanomedicines are small nanocarriers that can enable targeted
drug delivery to tumors and other sites with increased inflammation [16].
Generally, the nanoparticles used for drug delivery are submicron-sized structures
between 20-200 nm diameter. These have found a variety of applications ranging
from drug delivery to nano-biotechnology, microfluidics, biosensing, and tissue
engineering [17]. For drug delivery using nanocarriers, four material types primarily
form the basis; polymers, lipids, metals and inorganic materials (Figure 3).
Liposomes
Liposomes are at present the most successful type of drug delivery system for the
treatment of cancer and inflammatory diseases. Liposomes, can take advantage of
the leaky vasculature within the inflamed/tumor tissue. The passive accumulation
of small nano-sized particles is due to the enhanced permeability and retention
(EPR) effect at the site of inflammation and within tumors [16]. At the same time,
the encapsulated drugs may avoid toxicity to sensitive tissues, minimizing off-target
adverse effects. The value of the EPR effect in the clinic is debated but remains the
cornerstone of most successful drug delivery approaches [18].
Proteasome
inhibitor

Chemical
class

Target(s)

Mode

Current
status

Route of
administration

Bortezomib

Boronic acid

β5 >β1 >β2

Reversible

Approved

Intravenous or
subcutaneous

Carfilzomib

Epoxyketone

β5 >β2/β1

Irreversible

Approved

Intravenous

Ixazomib

Boronic acid

β5 >β1

Reversible

Approved

Oral
Oral
Intravenous

Oprozomib

Epoxyketone

β5

Irreversible

Under
development

Marizomib

β‑lactone

β5 >β2 >β1

Irreversible

Under
development
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Table 1. Clinically approved and under development proteasome inhibitors [11]
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Figure 3. Nanoparticles used for drug delivery in cancer. Adapted from [17]. Figure
created by Anil Deshantri, no copyright permission required

To take full advantage of the EPR effect, the surface of the liposomes can be
engineered to make them prolonged circulating. It can even be decorated with
structures that allow targeting to specific cell types within the targeted tissue,
using moieties (e.g. peptides or anti/nanobodies) recognizing for example cellspecific receptors [19]. Figure 4 shows a diagram of a liposome showing different
surface modifications.
The first success in drug delivery was the approval of liposomal doxorubicin
formulation Doxil® in 1995 [20]. Doxil® widened the therapeutic window
of doxorubicin by reducing the cardiovascular toxicity, which was a major
shortfall of conventional doxorubicin treatment. Follow up of clinically approved
nanomedicines after Doxil® has been limited. Initially this may have been the
result of the patents on the PEG-corona, which is essential to achieve prolonged
circulation times, which in turn determine passive target tissue accumulation.
16
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Figure 4. Schematic representation of a liposome. Opportunities of modifying the
liposomes in various ways are shown. Targeted liposomes could be formed by
attaching targeting moieties such as antibodies, peptides or other chemical entities
on the surface of liposomes to actively target a specific protein or other cell surface
receptors. Hydrophobic or hydrophilic drug molecules can be encapsulated into the
bilayer and into the aqueous core respectively. Figure created by Anil Deshantri, no
copyright permission required

However, over the past years, new developments are emerging. Most recently,
Vyxeos® was approved for use in acute myeloid leukemia [21]. This liposomal
formulation contains a combination of cytarabine and daunorubicin at a 5:1
molar ratio. This ratio has been established to be optimal to enable synergistic
drug interactions between the two chemotherapeutic compounds. Apart from
targeted drug delivery, liposomal encapsulation enables synergy by forcing both
encapsulated drugs to be at the same time at the same place. This is more difficult
to achieve for the free drugs, which generally have different pharmacokinetics and
tissue distribution profiles.
One of the crucial aspects in determining the preclinical value of liposomal drugs,
or in fact any targeted drug delivery system, is the use of appropriate animal
models that recapitulate the human disease. It has become clear that conventional
models based on subcutaneous xenografts in mice do not adequately represent
this. Alternatively, other models such as spontaneous tumor models in genetically
engineered mice and implantation models, offer the advantage that they develop
at the orthotopic location within an appropriate micro-environment. Recently,
for multiple myeloma, a human bone marrow microenvironment that is of crucial
importance in the disease pathology, was replicated in vivo [22]. In addition, besides
immortalized cell lines patient-derived primary tumor cells could be implanted. In
this model, tumor response mimicked tumor response in the patient for various
17
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chemotherapeutic drugs. These advanced animal models appear an important step
forward to evaluate nanomedicines in vivo.

Outline of the thesis
In the present work, liposomes loaded with glucocorticoids or proteasome
inhibitors were studied in two clinically more relevant mouse tumor models:
A spontaneous MMTV/neu mouse model of breast cancer. In this model, mouse
mammary tumor virus (MMTV) is used to engineer overexpression of the neuoncogene. Neu genomic amplifications are present in 20–30% of human breast
cancers, also in invasive ductal carcinomas. As a result of neu overexpression, the
mice develop mammary tumors after several months, showing slower and clinically
more relevant tumor growth kinetics compared to many subcutaneous xenograft
models and a multiple myeloma model with a reconstituted human hematopoietic
niche is created in ossicles. Tumors are created by injection of either multiple
myeloma cell lines or patient derived primary cells. The human bone environment
is mimicked in by interaction of myeloma cells to bone marrow stromal cells.
Moreover, angiogenesis is developed within and around the tumor bearing
scaffolds.
In Chapter 1, a general introduction is provided.
In Chapter 2, we evaluated a liposomal formulation of prednisolone phosphate
for the treatment of breast cancer. Here, we used the spontaneous MMTV/neu
breast cancer model. We looked at tumor growth kinetics in this model and
evaluated both pharmacokinetics and tissue distribution as well as therapeutic
efficacy. Furthermore, miRNA expression profile was evaluated within the tumor
tissues.
Chapter 3 serves a bridge between use of liposomal drug delivery for solid
tumors and “liquid tumors” i.e. hematological malignancies (HM). This extensive
review highlights various types of HM and currently available therapies. The
shortfalls of conventional chemotherapies are discussed followed by the rationale
for using nanomedicines in HM.Various nanomedicines, including liposomes and
polymeric micelles for the treatment of HM, both in clinic and in development
stage, are examined. Finally, challenges associated with the clinical translation of the
nanomedicines for HM are reviewed.
In Chapter 4, we investigated how an engineered bone marrow-myeloma
microenvironment, could be utilized to study drug delivery strategies in a
preclinical in vitro setting. The use of a 3D model can potentially generate results
that are better predictive for feasibility in in vivo studies. A previously developed
bone marrow-myeloma model was validated for this application using liposomes.
18
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By investigating drug delivery strategies in a 3D co-culture model, in which also
stromal cells are present, additional information is provided when compared
to 2D cell line cultures, particularly when using patient derived myeloma cells.
The specific effects of treatment using liposomes were investigated, taking drug
resistance through CAM-DR into account.
In Chapter 5, we examined therapeutic efficacy of a liposomal formulation
of liposomal glucocorticoids in hematological malignancies. Initially, we studied
liposome accumulation in the tumor bearing scaffolds and the biodistribution of
intravenously administered liposomes in tumor bearing mice. In the second part,
therapeutic efficacy of liposomal dexamethasone phosphate was evaluated in this
advanced mouse model of multiple myeloma.
In Chapter 6, we prepared and characterized different liposomal formulations
of bortezomib, a potent proteasome inhibitor that is an important part of current
myeloma treatment regimens. In particular we developed and characterized
various remote loading strategies for bortezomib. In relation to drug/lipid ratio
and release kinetics of bortezomib.
Chapter 7 investigates the in vivo efficacy of a liposomal formulation of
bortezomib in the advanced multiple myeloma model, inoculated with MM.1S
as well as patient-derived MM cells, in relations to pharmacokinetics and tissue
distribution. Finally, in Chapter 8, the results of this thesis are summarized and
discussed followed by future perspectives.
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ABSTRACT
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
molecules 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. Liposometargeted 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 proinflammatory 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. Interestingly, the liposomal prednisolone was
significantly more active than free drug. At 72 h after injection of the liposomal
formulation, 3 μg prednisolone per gram of tumor tissue was recovered
whereas no drug could be recovered after injection of the free agent.This
indicates that, despite etiological and morphological differences between
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 metastasis.The only exception was the appearance of
miR-146b, a known inflammation-regulating miRNA species, after liposomal
prednisolone treatment.
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Introduction
Tumors are complex assemblies of multiple cell types in a net favorable
environment for their survival, growth, invasion and dissemination. 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 inflammatory response is one of the hallmarks of cancer [1–3].
Several malignancies 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 infiltrate 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 microenvironment is known to support tumor proliferation, survival
and migration. Activated inflammatory cells produce signaling mediators (cytokines,
chemokines, growth factors), in general to ensure protection against injury and
promote tissue homeostasis. In cancer, these processes seem to be co-opted
by the tumor cells to foster cell survival and proliferation and reach an immune
privileged status. This offers the possibility for therapeutic strategies that are aimed
at interfering with these signaling molecules and specific immune cell-subtypes to
modulate -and ultimately shift- the inflammatory microenvironment towards an
antitumor 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 antitumor effects in vitro and in
vivo.Various genomic and non-genomic mechanisms of action could mediate
this therapeutic effect. Genomic effects already seem to take place at low
concentrations of corticosteroids, while non-genomic mechanisms require higher
concentrations. A combination 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 nanocarrierplatforms such as polymeric micelles and liposomes [10–13]. The leaky
24
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architecture of the tumor vasculature tissues allows the passive delivery of longcirculating nanomedicines to the tumor tissue 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 occurrence of
certain side effects.
The antitumor activity of liposomal corticosteroids has been studied in different
subcutaneous murine tumor models, particularly in B16F10 melanoma and
C26 colon carcinoma [15]. In both experimental models, a single intravenous
administration of prednisolone encapsulated in long-circulating liposomes (LCLPLP) inhibited tumor growth in a dose-dependent manner.

1
2
3

By definition, animal models are an approximation of human disease. 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 spontaneous 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 antitumor 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].
Materials and methods
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 rotary 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
25
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disodium phosphate (BUFA, The Netherlands). Liposome size was reduced by
multiple extrusion 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 μm in a monodisperse
system. Total lipid content of the liposomal dispersion was determined with a
phosphate assay on the organic phase after extraction of liposomal preparations
with chloroform 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 quantification of prednisolone phosphate by
Ultra Performance Liquid Chromatography (UPLC, Waters Acquity UPLC- TUV
system, Waters Corporation, Milford, MA, USA). Measurements were performed
using an Acquity BEH C18 1.7 μm column (2.1 × 50 mm, Waters) and the mobile
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 performed by a diode array detector set at a
wavelength of 254 nm. The liposomal preparation contained approximately 5 mg
of prednisolone/mL and 60 μmol lipid/mL. The liposome suspension was stored at
4°C.
Inhibition of cell proliferation
MCF-7 cells (ATCC HTB-22) and MDA-MB-468 (ATCC HTB-132) human
mammary carcinoma cells were incubated with free prednisolone phosphate
(Free-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 D-glucose, 2.5 mM L-glutamine,
and supplemented with 10% FBS. 103 cells/well were plated 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 effect was determined over 48 h, by ELISA
BrdU-colorimetric immunoassay (Roche Applied Science, Penzberg, Germany)
according to the manufacturer’s instructions. This technique is based on the
incorporation of the pyridine analogue bromodeoxyuridine (BrdU) instead of
thymidine 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 detected 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.
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In vivo studies
Transgenic female mice FVB/N-Tg (MMTV/neu) 202Mul/J (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 performed in accordance to the national regulations and were
approved by the local animal experiments ethical committee. Transgenic mice
developed 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=1/6πa2b, where 'a'
is the smallest and 'b' the largest superficial diameter. In a small number of mice,
tumor growth was rapid going from palpable to over 200 mm3 within one 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 therapeutic effects
of corticosteroids in a spontaneous tumor model, transgenic 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 mm3. The dose was based on therapeutic activity of liposomal prednisolone
in transplantation models [15]. Treatments were given to mice once weekly until
end point was reached, i.e., tumor volume of 1500 mm3 or therapy was given for
a maximum of 10 weeks. At this time, mice were sacrificed by asphyxiation with
CO2, tumors were harvested and snap frozen in liquid nitrogen.
Drug accumulation in tumor tissue
Prednisolone phosphate concentrations in tumor tissue were analyzed as
described previously [15] with slight modifications regarding homogenization
of tissues. When mammary tumors reached 200 mm3, 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 asphyxiation with CO2, tumors were harvested and snap frozen
in liquid nitrogen. For quantification of prednisolone phosphate in the tumor
tissue, 675 μL 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°C in a Precellys 24 Dual tissue homogenizer
(Bertin Technologies, France). After centrifugation at 10,000 rpm for 5 min at 4°C,
tumor homogenates were collected in glass vials. After liquid-liquid extraction
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with dichloromethane (Biosolve, TheNetherlands) at pH 11, the organic phase
was collected and evaporated using a block heater and under nitrogen flow.
Prednisolone phosphate levels were quantified by UPLC according 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.
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 incubated for 24 h at −20°C
according to manufacturer›s instructions. Tissues 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 manufacturer’s instructions using the Ion 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.
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 homemade primers and SYBR Green (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 performed on a
BioRad CFX96 (CA, USA). Sequences of the primers were.
Stem-loop mmu-miR-146b
5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT
GGATACGAAGCCTAT-3'
Forward mmu-miR-146b
5'- TGCCAGTAGAACUGAATTCCATAGG-3'
RT-PCR Reverse
5'-GTGCAGGGTCCGAGGT-3'
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U6 stem loop primer
5'-GTCATCCTTGCGCAGG-3'

1

U6 forward primer
5'-CGCTTCGGCAGCACATATAC-3'

2

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 between 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
Characterization of liposomes
Liposomes had a size of 0.10 ± 0.06 μm with a polydispersity index <0.1 and a PLP
content of 5.1 ± 0.4 mg/mL at a phospholipid concentration of 60 ± 7 μmol lipid/
mL (average ± standard deviation of 3 preparations).

5

In vitro activity
Corticosteroids have been described to inhibit the proliferation of breast
cancer cells [24]. Indeed, when we incubated MDA-MB-462 or MCF-7 mammary
carcinoma cells with Free-PLP or LCL-PLP, a concentration-dependent inhibition
of cell proliferation was noted, with maximal inhibition approximately 40% for
the MDA-MB-462 cells and approximately 50% for the MCF-7 cell line (Fig. 1).
The sensitivity of the breast cancer cells to PLP was approximately 10 times
higher than for B16F10 melanoma or C26 colon carcinoma cells [15]. Comparable
efficacy was found of Free- and LCL-PLP for MDA-BM-468 cells. The liposomal
formulation appeared to be slightly less efficacious than the free drug for MCF-7
cells, which is likely related to the fact that the liposomes 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 nonlinear regression.
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
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Figure 1. In vitro effect of free- and liposomal PLP on the proliferation of human
mammary carcinoma cells. MDA-BM-468 (A) and MCF-7 (B) cell lines were incubated
for 48 h with different concentrations of Free- or LCL-PLP, and anti-proliferative effect
was determined by ELISA BrdU-colorimetric immunoassay.

itself, generate an inflammatory response. The exact interference of such “acute”
inflammation with tumor development is not known. In addition, this interference
may be very different 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 surrounding 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 carcinomas. The spontaneous development of the tumor in an
immune competent host allows us to better assess the potential of targeted antiinflammatory 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 promoter. Mice develop tumors after a long
latency period (approximately at an age of 4 months) and tumor progression is
associated with occurrence 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
statistical 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 development. In this model, 2 days
after the first tumor was detected, the majority of animals had a palpable tumor.
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Over 95% of animals developed a tumor within 1 week after the first tumor was
detected [12].

1

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 liposomal form. Mice were treated
when tumors reached a volume of 200 mm3. Treatments were administered once
weekly until the tumor volume reached the humane endpoint (>1500 mm3). 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].

2

In the MMTV/neu model, tumor volumes were significantly smaller after liposomal
prednisolone treatment as compared to free drug or vehicle (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-
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Figure 2. Time-point of detection of palpable tumors in three experimental groups
of MMTV/neu mice. Median time for tumor detection was 102 days. No significant
differences were noted between experimental groups. Approximately 90% of all
animals developed a tumor within 220 days after a tumor was detected at the first
mouse.
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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.
When examining body weight of the mice, we observed a steady increase in body
weight until the moment when treatment was initiated. At that time, 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.
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 B16F10
tumor tissue. In contrast, liposomal drug could still be recovered. The passive
tumor accumulation 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
3
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Figure 3. Effect of PLP and LCL-PLP on tumor growth. Mice received weekly injections
of Free- or LCL-PLP (indicated with arrows) at a dose of 20 mg/kg or an equivalent
volume of vehicle. Tumor size was measured during the treatment. LCL-PLP inhibits
tumor growth significantly more effectively than Free-PLP.
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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 spontaneous tumors. Our results suggest that despite the
developmental, structural and morphological differences between these two tumor
4A

4B
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Figure 4. Effect of Free- and LCL-PLP on body weight. Mice received weekly injections
of Free- or LCL-PLP (indicated with arrows) at a dose of 20 mg/kg or an equivalent
volume of vehicle. LCL-PLP induces a drop in bodyweight of approximately 10% after
initiation of treatment. (A) Percentage of initial body weight throughout the study; (B)
Percentage of initial body weight after starting the treatment i.e. day 0.

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 inflammatory reactions to an equal extent in the
MMTV/neu model as in the B16F10 and C26 models.
Micro RNA analysis
To characterize the molecular response within the tumor due to liposomal 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 species 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 appeared 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.
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Figure 5. Prednisolone phosphate levels in MMTV/neu tumors at 72 h after
administration of 20 mg/kg of PLP (liposomal 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 (Free-PLP) or in the liposomal form (LCL-PLP)
when tumors reached a volume of approximately 200 mm3. 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.

Interestingly, expression of miR-146a/b has been found to be downregulated
in breast cancer [25]. MiR-146b expression is reported to be associated with
an inhibition of inflammation through downregulation of NF-κB activity and
subsequent decrease in IL-6 production [26]. IL-6 induces expression of miR-146b
by activating STAT3, which negatively controls the activity of NF-κB [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
phenotype [28]. Furthermore, the FOXP3-miR-146-NF-κB 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 induction in breast
epithelial cells results in upregulation of miR-146a/b. Earlier studies showed that
glucocorticoids upregulate expression of FOXP3 in Treg cells [31]. Secondly, miR146a/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
overexpression 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 that of control animals (Fig. 6).
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Rank
Control

miRNA

Rank
LCLPLP

1

mmu-miR-27b

6

2

mmu-miR-23b

3

3

mmu-miR-30a

7

1

Role
Pro-oncogenic factors miR-23b and miR-27b are regulated by
Her2/neu, EGF, and TNF-α in breast cancer.

MicroRNA-30a suppresses breast tumor growth and
metastasis by targeting metadherin.

2
3

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-7c

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.

5

7

mmu-miR-26a

8

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

6

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.
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9

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 proinflammatory pathways. MicroRNAs in resolution of acute
inflammation: identification of novel resolvin D1-miRNA
circuits.

Table 1. Top ten miRNA profiles of control and LCL-PLP-treated mice.
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Figure 6. MiR-146b abundancy in Free- and LCL-PLP-treated tumors. rTansgenic
FVB/N c-neu transgenic mice (MMTV/neu), n=4, received a single intravenous
administration of 20 mg prednisolone/kg free (Free-PLP) or in the liposomal form
(LCL-PLP) when tumors reached approximately 200 mm3. 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 Free-PLP-treated mice only showed a nonsignificant 4.5-fold change.

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 cellular 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]. Additionally, the activation of the
glucocorticoid receptor induces expression 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 independent [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-α and neu expression [37]. These differences may impact the
translatability of findings in the spontaneous 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
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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 accumulation of a drug delivered by a liposomal delivery
system is studied and 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 prominent
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 suggests that liposomal PLP can inhibit tumor
growth at least in part by modulating the FOXP3-miR-146-NF-κB axis.
Liposomal glucocorticoids act by modulating the pro-inflammatory tumor microenvironment 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 treatment 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 twopronged may improve therapeutic outcome compared to either treatment alone.
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ABSTRACT
Hematological malignancies (HM) are a collection of malignant
transformations originating from cells in the primary or secondary
lymphoid organs. Leukemia, lymphoma, and multiple myeloma comprise
the three major types of HM. Current treatment consists of bone marrow
transplantation, radiotherapy, immunotherapy and chemotherapy. Although,
many chemotherapeutic drugs are clinically available for the treatment of
HM, the use of these agents is limited due to dose-related toxicity and lack of
specificity to tumor tissue. Moreover, the poor pharmacokinetic profile of most
of the chemotherapeutics requires high dosage and frequent administration
to maintain therapeutic levels at the target site, both increasing adverse
effects.This underlines an urgent need for a suitable drug delivery system
to improve efficacy, safety, and pharmacokinetic properties of conventional
therapeutics. Nanomedicines have proven to enhance these properties for
anticancer therapeutics.The most extensively studied nanomedicine systems
are lipid-based and polymeric nanoparticles.Typically, nanomedicines are small
sub-micron sized particles in the size range of 20-200 nm.The biocompatible
and biodegradable nature of nanomedicines makes them attractive vehicles
to improve drug delivery.Their small size allows them to extravasate
and accumulate at malignant sites passively by means of the enhanced
permeability and retention (EPR) effect, resulting from rapid angiogenesis and
inflammation. Moreover, the specificity to the target tissue can be further
enhanced by surface modification of nanoparticles.This review describes
currently available therapies as well as limitations and potential advantages of
nanomedicine formulations for treatment of various types of HM. Additionally,
recent investigational and approved nanomedicine formulations and their
limited applications in HM are discussed.
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1.
Introduction
Presently, multiple chemotherapeutic and molecular targeted agents are available
for the treatment of hematological malignancies (HM). Nevertheless, only a subset
of patients will achieve long-term remission or complete cure of the disease. This
is at least partly due to the lack of specificity of these agents for the disease site
and their short biological half-lives in the circulation [1]. Lack of specificity results
in exposure of healthy organs to the drugs that gives off-target adverse effects.
High doses and frequent dosing to maintain the therapeutic levels at the malignant
site further increase the magnitude of these adverse effects [2, 3]. Therefore, drug
delivery systems could be essential not only to decrease exposure of healthy
tissues to the drug, but also to retain the active substance in the circulation and
deliver it to the malignant cells. Thereby, nanomedicines can significantly improve
efficacy and safety profiles of encapsulated chemotherapeutic agents.
In past few decades, nanocarriers such as liposomes and polymeric nanoparticles
received considerable attention for the treatment of various types of solid
tumors, leading to several successful formulations that entered the clinic [2, 4].
However, less work has been done to develop nanomedicines for the treatment of
hematological malignancies [1]. In this review, currently available (chemo)therapies
for HM and their shortfalls are discussed. Nanomedicines are presented as an
attractive approach to improve treatment, which is elucidated by an overview of
investigational and approved drug formulations. Finally, challenges associated with
development of novel nanomedicine formulations and their clinical translation, are
discussed.
2.
Hematological malignancies
Hematological malignancies (HM) comprise a variety of cancers derived from
the blood, bone marrow (BM) and lymphatic system. Of all cancers diagnosed
in the United States in 2017, 10.2% was estimated to be categorized as a
hematological malignancy [5]. In children, adolescents and young adults, leukemia
causes more deaths than any other cancer [6]. In majority of HM, bone marrow
is the predominant site of tumor localization together with peripheral blood and
secondary lymphoid organs, such as spleen and lymph nodes. [7, 8]. In BM, normal
hematopoietic stem cells differentiate into cells of the myeloid or lymphoid
lineage. Granulocytes, monocytes, mast cells, erythrocytes and thrombocytes
differentiate from myeloid precursor cells (myelopoiesis), whereas T cells, B cells,
Natural Killer (NK) cells and plasma cells are produced by the lymphoid lineage
(lymphocytopoiesis). Hematological malignancies can be subdivided into leukemia,
lymphoma, and multiple myeloma, based on the cell-of-origin. Table 1 provides an
overview of different types of HM.
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3.
Target sites in hematological malignancies
To improve therapeutic intervention of hematological malignancies, delivery of
drugs at the site of disease is one of the goals. Figure 1 illustrates various target
sites in HM.

1

3.1
Bone marrow microenvironment
The BM microenvironment consists of cellular and non-cellular compartments.
The importance of bone marrow vasculature was recently discussed [36-39]. The
cellular compartment includes bone marrow stromal cells (BMSC), endothelial
cells, osteoclasts, and osteoblasts, whereas non-cellular compartment includes
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Figure 1. Target sites in hematological malignancies. The peripheral blood
(1), secondary lymphoid organs (2 & 3) and bone marrow (4) are the primary
target sites for drug delivery in hematological malignancies. Figure created by
Fens HAM, no copyright permission required.
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2. Lymphoma
(80 500 / 21 210)

10
B cells (majority of
cases)

Hematopoietic
stem cells

(iii) Chronic myeloid
Leukemia (CML)
For detailed information see
reference 11

(i) Hodgkin’s Lymphoma
(HL)
For detailed information
see reference 15

Hematopoietic
precursors of the
myeloid lineage.

(ii) Acute Myeloid Leukemia
(AML)
For detailed information see
reference 8

9

Originate from bone
marrow precursor
cells from either
the myeloid or the
lymphoid lineage.

8
Hematopoietic
precursors of the
lymphoid lineage.

7

(i) Acute Lymphoblastic
Leukemia (ALL)
For detailed information see
reference 4

6

1. Leukemia
(62 130 / 24 500)

5

8260 /1070
Two age groups: early
adulthood (age 15–40,
usually 25–30) and late
adulthood (after age 55)

8950 / 1080
Median age of diagnosis is
60 years.

21,380 / 10,590
Median age of diagnosis is
64 years.

5970 / 1440
Most common leukemia
in people younger than
20 years.

Giant cells termed
Hodgkin and ReedSternberg (HRS)
cells in classical HL
(95% frequency)
and lymphocytic and
histiocytic (L&H) cells
in LPHL. Involvment of
spleen and lymph nodes.

Myeloid cells and their
precursors in the bone
marrow.
Involvement of bone
marrow, peripheral blood
and spleen.

Abnormally or poorly
differentiated blasts of
the myeloid system.
Infiltration of the bone
marrow, peripheral blood
and other organs.

Clonal population of
lymphoid cells. 85% of
ALL arise from the B cell
lineage and 15% from T
cell precursors.
Infiltration of bone
marrow, blood and
extramedullary sites

Cell types involved
and infiltrated sites

4

Cancer statistics
2017 (USA)[5]
Estimated new cases
/ deaths
Epidemiology

[5, 1517]

[7, 12]
[5, 13,
14]

[5, 7,
9-11]

Ref

Rare events affecting p53, Fas,
[5, 7,
IkBα
18Frequent microsatellite instability 21]
Novel translocation: t(2;14)
(p13;q32.3): BCL11a

Driven in almost all cases by
the Philadelphia chromosome:
t(9;22)(q34;q11): BCR-ABL1

Chromosomal mutations in 97%
of cases
inv(3)(q21q26.2)
t(3;3)(q21;q26.2)
occasionally t(9;22)(q34;q11)
t (8;21), inv (16), t (15;17): part
of diagnosis

t(12;21): ETV6-RUNX1
t(1;19) (q23;p13): E2A-PBX1
t(9;22) (q34;q11): BCR-ABL1
t(4;11) (q21;q23): MLL-AF4

Frequently associated
chromosomal
abnormalities/mutations/
translocations (t)

3

Origin

2

Subtype

1

Type of HM
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Table 1. An overview of different types hematological malignancies. The
classification is based on origin of the disease and cell types involved.
Chromosomal abnormalities and/or mutations frequently associated are

Malignancy of
B-lymphocytes
characterized by
clonal proliferation
of a single plasma
cell resulting
in monoclonal
immunoglobulin
production.

3. Multiple
myeloma
30 280 / 12 590

Lymphomas are
defined as a group of
malignancies derived
from mature lymphoid
cells. The majority
arises from B cells and
are therefore called B
cell lymphomas.

2. Lymphoma
(continued)
Arise from
lymphocytes
that are at
various stages of
development
B cells

B cells

B cells

B cells

(ii) Non-Hodgkin’s
Lymphoma (NHL)
For detailed information
see reference 19

(a) Chronic Lymphoid
Leukemia (CLL)
For detailed information
see reference 22

(b) Follicular Lymphoma
(FL)
For detailed information
see reference 23

(c) Diffuse large B cell
lymphoma (DLBCL)
For detailed information
see reference 25

For detailed information
see reference 32

[5, 7,
2426]

[6, 7,
27]

[7, 28]

[5, 7,
2935]

del13q14
trisomy 12
del11q22-q23
del17p13.

t(14;18)(q32;q21): ectopic Bcl2
expression; in 85% cases of FL.
Inactivating mutations of the
MLL2 gene is found in over 80%
of FL.

3q27: Bcl6
t(14;18): Bcl2

Trisomies: trisomic MM
14q32: IgH translocated MM
Or combination of both
Seondary cytogenetic
abnormalities:
gain(1q), del(1p), del(17p),
del(13), RAS mutations, and
secondary translocations
involving MYC

Monoclonal CD5 positive
B cells.
Accumulation of
malignant B cells in the
blood, bone marrow and
lymphocytic tissue
Germinal center (GC)
B cells.
Infiltration of cervical,
axillary, inguinal and
femoral lymph nodes.
Bone marrow is involved
in 50% of patients.

Heterogeneous group
of B cell malignancies,
characterized by large
cells.
Develop at either nodal
or extra-nodal sites.
Monoclonal post-GC
plasma cells.
Infliltration of
bone marrow and
extramedullary sites.

n.d.
Follicular lymphomas
account for 20% of NHL
Average age of diagnosis
at 60 years.

n.d.
Most common subtype of
NHL (40%) Middle age

30,280 / 12,590
Median age of disease
onset is 65–70 years

[2, 5,
7, 8,
22,
23]

20,110 / 4660
Average age of diagnosis
at 70 years.

72,240 / 20,140
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highlighted but not limited to the list. Due to the scope of this review the somewhat
rarer forms are not discussed here. N.D. = not determined
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extracellular matrix and important cytokines like interleukin (IL)-6, IL-21, and
tumor necrosis factor alpha (TNFα), and growth factors such as insulin-like growth
factor (IGF) and vascular endothelial growth factor (VEGF) [40]. Interaction of
BMSC and neoplastic cells plays a crucial role in proliferation and survival of
neoplastic cells and progression of the disease [37, 38]. This interaction can also
lead to drug resistance [39, 41]. The interaction of malignant cells with BMSC and
other cells in the bone marrow microenvironment is depicted in Figure 2 together
with their key signaling factors. BMSC can interact with malignant cells via cell
surface molecules; for example, intercellular adhesion molecule 1 (ICAM-1) and
vascular cell adhesion molecule 1 (VCAM-1) on BMSC connect to lymphocyte
function-associated antigen 1 (LFA-1) and very late antigen 4 (VLA-4) on malignant
cells, respectively. These interactions trigger activation of the nuclear factor
kappa B (NF-kB) pathway, and secretion of IL-6 from BMSC, which enhances the
production and secretion of VEGF from malignant cells. The abnormal proliferation
of osteoblasts and osteoclasts results from the progression of the disease. In MM,
for instance, the balance between osteoclast activation and osteoblast proliferation
is lost, causing bone lesions. Bone formation and resorption is normally a
controlled process regulated by mainly two molecules, receptor activator of
NF-kB ligand (RANKL) and osteoprotegerin (OPG) [42]. RANKL produced by
BMSC and macrophage inflammatory protein 1 alpha (MIP-1a) produced by MM
cells stimulates osteoclast activation in the disease. OPG would limit osteoclast
formation, but OPG is decreased by high local IL-3, Dickkopf-related protein
1 (DKK-1) and hepatocyte growth factor (HGF) concentrations [32]. Notch
signaling induces production of IL-6,VEGF, and IGF, leading to malignant cell
proliferation and survival [38]. The intensive signaling via direct cell-cell interaction
Figure 2. Bone marrow microenvironment (BM) in hematological malignancies (HM).
Four different types of malignancies are chosen as examples to show the complexity
of BM microenvironment in HM. Cross talk of malignant cells with BMSC and other
cells in the BM microenvironment is shown. The interaction between VCAM1 on
BMSC and VLA-4 on malignant cell is found in all kind of HM. In multiple myeloma and
in CLL, ICAM1 on BMSC interacts to the LFA-1 present on myeloma cell and CLL cell.
In MM, Notch-1 binds to DLL1. Soluble factors such as VEGF, bFGF, Ang-1, TGF-β,
PDGF, HGF, IL-1, and IL6 secreted by BMSC; IL-6 and OPG by osteoblasts; IL17 by
Th17 cells; VEGF and IGF-1 by myeloma cells increase proliferation of myeloma cells
and increase angiogenesis. VCAM1−VLA-4 and ICAM1−LFA-1 bindings take place
between BMSC and ECs in AML. Soluble factors IL-6, IL-8 and CXCL12 from BMSC
increase proliferation and survival of leukemic cells in AML through binding to IL-6R,
CXCR2 and CXCR4, respectively. RANK present on osteoclasts reacts with RANKL
on AML cells and myeloma cells. Osteoblasts increase activation and survival of
CML cells via Ang-1−Tie2 interaction. CD44 and VLA-4 on CML cells help homing
and adhesion of these cells by interacting to HA and fibronectin in the extracellular
matrix in BM microenvironment. In CLL, NLCs and T cells increase proliferation of the
leukemic cells. NLCs secret CXCL12 and CXCL13 that binds to CXCR4 and CXCR5
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respectively; BAFF/APRIL on NLCs interacts with BCMA/TACI/BAFFR on CLL cells. T
cells react via CD40−CD40L interaction. Together these complex interactions between
malignant, stromal and other cells in the BM result in enhanced proliferation and
survival of malignant cells, resistance to apoptosis, and CAM-DR.
Abbreviations:
BMSC = Bone marrow stromal cell, BM = bone marrow, VCAM1 = Vascular cell
adhesion molecule 1, VLA-4 = Very late antigen-4, HM = hematological malignancy,
CLL = Chronic lymphocytic leukemia, ICAM1 = Intercellular adhesion molecule 1,
VEGF = Vascular endothelial growth factor, bFGF = basal fibroblast growth factor,
Ang-1 = Angiopoietin 1, TGF-β = Transforming growth factor beta, PDGF = Plateletderived growth factor, HGF = Hepatocyte growth factor, IL = interleukin, OPG =
Oesteoprotegerin, IGF-1 = Insulin-like growth factor 1, LFA-1 = Lymphocyte functionassociated antigen 1, ECs = Endothelial cells, AML = Acute myeloid leukemia,
CXCL = Chemokine (C-X-C motif) ligand, CXCR = Chemokine (C-X-C motif) receptor,
RANK(L) = Receptor activator of nuclear factor kappa B (ligand), CML
= Chronic
myeloid leukemia, MM = Multiple myeloma, NLCs = Nurse-like cells, BAFF(R) = B cell
activating factor (receptor), APRIL = A proliferation-inducing ligand, BCMA = B cell
maturation antigen, TACI = Transmembrane activator and CAML interactor, CAMDR = Cell adhesion-mediated drug resistance. Figure created by Anil Deshantri, no
copyright permission required

and through soluble mediators leads high vascularization and angiogenesis in
leukemic bone marrow, which is responsible for enhanced proliferation and
survival of malignant cells and hence increased resistance [43].
3.2
Secondary lymphoid organs
Secondary lymphoid organs such as lymph nodes and spleen provide a distinct
microenvironment for tumor cells in hematological malignancies.
3.2.1 Lymph nodes
Lymph nodes are the primary organ where immune responses are initiated and
are therefore rich in immune cells such as dendritic cells, B, T and NK cells as well
as macrophages. Notably, immune responses can prevent malignant transformation.
For example, downregulation of MHC class I molecules on the surface of
transforming cells is detected by NK cells and induces lysis of the respective cells.
However, transformed cells have developed mechanisms to circumvent effective
immune responses and often mediate immune suppression. Functional NK cells
in lymph nodes of patients, which produce antitumor cytokines like TNF-α and
interferon gamma (IFN-γ), correlate with a favorable prognosis of multiple types
of HM [44, 45]. This indicates that anti-tumor immune responses are still active
in some malignancies, impacting progression and outcome. On the other hand,
a proinflammatory microenvironment can also support the expansion of HM.
Follicular dendritic cells (FDC) are key players in secondary lymphoid organs
comprising approximately 1% of all germinal center (GC) cells. FDC interfere with
apoptosis and promote survival of B cells in GC by secretion of cytokines such
as IL-15, thereby supporting the proliferation and expansion of the malignant cells
48
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[46].
3.2.2 Spleen
As the largest lymphoid organ of the body, the spleen plays an important role in
immunological defenses. Involvement of spleen is seen in all types of HM, most
prominently in lymphomas. Spleen involvement is found in approximately 3040% cases of NHL and in one third of HL [47]. In HL, spleen involvement can
also upstage the disease. Splenomegaly is also found in other HM such as CML.
The spleen is organized in two regions; the red pulp and the white pulp, which
are separated by the marginal zone [48]. Filtration of blood and iron recycling
take place in the red pulp. The white pulp contains T and B cells zones. Spleen
is responsible to regulate innate as well as adaptive immune responses and
plays a key role in tumor immunity by recruiting monocytes and macrophages
to the tumor tissues [48]. Because of the phagocytic activity of monocytes and
macrophages, a significant amount of intravenously administered nanoparticles
tends to accumulate in the spleen [49]. Though this property of spleen “eating” the
nanoparticles could be advantageous [50]. Number of inflammatory monocytes
has been shown to have negative correlation with lymphoma patient survival [51].
As inflammatory and non-inflammatory monocytes use distinct mechanisms for
recruitment, targeting inflammatory monocytes in spleen and bone marrow by
using siRNA containing nanoparticles, and thereby altering their recruitment to
the tumors has been evident to reduce tumor growth in vivo [50]. The spleen can
be considered as one of the major target sites in HM [47, 52].
3.3
Peripheral blood
The cellular compartment of peripheral blood consists normally of leukocytes,
red blood cells (RBC) and platelets. Detection of circulating malignant cells by
complete blood count (CBC), flow cytometry and blood smears is applied in the
diagnosis of HM as well as in monitoring therapeutic efficacy [53-55]. Moreover,
peripheral cytopenias such as anemia, thrombocytopenia, and pancytopenia are
common in HM. The mature blood cells are replaced by immature blast cells.
In multiple myeloma, for instance, the plasma cells are replaced by plasmablasts,
which are rapidly dividing cells that secrete high amounts of immunoglobulins
[31]. There is also an increase in calcium levels in the blood because of the bone
resorption due to local osteoclast activation (section 3.1). The accumulation
of immunoglobulins and calcium in the kidneys can cause inflammation and
subsequent renal failure [56]. In leukemias including CML, presence of >20% blast
cells in peripheral blood (and bone marrow) is classified as a blast crisis, which is
difficult to treat [57].

49

1
2
3
4
5
6
7
8
9
10

Chapter 3 - Nanomedicines for the Treatment of Hematological Malignancies

1
2
3
4
5
6
7
8
9
10

3.4
Liver
The liver is the second largest organ of the body and a part of reticuloendothelial
system. In hematological malignancies, liver is a site of malignant cells infiltration
which produce hepatomegaly or formation of multiple nodules in the liver
[58, 59]. Although life-threatening complications such as acute liver failure in
patients with HM is rare [60-62], clinical manifestations are often seen due to
hepatic involvement [58]. Lymphomatous infiltration of the liver has been seen
in lymphomas, more commonly in non-Hodgkin lymphoma (NHL) (16–43%
patients). In Hodgkin disease, malignant infiltration of Reed-Sternberg cells have
been described in up to 14% of patients [58, 59]. Jaundice and Cholestasis are also
sometimes found in lymphoma patients [59]. In ALL and AML hepatic involvement
has been described to be approximately 95% and 75% cases, respectively [58].
Liver infiltration and mild to moderate hepatomegaly can also be seen in chronic
phase as well as blast crisis in CML. Chemotherapeutic-induced hepatotoxicities
are also common in HM patients [59]. This makes liver an important target site in
HM.
4. Current and novel drugs for the treatment of hematological
malignancies
In many solid tumors, the malignant tissue, including infiltrated surrounding tissue,
can often be removed surgically. Excision can be further combined with radio- and
chemotherapy to eradicate potential residual cancer cells. However, in case of HM,
the malignant cells are not restricted to a specific site and treatment needs to be
effective in multiple tissues, including bone marrow, secondary lymphoid organs
and the blood stream. Treatment is variable and dependent of the specific type
and stage of HM that the patient is diagnosed with. Treatment strategies consist
of bone marrow transplantation, radiotherapy and chemotherapy. Recently, the
potential of immunotherapeutic approaches has been demonstrated for the first
time in HM [63-65]. More than 70 drugs are currently available for the treatment
of HM. however despite these therapeutic options not all HM are curable up to
now.
4.1

Currently available drugs and treatment combinations

4.1.1 Radiotherapy
With radiotherapy, the patient is exposed to a specific dose of ionized radiation
targeted to the region of the malignant neoplasm. The DNA of the cells
exposed to the radiation is damaged. Radiotherapy is often used prior to stem
cell transplantation as a part of a conditioning regimen or in combination with
chemotherapy for a synergistic effect [66]. There are several side effects associated
with radiotherapy. Damage to healthy tissue that is in proximity to the target site
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is the most frequently encountered adverse effect causing dose-limiting toxicity.
Based on the diffuse distribution of the malignant cells in HM, radiotherapy is only
successful in a small subset of patients.

1

4.1.2 Hematopoietic stem cell transplantation (HSCT)
Stem cell transplantation is a treatment option for durable remissions of HM [67].
After conditioning via high dose therapy with cytotoxic drugs and/or radiation,
which aim for temporary yet complete destruction of the hematopoietic system,
the patient’s bone marrow is restored with healthy hematopoietic stem cells by
autologous or allogeneic stem cell transplantation [68]. In autologous HSCT the
patient’s own healthy cells are collected prior to the conditioning regimen and
re-infused afterwards. Although autologous HSCT has become a treatment choice
for HM such as MM and some lymphomas, however, relapse is often inescapable.
Relapse may come from sporadic tumor cells that remain after chemotherapy
or by contamination of cancer cells in the transplanted cells. The latter can be
avoided by using another approach of HSCT, i.e. allogeneic HSCT. In allogeneic
HSCT, stems cells from a human leukocyte antigen (HLA)-matched healthy donor
are transplanted after a conditioning regiment designed to completely eradicate
the recipient’s hematopoietic system. However, allogeneic HSCT is associated with
an increased risk of graft-versus-host disease, which may also induce anti-tumor
immune responses, known as the ‘graft-versus-leukemia’ effect.

2

4.1.3 Chemotherapy and targeted therapies
To date, multiple chemotherapy and antibody-based drugs are available for the
treatment of hematological malignancies. These include various classes of cytotoxic
agents, small molecules, immune-modulators, and immunotherapeutics (Table 2).
Combination therapy is often applied with multiple drugs and/or other treatment
modalities such as radiation. The rationale is that it will improve treatment of HM
by simultaneously targeting multiple pathways. Advances in understanding the
pathogenic pathways have led to the development of several targeted approaches
in HM. These include modulators of epigenetic alterations, i.e. histone deacetylase
inhibitors (HDI), proteasome inhibitors, immune modulators and small molecules
such as tyrosine kinase inhibitors (TKI, Table 2). TKI inhibit active signaling
pathways and aim to target the malignant cells’ growth and survival pathways.
With imatinib mesylate the proof-of-principle for the successful treatment using
TKI in HM was provided. By directly binding to and inhibiting the constitutively
active kinase Abelson murine leukemia viral oncogene homolog 1 (ABL1), imatinib
treatment resulted in long-term remission and almost doubled the 5-year survival
rate in CML. However, in CML and breakpoint cluster region-ABL1-driven ALL,
resistance towards imatinib frequently develops via mutations in ABL1 that
prevent binding of the TKI. For this reason, several second generation TKI have
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been developed to target imatinib resistant clones. Second generation TKI such
as nilotinib and bosutinib show better potency against most mutated forms of
ABL1 but still failed to overcome the T315I gatekeeper mutation [69]. Recently, a
third generation TKI, ponatinib, has been developed to successfully treat the T315I
mutation containing disease [69]. Furthermore, several TKI target more than one
kinase and can be used for the treatment of additional kinase-driven malignancies.
One example is dasatinib, initially designed to target ABL1, which also inhibits the
function of Src, c-Kit and PDGFR kinases. Based on this effect, dasatinib therapy for
the treatment of other (solid) malignancies is under investigation [70].
4.1.4 Antibody and immunotherapy

4
5
6
7
8
9
10

4.1.4.1 Monoclonal antibodies
Monoclonal antibodies naturally possess a long circulatory half-life. This property
helps to overcome the pharmacokinetic challenges of many small molecules.
By humanizing antibodies, immune responses against subsequent doses can
be minimized so that the long-circulating property is maintained. In general,
monoclonal antibodies target specific surface molecules of the malignant cell
population although frequently the surface molecules are also expressed, albeit
to a lesser extent on healthy counterparts. After binding, cells can be killed via
direct cytotoxic effects as well as complement-mediated cell lysis (CDC) and
antibody-dependent cytolytic effects (ADCC) by NK cells. Modifications can
further increase the efficacy as described in the following section. Rituximab was
the first monoclonal antibody approved for treatment of HM. It binds to the large
loop of CD20 and causes cell polarization as well as CDC and ADCC. In addition,
a number of other CD20 targeting antibodies are used for the treatment of HM,
including ofatumumab. Ofatumumab is a fully humanized CD20 antibody with
increased cytolytic effect and a slow dissociation rate, and is particularly suitable
for cells with low target expression [73]. Obinutuzumab is another humanized
anti-CD20 antibody with increased binding affinities towards FcγR on NK cells by
afucosylated Fc segments that may be beneficial as compared to Rituximab [74].
Based on their (semi-)specific binding to the malignant cells, monoclonal antibodies
can also be used for specific site delivery of coupled cytotoxic agents or
radioisotopes: For example, ibritumomab targets the same epitope on the CD20
molecule as rituximab but that antibody is of murine origin. It is covalently bound
to tiuxetan, which is a chelator bound to the radioactive element yttrium-90.
Due to its high beta energy, the radiation can kill even bulky lymphomas [75,
76]. Tositumomab also targets CD20 and is often used in combination with
tositumomab labeled with the radioisotope iodine-131 [77]. However, despite
promising response rates, tositumomab was discontinued in 2014 due to the
decline in usage [78].
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4.1.4.2 Bispecific antibodies
Blinatumomab is the first bispecific T-cell-engager antibody (BiTE) approved for the
treatment of relapsed/refractory Ph-negative ALL [79]. It is a single chain protein
that targets CD3 and CD19. Thereby, it brings CD3+ T cells and (malignant)
CD19+ B cells in close proximity. This activates T cells that subsequently lyse the
target B cells via release of cytotoxic granules and activation of the perforin–
granzyme pathway in the B cell. Although the activated T cells are able to engage
multiple leukemic cells, the optimal administration schedule requires continuous
infusion because of the short plasma half-live of the single chained antibody
derivate. Potential improvements of this therapeutic strategy include bispecific
antibody-drug conjugates that could enhance the T-cell activity. Alternatively,
the physical connection between the two epitopes could be made through a
coupling of both epitopes to a nanoparticle surface. However, identification of
two expressed targets on the same tumor cell, different tumor cells or cells in the
microenvironment, for which bispecificity is actually beneficial, remains challenging.
4.1.4.3 Chimeric antigen receptor (CAR) T-cell therapy
Ex vivo engineering of T cells is a highly promising treatment option for HM. In this
approach, T cells from the patient are isolated and engineered to recognize the
target tumor cells via a chimeric antigen receptor (CAR) that binds characteristic
surface receptors on these tumor cells such as CD19. The genetic information
for the expression of chimeric receptor is delivered via lenti- or retroviral
transduction of the T cells. These CAR T cells are reinfused into the patient to
destroy their target cells [80]. Despite the impressive clinical responses found
in initial trials, serious therapy-associated toxicities can occur. A recent report
provided evidence that CAR T cells could also act as targeted delivery vehicles
for precise delivery of therapeutic cargoes, such as herpes virus entry mediator
(HVEM). HVEM is a protein that binds and activates the negative regulator B-and
T-lymphocyte attenuator (BTLA) in normal B cells that limits proliferation.
However, its function is frequently blocked in B cell lymphoma. Using CD19directed engineered CAR T cells, functional HVEM protein can be delivered
directly to lymphomas in vivo. In addition to directly attacking malignant cells, CAR
T cells can thereby be used as ‘micro-pharmacies’ for precise therapeutic delivery
[81].
4.1.4.4 Anti-angiogenic therapies
Angiogenesis is a hallmark of cancer. However, also in HM a role of angiogenesis
has been strongly evident. Antibodies and small molecules interfering vessel
formation are in clinic for solid tumors as well as HM [82, 83]. The role of VEGF
in angiogenesis is very well documented. Approaches to inhibit VEGF or VEGF
receptors (VEGFRs) have proven successful [84]. Anti-VEGF antibody bevacizumab
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Category (MoA)*

Antitumor
antibiotics

3
4

Antimetabolites

5
6

Biphosphonates**
Cell-maturing
agents

7
8
DNA-damaging
drugs

9
10
DNA-repair
enzyme inhibitors
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Drug

Trade name

Indication [71, 72]

Bleomycin

Cerubidin®

HL, NHL

Daunorubicin

Adriamycin®, Rubex®

AML, ALL

Doxorubicin

Blenoxane®

AML, ALL, HL, NHL

Idarubicin

Idamycin®

AML

Mitoxantrone

Novantrone®

AML, NHL

Azacitidine

Vidaza®

CML

Cladribine

Leustatin®

CLL

Clofarabine

Clolar®

AML, ALL

Cytarabine

Cytosar-U®

AML, ALL, HL, NHL

Decitabine

Dacoge®

AML

Fludarabine

Fludara®

CLL, NHL

Hydroxyurea

Hydrea®, Droxia®

CML

Mercaptopurine

Purinethol®

ALL

Methotrexate

Emthexate®

AML, ALL, CLL, CML,
HL, NHL

Pralatrexate

Folotyn®

NHL

Thioguanine

Thioguanine®, Tabloid®

AML, ALL, CML

Pamidronate

Aredia®

MM

Zoledronic acid

Zometa®

MM

Arsenic trioxide

Trisenox®

AML

Tretinoin

Vesanoid®

AML

Bendamustine

Treanda®

CLL, HL, NHL

Busulfan

Myleran®, Busulfex®

AML, ALL, CLL, CML,
HL, NHL

Carboplatin

Paraplatin®

HL, NHL

Carmustine

BiCNu®

MM, HL, NHL

Chlorambucil

Leukeran®

CML, NHL

Cisplatin

Platinol®

AML, ALL, CLL, CML,
HL, NHL

Cyclophosphamide

Cytoxan®, Neosar®

AML, ALL, CLL, CML,
HL, NHL

Dacarbazine

DTIC-Dome®

HL

Ifosfamide

Ifex®

HL, NHL

Lomustine

CeeNU®

HL

Mechlorethamine

Mustargen®

CLL, CML

Melphalan

Alkeran®

MM

Nelabrine

Arranon®, Atrience®

ALL, NHL

Procarbazine

Matulane®

HL

Etoposide

VePesid®, Etopophos®,
Toposar®

AML, ALL, CLL, CML,
HL, NHL

Teniposide

Vumon®

ALL
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Glucocorticoids

Histone deacetylase
inhibitors

Dexamethasone

Decadron®

MM

Methylpresinolone

Medrol®

ALL

Prednisone

Deltasone®

ALL, HL, NHL, MM

Belinostat

Beleodaq®

NHL

Panabinostat

Farydak®

MM

Romidepsin

Istodax®

NHL

Vorinostat

Zolinza®

NHL

Lenalidomide

Revlimid®

MM

Immune Modulators Pomalidomide

Mitotic inhibitors

Monoclonal
antibodies

Phosphoinositide
3-kinase inhibitors
Proteasome
inhibitors

Tyrosine kinase
inhibitors

Imnovid®, Pomalyst®

MM

Thalidomide

Thalmid®

MM

Paclitaxel

Taxol®

ALL

Vinblastine

Velban®

HL

Vincristine

Oncovin®

ALL, HL, NHL

Alemtuzumab

Campath®, Lemtrada®

CLL, NDL

Blinatumomab

Blincyto®

ALL

Brentuximab vedotin

Adcetris®

HL, NHL

Daratumumab

Darzalex®

MM

Gemtuzumab
ozogamicin

Mylotarg®

AML

Ibritumomab

Zevalin®

NHL

Obinutuzumab

Gazyva®, Gazyvaro®

CLL

Ofatumumab

Arzerra®

CLL

Rituximab

Rituxan®

AML, ALL, CLL, CML,
HL, NHL

Tositumomab

Bexxar®

FNHL

Idelalisib

Zydelig®

CLL, NHL

Bortezomib

Velcade®

MM, NHL

Carfilzomib

Kyprolis®

MM

Ixaomib

Ninlaro®

MM

Bosutinib

Bosulif®

CML

Dasatinib

Spryce®

ALL, CML

Ibrutinib

Imbruvica®

CLL

Imatinib mesylate

Gleevec®, Glivec®

ALL, CML

Nilotinib

Tasigna®

CML

Omacetaxine
mepesuccinate

Synribo®

CML

Ponatinib

Iclusig®

CML

Table 2. Currently available treatments for hematological malignancies.
*Some Chemotherapeutic agents possess multiple mechanisms of action. Classification here
is based on their primary mechanism of action.
**Bisphosphonates are not part of cytotoxic treatment protocols, but are used as part of
supportive care in selected malignancies, multiple myeloma for instance.
MoA = mechanism of action, HL = Hodgkin’s lymphoma, NHL = non-Hodgkin’s lymphoma,
AML = acute myeloid leukemia, ALL = acute lymphoid leukemia, CML = chronic myeloid
leukemia, CLL = chronic lymphoid leukemia, MM = multiple myeloma, FNHL = follicular non-55
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is approved for solid tumor treatments and is currently in clinical trials for HM,
including AML, CLL, CML, NHL, and MM [82]. Midostaurin is an inhibitor of
VEGFR2, PKC, PDGFR, Flt3, and c-Kit. It is recently approved for FLT3-mutated
AML [85]. Other receptor tyrosine kinase (including VEGFRs) inhibitors such
as vatalanib, semaxinib, sorafenib, sunitinib, cediranib are approved for various
solid tumor treatments and are currently being investigated for HM [82, 86].
Proteasome inhibitors have been shown to have antiangiogenic properties by
downregulating VEGF expression via p53 induction and inhibition of NFκB pathway
[82, 86, 87]. Proteasome inhibitors bortezomib, carfilzomib and ixazomib are
approved for multiple myeloma. Immune modulatory drugs thalidomide and its
analogs lenalidomide and pomalidomide are in clinic for treatment of multiple
myeloma. They have antiangiogenic properties by downregulating VEGF secretion
and inhibiting PI3K-Akt signaling pathway [86, 88]
4.2
Novel drugs
Novel treatment approaches based on recent insights into the molecular
mechanisms of malignant transformation is used to design molecules that
specifically target specific steps in disease pathogenesis. On an average, only
1:1000 of these molecules will make it to human testing. This high attrition rate is
primarily due to tox/PK/PD and is eventually reviewed by regulatory authorities.
Of those, that do make it this far, only a 1 of 5 will be approved, as a result of
patient variability, disappointing efficacy, and limited predictability of in vitro and
in vivo models. Therefore, new molecules have only a 1:5000 chance of reaching
regulatory approval [89].
4.2.1 Novel kinase inhibitors
Second and third generations of kinase inhibitors aim to overcome the
development of resistance generated by the first line drugs. MK-0457 (tozasertip/
VX680) is an example [90, 91]. MK-0457 not only overcomes mutant T315I of
ABL1 but also potently inhibits aurora kinases. Unfortunately, this drug exhibited
strong cardiac toxicity [92]. Danusertib (PHA-739358), is a potent inhibitor of
all three aurora kinases with additional inhibition of both wild type and mutant
ABL as well as several other kinases. The drug has been tested in a phase II
study in patients with CML who relapsed on imatinib. The study recorded two
complete hematologic responses in patients carrying the T315I mutant. Dosing
was via a 6h infusion, once weekly, which was well tolerated. In a phase I study,
adults with either accelerated or blastic phase CML or BCR-ABL1+ ALL resistant
cases were enrolled. 20% of the patients responded to the treatment, however,
adverse events included anemia, diarrhea, and febrile neutropenia [93]. PIM kinases
promote proliferation and accelerate downstream cytokine and growth factor
signaling networks and are frequently upregulated in leukemia and lymphoma. [94].
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AZD1208 is a potent and highly selective pan-PIM kinase inhibitor that showed
efficacy in AML in preclinical models. The phase I study in AML patients was,
however, terminated before completion because of dose limiting toxicities and no
clear evidence of antitumor activity [95-97].
4.2.2 Negative feedback inhibitors
Insights into regulatory mechanisms have revealed new treatment targets: signals
from the B cell receptor (BCR) are essential for survival and proliferation
of normal B cells. This would argue for inhibition of the BCR as therapeutic
strategy. Surprisingly, however, in specific B-cell malignancies this signaling is
disrupted. Depending on the developmental stage and (co-stimulatory) context,
also hyperactive signaling from a self-reactive BCR by the ubiquitous presence
of a self-antigen can induce negative selection and cell death. We have recently
shown that in BCR-ABL1-driven ALL, not only a reduction of signaling strength
in pre B ALL (i.e. by TKI) results in significant cell death but also an increase
of (pre-)BCR signaling [98]. Therefore, agonist and antagonists of this signaling
pathway may represent novel treatment targets. Careful dosing and timing is of
particular relevance for this class. Improved drug delivery that promoted optimal
concentration and sufficient serum half-live may be critical for this strategy.
4.2.3 Targeting apoptosis
The hematopoietic system has a high turnover rate and strict control of cellular
apoptosis is essential for homeostasis. In HM, the apoptosis program is frequently
deregulated resulting in uncontrolled proliferation and accumulation of malignant
cells. In addition, resistance to apoptosis is a major cause for treatment failure.
Thus, the deregulated apoptosis pathway in HM is a promising therapeutic target.
A variety of cell death promoting and inhibiting proteins that constitute potential
targets comprise death receptors and ligands, including DR4/5, TRAIL, the inhibitor
of apoptosis (IAP) family or the second mitochondria-derived activator of caspase
(SMAC). Furthermore, the pro-survival Bcl-2 protein family, provide attractive
targets. Death receptor agonists and ligands include mapatumumab, a monoclonal
antibody targeting DR4 (Glaxo Smith Kline/Human Genome Science), drozitumab,
a monoclonal antibody for DR5 (Genentech), and the soluble ligand rhApo2L/
TRAIL for DR4/5 (Genentech and Amgen). Furthermore, the IAP survivin can be
inhibited by the small molecule antagonist YM155 (Astellas Pharma) [99, 100]. All
compounds are in Phase II clinical trials.YM155 competes for the binding sites of
the transcription factor Sp1 on the survivin promoter and thereby prevents its
transcription. Additionally, SMAC mimetics, such as LCL161 by Novartis, are also
under clinical investigation. Different strategies to inhibit Bcl-2 proteins have been
developed and comprise small molecule inhibitors, drugs targeting Bcl-2 mRNA
and BH3 peptidomimetics, the natural inhibitor of Bcl-2 proteins. Despite overall
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encouraging progress, the therapeutic window is small. For example the poor
pharmacological properties of BH3 mimetics has prevented their entry in clinical
trials [101]. A small molecule inhibitor obatoclax mesylate, in phase 1-2 (Gemin X/
Teva Pharmaceutical Industries) is limited in dose through transient neurotoxicity
as most common adverse event [102]. Another small molecule inhibitor ABT-199
showed efficacy in ALL and lymphoma mouse models and also a clinical trial with
CLL patients has been initiated, with success in reduction of lymphadenopathy and
peripheral blood lymphocytes, however scheduling and dosing of ABT-199 needs to
be improved, as the tumor lysis syndrome frequently occurred [103]. Approaches
to activate caspases are under pre-clinical evaluation but have not yet entered
clinical trials.
4.2.4 Other agents
Screening of approved drugs for activity in HM has resulted in surprising activties
[104]. For example a NO modification to the first approved HIV protease inhibitor
saquinavir (Saq-NO) resulted in activity against ALL, AML. The intracellular p70S6
kinase of the mTOR pathway might be the target of Saq-NO [105]. The nuclear
export receptor, exportin 1 (XPO1) is hyperactive in aggressive lymphomas,
AML and CLL. It mediates, for example, the transport of tumor suppressors.
KPT-330 (selinexor), an XPO1 blocker, entered clinical phase I/II, but systemic
toxicities occur. A next-generation XPO1 inhibitor, termed KPT-330 was designed,
possessing similar potency in vitro and increased tolerability, even when dosed daily.
Also enhanced survival in AML and CLL mouse models compared to KPT-300 was
observed [106].
Taken together, the newer generation chemotherapeutics are potent drugs,
however, their off-target kinase inhibiting activity frequently lead to severe adverse
effects. The balance between on- and off-target is of crucial importance in order
to achieve a wide therapeutic window. Most conventional therapies, including
chemotherapy, generally lack specificity and selectivity towards the molecular
process of transformation or towards the site of the disease. Therefore, healthy
organs are exposed with the cytotoxic drugs, which result in off-target adverse
effects. Moreover, most of the chemotherapeutic drugs as well as several small
molecules are associated with pharmacokinetic challenges, i.e., poor solubility,
short biological half-life, large volume of distribution, and rapid clearance.
Furthermore, binding to plasma proteins such as albumin and α-1 acid glycoprotein
(AGP) results in low bioavailability of the drugs [44]. This may result in resistance
to the therapy and disease relapse. Resistance may also occur by drug efflux
by e.g. p-glycoproteins [45]. Consequently, escalated doses and more frequent
dosing are often required to maintain the therapeutic concentrations of the drug
in the target tissue. To overcome these challenges associated with conventional
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chemotherapy and to improve the safety profiles, there is a currently unmet
need for better therapy selectivity: either based on molecular pathways or based
on targeted localization, or both. Using drug delivery systems, which are more
specific to the tumor site(s) and minimally affect the healthy tissues, therefore
offer great potential in the treatment of HM. Drug delivery approaches by using
nanomedicines offers a tool to ameliorate the therapeutic index of the potent
anticancer drugs by improving overall pharmacological properties i.e. tox/PK/
PD. Nanomedicines have proven to be successful in overcoming the shortfalls
of conventional therapy. The following section focuses on the rationale of using
nanomedicines in HM. Additionally, an overview is given of the different types of
nanoparticles that currently are being used in the clinic or that are in various
stages of the (pre-) clinical development.
5.
Nanomedicines for drug delivery in hematological
malignancies
Nanomedicines are small sub-micronized particles that, when delivered
intravenously, tend to accumulate passively at the site of inflammation. Solid
tumors display a chronic inflammatory phenotype featured by angiogenesis and
infiltration of immune cells. Tumors require angiogenesis to fulfill high nutrition
and oxygen demands to be able to multiply. The ability of tumors to stimulate
this process leads to rapid and uncontrolled neovascularization resulting in an
irregular shape, dilated lumen, and leaky architecture of the blood vessels walls.
Basement membrane in these vessels is also abnormal and poorly organized. In
addition, the deranged inflammatory signaling in and around tumors leads to a
chronic pro-inflammatory state further increasing capillary permeability. These
abnormal anatomical features allow macromolecules and nanoparticles below a
size of several hundreds of nanometers to passively extravasate into tumor tissue
(enhanced permeability). At the same time, poor lymphatic drainage in tumors
and extracellular matrix hindrance limits clearance (enhanced retention). The
EPR effect in solid tumors was described more than 30 years ago by Maeda and
colleagues [107]. In contrast to solid tumors, this EPR phenomenon is not very
much appreciated in hematological malignancies. The diffuse localization of HM and
its vascular phase might appear to make EPR less relevant. However, there is strong
evidence of increased angiogenesis in these “liquid” tumors as well. Increased
microvessel density and/or infiltration of inflammatory cells is seen in bone
marrow of patients suffering from virtually all types of HM [84, 108-114]. Increased
microvessel density and endothelial cell mass plays an important role in providing
nutrients and oxygen to malignant cells. In addition, malignant cells also produce
angiogenic factors and express cognate receptors that support angiogenesis
and tumor cell proliferation and expansion in HM [115]. CLL is one example
where proliferation is occurring primarily in secondary lymphoid organs with
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an inflammatory signature. CLL cells mediate activation of the proinflammatory
transcription factor NFkB and this activation is critical for CLL engraftment and
disease progression in mouse models [116]. Since HM also rely on angiogenesis to
rapidly develop and expand, antiangiogenic therapy, which is extensively studied for
solid tumor treatment, has also been proved successful for the treatment of HM
[84]. Apart from accumulating at the tumor site, nanomedicines are also inclined
to accumulate in organs of the mononuclear phagocytic system (MPS) such as
liver, spleen and bone marrow. These organs contain large numbers of phagocytes
and interestingly also are primary and/or secondary target sites in most of the
hematological malignancies (see Section 3). Hence, targeting these organs can
further improve the therapeutic efficacy. As described in previous sections,
peripheral blood is one of the prominent target sites in HM. Long circulation
properties would enhance the probability of NPs to encounter malignant cells in
peripheral blood. Furthermore, most NPs are less than 200 nm in diameter [1].
Due to their small size, accumulation of NPs increases in the bone marrow, the
site of origin in most HM [36, 117]. Several reports have shown accumulation of
small, long circulating liposomes in bone marrow by passive diffusion [118, 119]. A
more detailed overview of specific properties of NPs for BM targeting is discussed
in Section 6. The next sections describe nanomedicines.
5.1
Liposomes
Liposomes were first described by Alec Bangham in 1965 [120]. In the early
1970s, it was hypothesized that liposomes could have potential as drug delivery
systems. Since then, several liposomal drugs have received regulatory approved
for treatment of solid tumors as well as HM. Liposomes are composed of
membrane forming phospholipids and cholesterol that form, in aqueous solutions,
metastable spherical structures with a lipid bilayer surrounding an internal
aqueous compartment. The structure is stabilized by hydrophobic interactions
and additionally by hydrogen bonds, van der Waals forces, and electrostatic
interactions. The amphiphilic property of liposomes offers an excellent opportunity
to encapsulate a wide range of hydrophobic and hydrophilic drug molecules in the
lipid bilayer and in the aqueous compartment, respectively. Conventional liposomes
contain a phospholipid bilayer, which often includes cholesterol. Use of cholesterol
improves the stability of the membrane bilayer and prevents leakage of drugs
encapsulated in the aqueous core. Second generation liposomes provide a longer
circulation time by reducing opsonization by poly(ethylene glycol) (PEG) coating.
PEG is a hydrophilic polymer that provides steric stabilization to liposomes that
prevents opsonin adherence to the surface. A third generation of liposomes is
additionally decorated with targeting ligands specific to proteins or receptors
present on the target cell surface (Figure 3). Many malignant cells express
increased levels of certain receptors such as growth factor receptors, as compared
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to normal cells, which can be targeted by specific peptides and/or antibodies.

1

5.1.1 Clinically available liposomal formulations for the
treatment of hematological malignancies
Currently there are four liposomal formulations available in the clinic that are used
for the treatment of HM (Table 3).
5.1.1.1 Liposomal doxorubicin (Doxil®/Caelyx®/LipoDox®)
Doxorubicin is an anthracycline used as a first line therapy in many cancers.
Doxorubicin shows antitumor activity by intercalating into the DNA double helix.
It interferes with DNA and RNA synthesis and inhibits the DNA topoisomerase
II enzyme in tumor cells. Doxorubicin treatment is limited by side effects; the
dose-limiting toxicity is cumulative dose-related cardiotoxicity. Other side
effects include myelosuppression, nausea, vomiting, and mucocutaneous effects.
The safety profile of doxorubicin has been improved by liposomal encapsulation.
Liposomal doxorubicin shows reduced cardiotoxicity allowing intensified
treatment schedules. The pharmacokinetic profile has been improved distinctly
with extended circulation time and small volume of distribution limited to the
plasma volume, as compared to free drug. The EPR effect can result in enhanced
accumulation in tumor tissue. Nevertheless, the ground for regulatory approval
was mainly based on reduced cardiotoxicity. A recent case report described a
patient that has received 115 cycles of liposomal doxorubicin without apparent
cardiotoxicity. The basis for this improvement is the non-permeable vasculature
in the heart, reducing exposure. Although cardiotoxicity is reduced, new toxicities
can emerge as a result of the changed tissue distribution e.g. liver, spleen, bone
marrow toxicities and hand-foot syndrome. Although tumor accumulation is
higher, this does not automatically translate into improved efficacy. The liposomal
membrane prevents toxicity but also prevents bioactivity of the doxorubicin.
Therefore, the doxorubicin is not active until the membrane integrity is
compromised. This can happen in the tumor interstitium, in the tumor cells
or in stromal cells. As a result the peak concentrations of doxorubicin may be
substantially lower than for free doxorubicin, which may impact its therapeutic
effect. Two types of liposomal doxorubicin have been developed and approved
for clinical use, PEGylated liposomal doxorubicin (PLD) and Non-PEGylated
liposomal doxorubicin (NPLD). PLD is indicated for the treatment of AIDS-related
Kaposi’s sarcoma and hematological malignancies whereas NPLD (Myocet®) is
approved in Europe and Canada for the treatment of metastatic breast cancer in
combination with cyclophosphamide. Doxil®, PEGylated liposomal doxorubicin
hydrochloride (PLD) received accelerated approval in 1995 for the treatment of
AIDS-related Kaposi’s sarcoma. In 2007, Doxil® received approval in combination
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Figure 3. Schematic representation of a nanoparticle showing liposomes and
polymeric micelles. Figure created by Anil Deshantri, no copyright permission
required

with proteasome inhibitor bortezomib for the treatment of multiple myeloma
patients who have received at least one prior therapy not including bortezomib.
This approval was based on a randomized phase III clinical trial with 646 patients
having progressive multiple myeloma [121]. PLD with bortezomib was found to be
superior to bortezomib monotherapy in this study effectuating increased median
time to progression (9.3 months vs. 6.5 months), improved 15-month survival rate
(76% vs. 65%), and increased median duration of response (10.2 vs. 7.0 months).
However, Grade 3/4 adverse events were more frequent in the combination
group (80% vs. 64%). The safety profile was consistent with the known toxicities
of the two drugs. An increased incidence in the combination group was seen of
grade 3/4 neutropenia, thrombocytopenia, asthenia, fatigue, diarrhea, and handfoot syndrome. Despite these toxicities, PLD has been successfully used for the
treatment of multiple myeloma. Interestingly, only liposomal doxorubicin is used
for the treatment of multiple myeloma but not the free drug.
5.1.1.2 Liposomal daunorubicin (DaunoXome®)
Daunorubicin is another antineoplastic anthracycline closely related to
doxorubicin with a similar activity profile. Daunorubicin, in combination with other
drugs, is given for the treatment of hematological malignancies including acute
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non-lymphocytic leukemia (myelogenous, monocytic, erythroid) in adults and acute
lymphocytic leukemia in children and adults. DaunoXome® is a non-PEGylated
liposomal formulation of daunorubicin. Similar as for doxorubicin, liposomal
encapsulation of daunorubicin improved the therapeutic index of this drug. A
favorable pharmacokinetic profile was observed for DaunoXome®. A recent phase
III clinical trial demonstrated improved long term survival with DaunaXome® in
comparison to the free drug in patients with AML aged 60 and above [122]. Also
in pediatric relapsed AML patients, DaunoXome® showed improved therapeutic
outcome when combined with fludarabine, cytarabine and granulocyte colonystimulating factor (FLAG) compared to FLAG treatment alone [123].
5.1.1.3 Liposomal vincristine (Marqibo)
Vincristine is a semisynthetic vinca alkaloid.Vincristine induces apoptosis, primarily
by inhibition of mitosis at the metaphase through its binding to tubulin [152].
Marqibo®, the liposomal formulation of vincristine, also termed vincristine
sulphate liposome injection (VSLI), comprises a sphingomyelin and cholesterol
bilayer, encapsulating vincristine sulfate in the aqueous core. Marqibo® received
accelerated approval by the FDA in 2012 for the treatment of patients with
Philadelphia chromosome-negative ALL [153]. This approval was based on the
results of a single-arm trial (HBS407 trial). In this trial, 65 ALL patients older
than 18 years received Marqibo® [154]. The complete remission was 4.6% (3/65
patients), and the percentage of complete remission with incomplete blood count
recovery was 10.8% (7/65 patients). A recent phase II clinical trial also supports
Marqibo® as a better treatment choice for the treatment of ALL in adults
[155]. In a phase 1 study using Marqibo® in pediatric ALL patients, an improved
therapeutic outcome was also found [156]. Marqibo®, as part of a regimen
containing cyclophosphamide, doxorubicin, prednisolone and rituximab, or just
with or without rituximab, for treatment of patients with (relapsed and refractory)
aggressive Non-Hodgkin lymphomas, also showed favorable phase II results [157,
158].
5.1.1.4 Liposomal cytarabine + daunorubicin (CPX-351/VYXEOS®)
VYXEOST ® or CPX-351 has been recently approved after positive results in
a Phase III trial. Cytarabine and daunorubicin combination therapy, known as
“7+3” in the field, is a standard regimen for the treatment of AML. CPX-351, a
liposomal formulation co-encapsulating cytarabine:daunorubicin in a synergistic
molar ratio of 5:1 showed the largest therapeutic index over a range of free drug
combinations in preclinical in vivo experiments [159]. A phase III randomized open
label study of CPX-351 in 309 elderly patients with newly diagnosed high-risk
secondary AML showed significantly improved overall survival, event free survival,
and response. There were equal Grade 3-5 adverse events with similar frequency
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Liposome

Onco-TCS

[MD Anderson/
NCI]

Liposomal
tretinoin (ATRAIV)

[Callisto]

L-Annamycin

[Enceladus
Pharmaceuticals]
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Liposome

Liposome

Liposome

Liposome

CPX-351 [Celator]

[Inex/Enzon]

Liposome

Liposome
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Pharmaceuticals:

[Gilead Sciences,
Inc.]
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Vincristine
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Market

Market

Market

Market

Development stage

4

Indication

3

Drug

[124, 133]

[124, 132]

[131]

[4, 130]

[1, 2, 126, 129]

[124, 126-128]

[124]

[1, 124-126]

Reference(s)

2

Type of
nanomedicine

1

Product
[Company]
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Liposome

Liposome

-

-

Pre-clinical

Multiple myeloma

Chronic myeloid leukemia, , neuroblastoma

Carfilzomib

Bortezomib

Pre-clinical

Lymphoma

Arsenic trioxide

Pre-clinical

Pre-clinical

Leukemia

Grb2 antisense
nucleotide

Phase I

Phase I

Phase I

Phase I

Non-Hodgkin lymphoma, solid tumors

lymphoma, myeloma

Liver cancer, solid tumors,

acute myeloid leukemia, multiple sclerosis, and
prostate cancer

Solid tumors, lymphoma,

myeloma, lymphoma

Solid tumors, multiple

DNAi targeting
BCL-2

miR-RX34

Mitoxantrone

Dicer substrate
RNAi (DsiRNA)
targeting MYC
oncogene

[149-151]

[145-148]

[1, 144]

[4, 143]

[141, 142]

[138-140]

[135-137]

[4, 134]

Table 3: Approved and (pre-)clinical liposomal formulations for the treatment of hematological malignancies. *Not a liposomal
formulation.

Liposome

Liposome

Liposome

Liposome

Cationin liposome

Liposome

Lipid nanoparticle*

Nanobins

[MD Anderson /
Bio-Path]

Liposomal Grb-2

[ProNAi
Therapeutics]

PNT2258

[Mirna
Therapeutics]

MRX34

[NeoPharm/Insys]

LEM-ETU

[Dicerna
Pharmaceuticals]

DCR-MYC
(DCR-M1711)
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and severity in both CPX-351 and “7+3” arms [160-162].

5.1.2 Liposomal formulations in (pre-)clinical stages for the
treatment of hematological malignancies
Apart from the successful clinical translation of above-mentioned liposomal
formulations, there are several other liposomal formulations being tested in preclinical and clinical stages (Table 3).
Glucocorticoids (GCs) are a class of molecules that inhibits tumor growth
by multiple mechanisms of action including antiangiogenic, anti-inflammatory
and antitumor activities [163-166]. The clinical outcome of GCs treatment is
limited due to their short half-life in circulation and serious off-target adverse
effects [167]. We have previously shown that liposomal encapsulation of (GCs)
substantially improved the therapeutic index in various solid tumor models.
Liposomal prednisolone phosphate (LCL-PLP) showed tumor growth inhibition
in melanoma and colon carcinoma mouse models [168-170]. In a spontaneous
breast carcinoma model, LCL-PLP showed enhanced accumulation into tumors,
and superior efficacy compared to free drug [165]. Oncocort® (Enceladus
Pharmaceuticals), a liposomal formulation of dexamethasone phosphate is
currently in phase I/IIa as a monotherapy in patients with progressive multiple
myeloma [131].
Proteasome inhibitors induce apoptosis in the malignant cells by inhibiting 26S
proteasome activity [171]. Moreover, they also possess antiangiogenic properties
[87]. Bortezomib, carfilzomib, and ixazomib are approved proteasome inhibitors
for MM treatment. Although these small molecules have improved overall
responses, dose-related toxicity often remains a challenge. Bortezomib treatment
resulted in minimal benefits and considerable toxicity in a pilot study in patients
with imatinib-refractory CML [172]. Liposomally encapsulated bortezomib,
however, showed prolonged blood circulation and decreased clearance compared
to the free drug, and better efficacy/toxicity profiles in CML animal model [145]. In
MM and neuroblastoma, liposomal bortezomib showed remarkable tumor growth
inhibition with reduced systemic toxicity compared to free drug in vivo [146, 147].
Similarly, liposomal carfilzomib showed significant tumor growth inhibition and less
toxicity in MM animal models. Synergy was observed when liposomal carfilzomib
was combined with free doxorubicin, or co-encapsulated liposomal doxorubicin
[149, 150]. This data strongly suggests that liposomal encapsulation would increase
the therapeutic index of potent chemotherapeutics by reducing their toxicity and
improving PK/PD profiles.
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5.2
Polymer-based nanomedicines
Polymer-based nanomedicines offer an infinite variety of building blocks to tailor
the system’s characteristics to meet the needs of different compounds. Polymers
can be biocompatible, the release of the active compound can be tailored and they
can respond to specific stimuli, such as pH or temperature. Polymeric micelles
(PM) made of block copolymers with an amphiphilic nature, enable them to load
hydrophobic compounds in the core. The development of PM as drug delivery
systems started more than three decades ago with seminal work of Bader and
co-workers [173]. PM form spontaneously when amphiphilic block copolymers
are brought in an aqueous environment. During PM formation, the hydrophobic
interactions between the hydrophobic building blocks will form the core whereas
the hydrophilic chain engages with H-bridges with water to form the shell of
the micelles. The core-shell structure enables the segregation of hydrophobic
compounds in the core of the micelles while the hydrophilic shell guarantees
colloidal stability and a prolonged circulation in vivo; the small average diameter
of PM, 10-100 nm, and a near neutral surface charge are advantageous for
efficient accumulation in target tissues by means of the EPR effect. The chemical
composition, molecular weight of the polymer blocks and the ratio between the
blocks can be tailored in order to design formulations with favorable size, drug
loading and release. The shell of the PM provides the possibility of decoration with
specific antibody or peptide ligands to target the particles towards specific cell
population.

1

5.2.1 Polymeric nanomedicines in (pre-)clinical stage for the
treatment of hematological malignancies
HM are not often investigated first when developing polymeric nanomedicine
therapies. For solid tumors, two polymeric micelles-based formulations are
currently on the market. Genexol®-PM is a paclitaxel-encapsulating micelle for the
treatment of various types of cancers such as ovarian, small-cell lung, pancreatic,
breast and bladder cancer [174, 175], based on enabling work by Kataoka and coworkers [176]. Several other PM nanoparticle formulations are currently under
clinical evaluation for the treatment of solid tumors such as breast cancer (phase
III) and colorectal cancer (phase II) [177-181].

7

PM formulations showed promising results in pre-clinical studies and are presently
being evaluated clinically for the treatment of hematological cancers (Table 4).
SP1049C is a formulation composed of doxorubicin loaded in a blend of two
non-ionic Pluronic® block copolymers. SP1049C has an average diameter of 30
nm and a drug loading capacity of 8%. In a murine leukemia model animals treated
with the SP1049C formulation showed a decreased ability of the tumor cells to
form colonies, and decreased tumor growth rate [182]. Moreover, SP1049C also

10
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prevented multidrug resistance in leukemic cells [183].
NK012, is a PM loaded with the prodrug of SN-38 (7-ethyl-10hydroxycamptothecin) [184]. SN-38 is chemically conjugated to the block
copolymer, PEG-b-poly(L-glutamic acid), via esterification of the phenol group
present in the drug molecule and the carboxylic acid group in the polymer
backbone. The freeze-dried product contains 20% (w/w) of SN-38 and has an
average diameter after reconstitution of 20 nm. The anti-myeloma activity of
this formulation was assessed in an orthotopic model of multiple myeloma in
immunodeficient mice [185]. Mice were treated with NK012 at 9.4 mg/kg/day
every week for 6 weeks. Bortezomib was also included in this study and was
injected in combination with NK012 at a dose of 0.5 mg/kg/day every 4 days
in a total of 8 injections. The dosing schedule of NK012 and bortezomib was
selected based on their clinically recommended dose. NK012 decreased the
percentage of myeloma cells in a dose-dependent manner. Plasma levels of M
protein in untreated animals were significantly higher. In animals treated with
NK012 M protein concentrations in plasma where diminished and were similar
to those of animals treated with bortezomib. Both treatments also decreased
bone destruction compared to untreated mice. The combination of NK012 with
bortezomib prolonged survival to 83.5 days, while survival of untreated animals
was 42.5 days on average. NK012 is currently clinically evaluated for the treatment
of breast, lung and colorectal cancer [186-188]. Also a phase I/II clinical trial is
initiated in patients with relapsed or refractory MM in Japan [189].
NC-4016 is a polymeric micelle formulation loaded with the platinum-based drug
(1,2-diaminocyclohexane)platinum(II) (DACHPt) [190]. Platinum-based drugs are
extensively used for ovarian cancer, melanoma and lymphoma. Their cytotoxic
effect is due to the formation of a chelate-complex with DNA, forming platinumDNA adducts that alter the conformation of DNA. The administration of the free
drug leads to systemic toxicity including nephro- and neurotoxicity. DACHPt is
a platinum drug with less cytotoxicity than its parent compound oxaliplatin. NC4016 is formulated by loading DACHPt in PEG-poly((γ-benzyl-L-glutamate) block
copolymers via metal-complex formation between the drug and the carboxylic
group of the polymer backbone. The micelles have an average diameter of 40 nm
and a drug loading capacity of 75% (w/w). NC-4016 efficiently targets the primary
tumor in an orthotopic model of scirrhous gastric cancer as well as the lymphatic
metastases. NC-4016 efficiently inhibited tumor growth. This formulation is
currently being tested in a phase I trial in patients with advanced solid tumors or
lymphoma, [191].
5.3
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hematological malignancies
Drug conjugates include protein-drug conjugates, antibody-drug conjugates, lipiddrug conjugates, PEG-protein conjugates, and PEG-drug conjugates. Abraxane® is
an albumin-based protein-drug conjugate formulated with paclitaxel. Paclitaxel is
an antimitotic agent that exerts its function by stabilizing the microtubules and
preventing their disassembly during cell division. Abraxane® is approved for the
treatment of advanced non-small cell lung cancer, metastatic breast and pancreatic
cancers and is currently under clinical evaluation for the treatment of multiple
myeloma and lymphomas [202]. The formulation was tested in a clinical phase II
trial in relapsed or refractory MM patients [203]. Patients received the formulation
intravenously at day 1, 8 and 15. Treatment was repeated every 28 days up to 12
dosages when no adverse effects were present. To date, no results are available
as the study is still ongoing. The same formulation was tested in MM patients in
combination with lenalidomide in a phase I/II trial [202]. Abraxane® was dosed
weekly at 100 mg*m-2 for 3 weeks together with 10 mg of lenalidomide daily for
21 days, with a dose escalation for lenalidomide up till 25 mg. Also here results on
efficacy have not been published. Nab5404 (formerly ABI-011) is a formulation of
albumin nanoparticles loaded with a thiocolchicine dimer (IDN 5404). IDN 5404
was selected for its dual activity as an anti-tubulin agent and topoisomerase-I
inhibitor. It acts as a vascular disrupting agent (VDA) and is able to lead to rapid
collapse of vascular tissues. This formulation was tested pre-clinically in tumor
xenograft models of ovarian and colon cancer showing promising results [98,
99]. A phase I trial started in 2010 for the treatment of advanced solid tumors
and lymphomas [204]. The study has been completed, however no results are
available yet. Antibody-drug conjugates like, brentuximab vedotin (Adcetris®), and
ibritumomab tiuxetan (Zevalin®) are approved for the treatment of HL and NHL,
respectively [205, 206]. Brentuximab vedotin is an anti-CD30 antibody conjugated
via a valine-citrulline peptide linker to the anti-mitotic agent monomethyl
auristatin E (MMAE). After CD30-mediated internalization, proteolytic enzymes
cleave off MMAE, leading to tubulin polymerization and G2/M-phase growth
arrest followed by apoptosis [205, 207, 208]. Similarly, ibritumomab tiuxetan is
an anti-CD20 antibody conjugated to a radioactive isotope: either Yttrium-90 or
Indium-111 [206]. Finally, OncasparTM is a PEG conjugate of asparaginase, which
is approved for first line treatment of children with ALL [209]. Table 5 depicts
approved and investigational drug conjugates for HM.
6.
Targeting the bone marrow in hematological malignancies
with particulate delivery systems
It is clear that the bone marrow microenvironment is a crucial site in the
development and progression of hematological malignancies. Targeting the bone
marrow microenvironment can be improved by drug delivery systems and
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Pluronic-based micelles
Polymeric micelle
Polymeric micelle

Polymeric micelle

Polymeric micelle

Polymeric nanoparticle
Polymeric nanoparticle
Polymeric micelle

SP1049C [Supratek
Pharma]

CFZ-PM

Folate and retinoic acid
grafted/dextran (FA-RA/
DEX)

NK012 [Nippon Kayaku Co.,
Ltd.][188]

NC-4016 [NanoCarrier]

Polybutylcyanoacrylate
nanoparticles

PEG-PCL bearing pendant
cyclic ketals

Alendronate-modified PEGPLA

Ponatinib and SAR302503

Dexamethasone

Imatinib mesylate

Oxaliplatin

Prodrug of 7-ethyl-10hydroxy camptothecin
(SN-38)

Doxorubicin

Carfilzomib

Doxorubicin

Doxorubicin

Paclitaxel

Thiocolchicine dimer (IDN
5404)

6
CML

ALL

Leukemia

Solid tumors, lymphoma

Multiple Myeloma

AML

Lung cancer, Multiple
Myeloma

AML

ALL

Multiple Myeloma

Solid tumors, lymphoma

(Hematological
malignancy(ies))

4
Pre-clinical

Pre-clinical

Pre-clinical

NCT01999491

Phase 1

JapicCTI-111652

Phase 1/2

Pre-clinical

Pre-clinical

Phase 3

Pre-clinical

Phase 2

Phase 1

Development stage

Table 4. Investigational polymer-based nanomedicines for the treatment of hematological malignancies.
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CD19-DOX-NPs
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nanoparticles

9

Abraxane® [Mayo Clinic]
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Albumin nanoparticle

7
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BioScience/Celgene]

5
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can be achieved passively or actively.Various factors play roles in targeting of
nanomedicines to the bone marrow, including particle size, composition, and
surface charge of nanoparticles.

1

6.1
Particle size
Nanomedicines are naturally inclined to accumulate in the bone marrow.
Reticuloendothelial sinusoidal blood capillaries consist of pores as large as 60 nm
in diameter. Therefore, nanoparticles below this size can penetrate and distribute
into the bone marrow interstitial space [217]. Notably, like in solid tumors, the
bone marrow also displays local inflammation and angiogenesis during HM [108].
Also here, tumor development is dependent on growth factors such as VEGF that
facilitate rapid formation of angiogenic blood vessels. However, these blood vessels
are abnormally structured and tortuous causing blood flow to be heterogeneous
[218]. Additionally, the endothelial cell-cell junctions are less tightly coupled leading
to increased permeability and leakiness [219]. As a result, the abnormal vessel wall
structure is characterized by a large diversity in inter-endothelial junction widths
with maximum pore diameters as large as several hundred nanometers, allowing
even nanoparticles of this size to extravasate into the tumor [218, 220, 221]. Size
is also important because of the fact that smaller liposomes <100 nm in diameter
circulate longer in the circulation, have less interaction with plasma proteins, and
escape uptake by MPS. Larger liposomes would be cleared more rapidly from the
circulation. On the other hand liposomes smaller than 50 nm will limit the drug
encapsulation efficiency [222].

2

6.2
Composition
Lipid composition affects the uptake of liposomes by bone marrow. Cholesterol
plays an important role in the stability of liposomal formulations. Liposomes
containing a molar cholesterol content <30% are unstable in the circulation
resulting in rapid release of encapsulated drug [118, 223]. Apart from its direct role
in membrane stability, cholesterol content also affects the uptake of liposomes by
various tissues including bone marrow. High cholesterol content in hydrogenated
egg phosphatidylcholine (HEPC) and egg phosphatidylcholine (EPC) liposomes
markedly increased accumulation in bone marrow. Different uptake mechanism
and involvement of serum components was hypothesized for cholesteroldependent uptake of HEPC liposomes by bone marrow. It is likely that selective
opsonization by serum components such as C3 complement protein plays a
role in the increased uptake of cholesterol-rich liposomes by phagocytic cells
in the bone marrow. This also fits with the earlier findings that high cholesterol
containing liposomes activate complement system [224, 225]. Regarding polymerbased nanoparticles, the polymer molecular weight has been shown to influence
the bone targeting capacity. For instance, in vivo behavior of aspartic acid-HPMA
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PEG protein conjugate

PegAsys

SN38 (irinotecan
derivate)

IFNα2a/-IFNα2b

Cytarabine

Asperginase paclitaxel

L-asparaginase

Yttrium-90 or
Indium-111

lymphoma, solid tumors,
breast cancer, colorectal
cancer

CML

AML

ALL

Non-Hodgkin lymphoma

Hodgkin lymphoma

Phase II

Phase III

Phase III

Market

Market

Market

Development stage

Table 5. Clinically available and in (pre-)clinical development drug-conjugates nanomedicines for HM.
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PEG-SN38 (EZN-2208)
PEG drug conjugate

Lipid-drug conjugate

Elacytarabine (Clavis
Pharma)

[Hoffmann-La Roche]

PEG protein conjugate

OncasparTM (PEG)
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[IDEC/Spectrum]

Antibody-drug
conjugate
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(Hematological
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conjugate

6
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copolymers was evaluated by Wang and co-workers and they found that higher
molecular weight leads to higher bone accumulation, which also correlated to
prolonged circulation times of the conjugates [226].

1

6.3
Surface charge
Surface charge of liposomes plays a major role in bone marrow uptake. Negatively
charged phospholipids like phosphatidylserine (PS), phosphatidylglycerol (PG),
phosphatidylinositol (PI) and phosphatidic acid (PA) increased the uptake of
liposomes by bone marrow macrophages [227]. Targeting and/or depleting bone
marrow macrophages has a great therapeutic potential in HM (see section
7.2.1) but also means indirect competition with organs such as liver and spleen
that are also rich in macrophages. Additionally, receptors on the macrophages
can be targeted to further enhance the uptake by active targeting approaches.
These receptors include, for instance, mannose receptors, galactose receptors,
folate receptors, nicotinic acetylcholine receptors, and scavenger receptors A
and B (CD36). These receptors can be targeted by specific ligands coated on the
surface of nanoparticle. Negatively charged liposomes found to be accumulated
in the bone marrow. The presence of 20% DSPG in the bilayer of CPX-351
liposomes resulted in higher accumulation in the mouse bone marrow [118]. In
recent studies, succinic acid-coated liposomes have been shown to accumulate
in the bone marrow. It is believed that succinic acid and other anions are ligands
of scavenger receptors of the macrophages. Also degree of PEGylation plays a
major role in uptake by bone marrow. They found optimal amount of PEG to
be 0.6% to get the highest uptake by rabbit and monkey bone marrow. Another
important factor is the extent of total lipids. Above the dose of 50 mg/kg of lipids,
bone marrow was found to be the first organ to be saturated, and most of the
liposomes are taken up by liver and spleen. In later studies it was revealed that
uptake of succinic acid liposomes by bone marrow is species dependent as only
large animals such as rabbit and monkey were found to accumulate major portion
of liposomes to the bone marrow while in small animals such as mouse and rat
the results were opposite [119]. Unfortunately, similar studies have not been
performed in humans yet. Another strategy to target bone marrow is the use of
bisphosphonates. Molecules from this category are known to be calcium-chelating
agents. Since bone marrow, especially sites that display high bone turnover,
actively recruit calcium. This feature of bone marrow, found in HM malignancies
such as multiple myeloma, provides opportunity to target by bisphosphonates as
has been shown for polymeric-based particulate systems. N-(2-Hydroxypropyl)
methacrylamide (HPMA) is a hydrophilic polymer that has been extensively used
for bone targeting purposes. For instance, HPMA copolymer-PTX-alendronate
(ALN) conjugate showed antitumor efficacy against mammary adenocarcinoma
inoculated into the tibia, when compared to PTX alone or in combination with

2
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ALN [228]. Instead of PTX, TNP-470, which is a potent anti-angiogenic agent
used as a therapeutic drug. HPMA copolymer-ALN-TNP-470 conjugate showed
65% tumor inhibition in a murine osteosarcoma model, when compared to 50%
inhibition for free TNP-470 together with ALN [229]. PLGA nanospheres have
been used for bone targeting via alendronate functionalization of the nanoparticle
surface. A PEG-PLGA copolymer was functionalized with ALN and was
demonstrated that by increasing the ALN density the adsorption to Hap increases,
as expected. The effect of the molecular weight of PEG used was also assessed,
and by increasing PEG molecular weight the adsorption of targeted nanoparticles
to Hap decreased, probably due to the shielding of the targeting moieties by the
longer PEG chains [230]. In another study, ALN-PEG-PLGA nanoparticles loaded
with bortezomib were tested in a MM mouse model. The optimal ALN percentage
at the NPs surface was found to be 20%, and further increase in ALN content
up to 60% led to a plateau on the binding capacity to HA. Bortezomib-loaded
untargeted and targeted NPs were incubated with MM1S cells to assess the ability
to induce apoptosis. It was shown that ALN did not show any improvement on
the ability of bortezomib NPs to induce apoptosis. This result demonstrates that
the setup of the experiment does not translate the in vivo scenario where different
types of cells are present and the targeted NPs are of great value in specifically
deliver the content to the multiple myeloma cells. Fluorescently labeled NPs
were intraperitoneally injected and 24h after mice injected with targeted NP
showed increased retention at spleen, femur, skull and lymph nodes, compared to
untargeted formulation. Contrariwise to in vitro results, the bone accumulation
of targeted nanoparticles was 9.6-fold higher than in the untargeted counterpart
[231]. PLGA nanoparticles functionalized with ALN were also prepared by others
and evaluated their toxicity profile, which showed not to have any cytotoxicity and
satisfactory blood compatibility [232]. In vivo efficacy of these nanoparticles was
evaluated in an orthotopic mouse model of breast cancer with bone metastases.
Drug loaded and unloaded targeted nanoparticles decreased the number of
osteoclast in the tumor area, which was attributed to be due to the alendronate
activity [233]. PLGA-PEG-ALN micelles were also applied for vancomycin delivery
to bone with osteomyelitis [234]. Similarly, PEG-PLA nanoparticles functionalized
with different percentages of ALN (ranging from 0 to 40%) were prepared. The
higher the ALN percentage, higher was the accumulation in bones. At 40% of
ALN the accumulation was 3.2 fold higher compared to untargeted nanoparticles.
However, the targeting moiety only contributed to a higher accumulation in bone
when was present at the nanoparticle surface at a ration higher than 10% [201].
Poly(γ-benzyl-L-glutamate) nanoparticles, with average size below 80 nm, were also
functionalized with PEG-ALN to target bone marrow showed adequate delivery
towards the bones [235].
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6.4
Targeting moieties
Active targeting increases specific delivery to the tumor tissues. Many cell surface
biomarkers which are specifically or extensively expressed to the malignant
cells surface such as receptors and other proteins, peptides, antibodies, and
polysaccharides can be specifically targeted by coupling ligands to the surface
of liposomes and other nanoparticles for drug delivery [236]. Several types
of ligands can be used for active targeting of tumor cells, including antibodies,
peptides, and oligonucleotide aptamers being the mostly used for hematological
malignancies. Targeting via antibodies is a very straightforward approach.
Antibody conjugated liposomes are called immunoliposomes.Various techniques
can be used to modify antibodies and subsequently to couple them to stealth
liposomes. These techniques include the use of antibodies modified with several
reactive groups such as 2-Iminothiolane (Traut’s reagent), N-Succinimidyl
3-(2-pyridyldithio)propionate (SPDP), Succinimidyloxycarbonyl-α-methyl-α(2-pyridyldithio)toluene (SMPT), N-hydroxysuccinimide Sacetylthioacetate
(SATA), S-Acetylmercaptosuccinic anhydride (SAMSA), and Succinimidyl
acetylthiopropionate (SATP) [237]. Monoclonal antibodies against specific
biomarkers on malignant cells can be used to target liposomes for HM. An
additional advantage of immunoliposomes is that in most cases the antibody
itself has cytotoxic effects to the malignant cells. For example CD38 is uniformly
expressed antigen on myeloma cells [238]. Daratumumab, an anti-CD38 antibody
is effective against multiple myeloma and was approved as a monotherapy last year
by FDA [239]. Coupling anti-CD38 antibody to liposomes could not only provide
the specificity to the malignant B cells but could also be used as a combination
therapy. Immunoliposomes coated with specific antibody and loaded with a
chemotherapeutic drug against specific cell surface marker might be a promising
targeted combination therapy for HM. CD19-targeted and DOX loaded micelles
showed increased survival time, compared to controls, when injected in a human
ALL xenograft model [195]. Transferrin targeted and DOX loaded polymeric
nanoparticles composed of Pluronic85/lipid were developed for the treatment
of childhood leukemia [240]. These nanoparticles were able to inhibit tumor
growth up to 90%, whereas control groups inhibit tumor growth in around 10%.
Transferrin was also conjugated to PEG-PLL-PLGA for the preparation of targeted
micelles loaded with edelfosine for the treatment of leukemia [241]. Micelles
size was of 120 nm and when functionalized with transferrin 190 nm. Circulation
time of the loaded drug was assessed and found to be similar for targeted and
untargeted formulations.
Targeting nanoparticles using peptides is another strategy investigated extensively
in drug delivery research. In case of HM, bone marrow is the primary target.
Interaction with specific adhesion molecules expressed by human bone marrow
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endothelial cells (HBMEC) is a potential method for bone marrow homing of
nanoparticles. Therefore, targeting bone marrow endothelium by using peptides
that bind to these molecules offers a useful tool for drug delivery. To target
molecules that are overexpressed on angiogenic endothelial cells such as αvβ3
integrins, liposomes can be coated with Arg-Gly-Asp (RGD) peptides [242, 243].
Another well-known example of endothelial targeting is very late antigen-4 (VLA4), also known as α4β1 integrin. Interestingly,VLA-4 is a heterodimer not only
expressed on the surface of angiogenic endothelial cells but also by abnormal
white blood cells in many hematological malignancies including lymphomas,
leukemias, and multiple myeloma [244-248]. It has been shown that liposomes
conjugated with a cyclic pentamer peptide, called VLA-4 peptide, can be used
to target HM [149, 245]. Other targets also facilitate targeting of bone marrow
endothelium, for instance, E-selectin, a cell adhesion molecule [249] which is
expressed in response to inflammatory stimuli but absent in normal cells [250,
251]. Targeting bone marrow by use of a thioaptamer that is specific to E-selectin
increased bone marrow accumulation of nanoparticles [250, 252].
7.
Challenges in the development of nanomedicine
formulations and their clinical translation
Despite the acknowledgment that nanomedicines offer many advantages in drug
delivery over free drugs, it remains difficult to develop successful nanoparticlebased formulations that are approved and used in the clinic. For example, to date
only 11 liposomal formulations are approved for clinical use [38]. With regard to
polymeric-based nanomedicines, only two formulations have received approval
for use in clinical practice – one micellar formulation and one albumin-based
nanoparticle.
7.1

Technical challenges

7.1.1. Liposomal nanomedicines
Loading therapeutic compounds efficiently and stably in liposomes is one of the
major challenges. Working on a small-scale formulation in a laboratory is rather
simpler approach than large-scale production to fulfill the formulation demand
at industrial level. Furthermore, the formulation must be stable to allow long
term storage, while at the same time, once administered, the encapsulated drug
must be available at the right site and at right time to exert therapeutic effects.
Non-PEGylated conventional liposomes have shorter half-lives than their stealthy
counterparts, conceivably narrowing their therapeutic window. Slow release
from long circulating PEGylated liposomes could contribute to systemic effects,
however, it also diminishes drug concentrations at the (primary) site of disease.
Moreover, long circulation properties may result in non-specific accumulation in
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the skin causing serious side effects such as hand-foot syndrome, or palmar-plantar
erythrodysesthesia, as reported for Doxil® [253]. Particle size is one of the very
important characteristics that defines the opportunity of nanomedicines to be
used as drug delivery vehicles. Conventional small scale, batch-based laboratory
methods for production of nanoparticles are usually highly dependent on the
operator’s experience and are not suitable for reproducible large-scale production
[254]. The use of advanced techniques, however, enables to not only produce
nanoparticles of narrow size distribution but also results in precise control over
chemical composition, drug loading and surface properties of nanoparticles that
is operator independent. Examples of such techniques include microfluidics
technologies and particle replication in non-wetting template (PRINT) technology
[255-258]. In general, in order to develop a successful liposomal formulation
optimization of loading efficiency and stability must be carefully monitored.
7.1.2 Polymer-based nanomedicines
One key aspect in the development of polymeric nanomedicines is the stability of
the loaded drug inside the nanoparticle. In the design of polymeric drug delivery
systems one can tune the polymers properties and introduce specific side groups
for instance to increase the compatibility between polymer and drug to be loaded.
Therefore, the properties of a nanocarrier such as molecular weight, ratio of
hydrophobic/hydrophilic block, concentration of drug carrier in relation to the
drug will all influence its performance as a drug delivery system. These properties
should be tuned accordingly to each drug and purpose.
7.2

Biological challenges

7.2.1 Circulation times and clearance
Besides the technical challenges, there are some biological hurdles associated with
drug delivery. Once nanomedicines are administered, the defense system of body
recognizes them as foreign. Opsonins present in plasma, such as immunoglobulins
(Ig), fibronectin, lipoproteins and complement proteins adsorb to the surface of
nanocarriers [222, 259]. The opsonized nanoparticles are subsequently taken up by
the MPS (previously called reticuloendothelial system (RES)). The organs involved
in clearance are liver, spleen, kidney, lung, and bone marrow with liver and spleen
being the major source of particle uptake and clearance [260]. Macrophages and
other phagocytes present in these organs are responsible for both opsonizationdependent and opsonization-independent clearance of nanoparticles. For this
reason, various surface coatings have been developed to decrease recognition
by host cells and thereby initiating increasing circulation times in blood. The
most abundantly applied coating is PEG. This highly hydrophilic molecule makes
the particles more ‘stealthy’ by reducing protein absorption and affecting the
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composition of the proteins that are absorbed on the surface, thereby evading
immune cells [261, 262]. Although, the stealth property of PEGylated nanoparticles
can delay and partly reduce the clearance by the MPS, repeated injections of
PEGylated nanoparticles may also trigger anti-PEG IgM production, altering the
pharmacokinetics and biodistribution [263, 264]. This process, also known as
accelerated blood clearance (ABC) phenomenon, depends on several factors
including composition, coating/PEG density and the chain length, size and surface
charge of nanoparticles, route and time interval of administration, and animal
species [263-268]. Apart from the IgM production, PEGylated nanoparticles may
also activate innate immune responses leading to immediate, non-IgE mediated
complement activation resulting in faster blood clearance and pseudoallergic
reactions. This complement activation related-pseudoallergy (CARPA) is
associated with clinical symptoms such as anaphylaxis, facial flushing and swelling,
headache, chills, and cardiopulmonary distress [269]. To circumvent all these
biological challenges and in order to make a clinically translational formulation,
careful optimization of various aspects such as size, composition, density and
length of coating/PEG moiety, dosing frequency, total dose and animal model
(and strain), is required. Additionally, a different strategy to avoid early clearance
of nanomedicines from the peripheral blood has been studied; depletion of
phagocytes. Temporary (partial) depletion of the immune cells that are mainly
responsible for nanoparticle clearance could be facilitated by clodronate-loaded
liposomes. Using clodronate liposomes significantly increased plasma residence
times and changed the biodistribution of nanomedicines in animal models [78,
270]. Clodronate is a first generation bisphosphonate that is approved for the
prevention and treatment of osteoporosis. When encapsulated in liposomes it
specifically kills tissue macrophages of the MPS [271, 272]. Macrophage depletion
in the organs from the MPS by clodronate liposomes not only supports prevention
of nanoparticle clearance from the peripheral blood; it also is a tool to study the
role of macrophages and other phagocytes in health and disease [273-275]. Finally,
administration of clodronate liposomes has therapeutic potential in a variety of
diseases including CLL [276-280].
7.2.2 Animal models and clinical translation
The first step to evaluate novel pharmaceuticals including nanomedicines is in
vitro testing in order to identify the biocompatibility and efficacy towards cancer
cells. Conventional in vitro cell culture models, however, lack the complexity of
the tumor microenvironment [281]. To address this issue, some advanced in vitro
models have been recently developed including 3D co-cultures and organ-on-achip technologies. In 3D co-culture systems, tumor cells are cultured together
with supporting cells, such as bone marrow stromal cells, that have direct cellto-cell interaction and/or paracrine interactions with the tumor cells and mimic
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the bone marrow microenvironment [281]. This allows evaluation of therapeutics
in a microenvironment, which is somewhat closer to the actual disease situation.
However, several important aspects such a vascularization, role of immune
system, and perfusion are still lacking in these 3D culture models. Organ-ona-chip technology is another advanced tool to study in vitro, which overcomes
the disadvantage of lack of perfusion [282]. Nevertheless, In order to establish
circulation, biodistribution, safety and efficacy profiles in vivo, animal models are
required before first-in-human trial of nanomedicines. Good animal models are
essential for pre-clinical testing in order to obtain predictable and translational
results. Tumor models in general essentially lack the predictive power that is
required to translate preclinical efficacy into clinical activity [283]. Hence, animal
models used to study drug delivery to HM should preferably be orthotopic,
accurate and clinically more relevant making translation of results towards patients
more reliable. To improve animal models to study drug delivery and therapeutic
efficacy in HM a number of factors should be considered. Firstly, use of a patientderived xenograft model, rather than a cell line-derived xenograft or murine
models, prevents the clonal selection introduced by in vitro culturing of tumor cells
[283] and additionally allows studying patient-specific sensitivity to certain drugs
(‘personalized medicine’). Secondly, animal species used for in vivo testing models
are physiologically and anatomically very different from humans. Introducing
tumors by bulk inoculation or implantation of exogenous tumor cells also deviates
in various ways drastically from the normal pathobiology of cancer. Therefore
it is realistic that growth and development of these tumors in animal models is
also different than in humans. EPR effect is the gold standard of nanomedicine
delivery to the tumor tissues [284]. However, there appears a clear difference in
the magnitude of the EPR effect between animal models and the human disease.
This makes translational studies based on this effect more challenging [285].
Recent reports highlighted the variable significance of EPR phenomena in patients
[286]. The EPR effect in patients varies greatly between cancer types, tumors of
same cancer type, and even within the tumor [254] [285]. On the other hand,
even a small EPR effect might offer considerable increased accumulation of a
nanomedicine formulation over the conventional drug. Also there are advantages
beyond the EPR effect such as tailored pharmacokinetics-pharmacodynamic
profiles, improving cellular uptake, balancing off- and on-target accumulation, and
local release kinetics of the active compound. These should also be considered in
the activity of nanomedicines [285] [95]. Nevertheless, spontaneous tumor models
and humanized models carrying human genes, cells and/or tissues, likely simulate
the conditions in humans during cancer development far closer [165, 287]. Lastly,
to allow xenograft models (using either cell lines or patient cells) to grow in
mice, immunodeficient strains are used (possibly in combination with sublethal
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irradiation). Dependent on the mouse strain, these mice lack all or parts of their
(innate) immune system. This likely introduces critical deviations compared to
patients when studying nanomedicines in these models, such as drastically altered
pharmacokinetics and pharmacodynamics [288]. It is important to understand the
‘translational value’ of used models towards cancer in humans. For instance, in
recent debate regarding development and testing of nanomedicines, the actuality
of the EPR effect in the clinic and the translational value of animal models in
(solid) cancer research has been discussed [254, 289, 290]. Better models provide
more accurate information, which is crucial for screening of potential new drugs
and nanomedicines, not only to make it to the clinic faster but also to be able to
dismiss unsuccessful formulations in a much earlier stage of development.
8.

Conclusions and future perspective

Several approaches are employed in the clinic for the treatment of HM, including
radiotherapy, stem cell transplantation, immunotherapy and chemotherapy. Many
(chemo)therapeutic drugs have been developed to inhibit various cellular and/or
molecular pathways. Combination of two or more drugs is often used to attack
the tumor cells by hampering multiple oncogenic pathways. This frequently results
in improved overall survival, and in some cases higher cytogenetic and molecular
responses. However, (chemo)therapeutic drugs are associated with various
limitations. First, most of these drugs are (semi)synthetic chemical entities which
have short half-lives and rapid clearance from the circulations, resulting in a poor
pharmacokinetic profile and reduced bioavailability. Lower bioavailability requires
high dosing schedules, which cause dose-related and thus dose-limiting toxicities.
Second, lack of specificity of these drugs towards the malignant organ/tissue affects
healthy tissues leading to off-target toxicities. Third, resistance to drugs is often
seen. This acquired resistance to one or more (multi-drug resistance or MDR)
(chemo)therapeutic drugs may occur due to several micro-environmental and
cellular phenomena [291, 292]. The latter includes, but is not limited to induction
of cell survival pathways, inability to induce apoptosis, overexpression of certain
membrane-embedded drug efflux pumps, such as P-glycoproteins and MDR
proteins. Resistant malignant cells express elevated amounts of these proteins on
their membranes [293-295].
Nanomedicines such as liposomes and polymeric micelles will increase the
statistical chances of active compounds to be accumulated at the malignant sight,
by changing pharmacokinetic properties of drug molecules leading to enhanced
retention in the circulation. The net effect is higher local drug concentrations
at the site of interest while healthy organs remain minimally exposed. The fact
that hematological malignancies are also characterized by increased microvessel
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density as a result of angiogenesis, provides a rationale to use these nanocarrier
systems for this class of cancer as well. Lessons learned from the success of
nanoformulations such as Doxil® and VYXEOS® have proven the therapeutic value
of nanomedicines in HM where liposomal encapsulation improved safety and
efficacy of existing chemotherapeutics.
Moreover, nanomedicines may partly, if not completely, overcome MDR. Since
transport of free small drug molecules into malignant cells is mainly by passive
diffusion through the cell membrane, they encounter membrane proteins including
drug efflux pumps that potentially reduce their net concentration in the cytoplasm,
consequently leading to suboptimal concentrations in the target cell, resulting in
MDR. Nanomedicines, on the other hand, due to their large size, are generally
taken up by endocytosis. Hence, they bypass this mechanism of drug efflux and the
concentration within the cell is much higher as compared to free drug [291, 294,
295]. Although, results from in vitro experiments showed only a slight improvement
in overcoming MDR by using classical nanocarrier systems [294]. This data should
be interpreted carefully, as in vitro models lack several important aspects of tumor,
for example angiogenesis, EPR effect, complex tumor microenvironment etc.
Despite a reasonable understanding of pathology, molecular mechanisms behind
disease progression and resistance, and extensive research in the field, only a
few of formulations could successfully reach to clinic for treatment of HM (as
is true for the treatment of solid tumors). The explanation lies in the reality
that even though nanoparticle systems show substantial benefits in preclinical
settings, their clinical translation still remains difficult. Loading drug molecules
into nanoparticles, stability of nanoparticle formulations, and in vivo release of
encapsulated drugs at the target site are some challenges met in development
of successful nanomedicine formulations. Moreover, lack of appropriate animal
models that mimic the actual clinical situation (etiology/pathology/progression) in
HM makes it difficult to predict favorable outcomes for clinical trials. Nevertheless,
in last few decades nanomedicines have been appreciated and proven as potential
drug delivery systems. Several formulations are successfully developed and
clinically approved not only for treatment of many types of malignancies but also
for chronic inflammatory diseases. More research in the field could, in the future,
lead to novel nanoparticular formulations for treatment of various types of HM in
patients.
9.
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ABSTRACT
Purpose: Liposomal drug delivery can improve the therapeutic index of treatments
for multiple myeloma. However, an appropriate 3D model for the in vitro evaluation
of liposomal drug delivery is lacking. In this study, we applied a previously developed
3D bone marrow (BM) myeloma model to examine liposomal drug therapy.
Material and methods: Liposomes of different sizes (~75-200 nm) were
tested in a 3D BM myeloma model, based on multipotent mesenchymal stromal cells,
endothelial progenitor cells and myeloma cells co-cultured in hydrogel.The behavior
and efficacy of liposomal drug therapy was investigated, evaluating the feasibility of
testing liposomal drug delivery in 3D in vitro. Intracellular uptake of untargeted and
integrin α4β1 (VLA-4) targeted liposomes was compared in myeloma and supporting
cells, as well as the effectivity of free and liposome-encapsulated chemotherapy
(bortezomib, doxorubicin). Either co-cultured myeloma cell lines or primary CD138+
myeloma cells received the treatments.
Results: Liposomes (~75-110 nm) passively diffused throughout the
heterogeneously porous (~80-850 nm) 3D hydrogel model after insertion. Cellular
uptake of liposomes was observed, and was increased by targeting VLA-4. Liposomal
bortezomib and doxorubicin showed increased cytotoxic effects towards myeloma
cells compared to the free drugs, using either a cell line or primary myeloma cells.
Cytotoxicity towards supporting BM cells was reduced using liposomes.
Conclusion: The 3D model allows the study of liposome-encapsulated molecules
on multiple myeloma and supporting BM cells, looking at cellular targeting, and
general efficacy of the given therapy.The advantages of liposomal drug delivery were
demonstrated in a primary myeloma model, enabling the study of patient-to-patient
responses to potential drugs and treatment regimes.

Chapter 4

1
2

Liposomal drug delivery in an
in vitro 3D bone marrow model 3
for multiple myeloma
Published: International Journal of Nanomedicine 2018, 13:8105-8118

4

Maaike V.J. Braham1, Anil K. Deshantri2,3, Monique C. Minnema4, F. Cumhur Öner1,
Raymond M. Schiffelers2, Marcel H.A.M. Fens2,5, Jacqueline Alblas1

5

Department of Orthopaedics, University Medical Center Utrecht, Utrecht, The Netherlands.
Department of Clinical Chemistry and Haematology, University Medical Center Utrecht, Utrecht,
The Netherlands. 3Department of Pharmacology, Sun Pharma Advanced Research Company Limited,
Vadodara, Gujarat, India. 4Department of Hematology, University Medical Center Utrecht Cancer
Center, Utrecht, The Netherlands. 5Department of Pharmaceutics, Utrecht Institute for Pharmaceutical
Sciences, Utrecht University, Utrecht, The Netherlands

6

1
2

7
8
9
10

95

Chapter 4 - Liposomal drug delivery in an in vitro 3D bone marrow model for multiple myeloma

1
2
3
4
5
6
7
8
9
10

Introduction
Multiple myeloma is a malignancy of the plasma cells that preferentially resides
in the bone marrow (BM). The BM microenvironment contains various cell types
including hematopoietic cells, bone cells, stromal cells, and endothelial cells.
Myeloma cells interact with the BM cells present, and adhere to extracellular
matrix proteins. These myeloma-BM interactions, as well as soluble cytokines and
growth factors, stimulate the survival, growth and migration of myeloma cells
and may induce resistance to (chemo)therapy [1, 2]. Several new therapies aim at
targeting these interactions, to potentially overcome the resistance of myeloma
cells to therapy.
Systemic therapies, targeting myeloma in its tumor microenvironment, have
improved patient outcomes over the last decades [3, 4]. Nevertheless, these
treatments still have disadvantages, most important being off-target toxicity
leading to side effects [5]. Drug delivery systems have been developed to
overcome these disadvantages, aiming at higher concentrations of drugs at the
tumor/target sites while reducing off-target effects in healthy tissue [6]. One of
the best studied drug delivery systems are liposomes, nanoparticles composed
of a bilayer of lipids, which surrounds an aqueous core [6]. This dual nature of
liposomes allows encapsulation of both hydrophilic and lipophilic drug molecules
in the aqueous core and in the bilayer, respectively [7]. Moreover, the feasibility
to manipulate liposomes by introducing polyethylene glycol (PEG) moieties on
their surface (PEGylated, stealth or long circulating liposomes), and by coupling
functional targeting ligands (targeted liposomes), make them an attractive tool for
drug delivery [8]. The latter can be achieved by coupling a peptide or antibody
that specifically binds to surface receptors extensively expressed on the tumor
cells of interest [9]. In hematological malignancies including myeloma, adhesion
molecules like integrin α4β1 (Very Late Antigen-4,VLA-4) mediate interactions with
BM stromal cells, leading to secretion of factors (eg IL-6) known to be involved in
therapy resistance [3]. Targeting cell-matrix and cell-cell interactions is therefore
an attractive strategy both in terms of selective targeting of myeloma cells, and for
inhibition of cell-adhesion-mediated drug resistance (CAM-DR) [10, 11].
At present, the therapeutic potential of novel drugs is mainly tested either in vitro
using 2D cell cultures or, at a later stage, in vivo using animal models for myeloma.
Cell lines used for 2D culture have been developed from myeloma cells isolated
from the blood of advanced stage patients, which are no longer dependent on
the BM for their survival and growth. Inherently, these 2D cell cultures do not
fully reflect the myeloma cells found in earlier stage patients, that still rely on the
surrounding BM for their survival [12]. Also, the surrounding BM environment (i.e.
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other cell types and extracellular matrix) is not taken into account in these in vitro
models. Animal models do offer the possibility to assess therapeutic responses of
novel drugs on human primary myeloma cells grown in a xenogeneic or humanized
3D environment [13, 14]. However, animal models are time-consuming, expensive
and have limited capacity for drug sensitivity testing. 3D in vitro models offer the
possibility to culture myeloma cells in a system that resembles the human BM
environment closely, in which both therapeutic impact and non-specific effects
can be analyzed. When using primary patient cells, therapeutic responses can be
studied for each patient individually, enabling screening for variability in patient
response to potential treatments.
Previously developed 3D myeloma models have investigated the effects of
conventional chemotherapeutic agents within their models, but not liposomal drug
delivery systems [15-19]. Liposomal drugs have been studied in other cancers
using tumor spheroids, where it was observed that nanoparticle delivery was
hindered by poor penetration into the artificial cancer mass [20-22]. Nevertheless,
not all 3D models share the same characteristics in terms of porosity and
penetration ability. Our previously developed 3D myeloma-BM model allows the
penetration and migration of a cellular immunotherapy using modified T cells [23].
This hydrogel-based model contains pre-vascular networks supporting myeloma
survival and in contrast to dense spheroid cultures of carcinomas, does not
develop into one solid cancer mass, but multiple dispersed small tumor masses.
In this study, the behavior and efficacy of liposomal drug therapy was investigated
using a 3D BM model for multiple myeloma. We evaluated the feasibility of testing
liposomal drug delivery of various sizes within the 3D model. Intracellular uptake
of untargeted and VLA-4 targeted liposomes was compared in both myeloma
cells and supporting cells (multipotent mesenchymal stromal cells (MSCs) and
endothelial progenitor cells (EPCs)) within the 3D model, and effectivity of free
and liposome-encapsulated chemotherapy was determined, as well as off-target
effects. A myeloma specific (bortezomib) and non-myeloma specific anticancer
drug (doxorubicin) was included in this study. Within the 3D BM model, either
a myeloma cell line or primary myeloma cells co-cultured with supporting BM
cells received the treatments. The used model mimics relevant aspects of the
BM microenvironment, with the primary myeloma model also reflecting the
heterogeneity of the myeloma patient population.
Material and Methods
Additional details can be found in the Material and methods in the Supplementary
material.
Liposome preparation
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Liposomes were prepared as described previously [24]. In brief, appropriate
amounts of DPPC, mPEG2000-DSPE, and cholesterol were dissolved in chloroform
at a molar ratio of 1.85:0.15:1 respectively. Liss Rhod PE or DiD was added
to the lipid solutions at a final concentration of 0.2% (v/v) or 0.1% (v/v) of
total lipids, respectively. A lipid film was prepared under reduced pressure on a
rotary evaporator and dried under a stream of nitrogen until complete dryness.
The resulting lipid film was hydrated with HEPES buffered saline at pH 7.4.
The liposome dispersion was then extruded (Lipex high pressure extruder,
Northern Lipids) 10 times using Whatman® Anodisc Inorganic Membranes (Sigma
Aldrich, Darmstadt, Germany) of pore size 100 nm to get intermediate sized
liposomes (~100 nm), and subsequently extruded with two staked Whatman®
NeucleoporeTM polycarbonate membrane filters (Sigma Aldrich, Darmstadt,
Germany) with 50 nm pores to get small sized liposomes (~75 nm). For larger
liposomes, extrusion was performed 5 times with Whatman® Anodisc Inorganic
Membranes pore size 200 nm. Liposomes were stored at 4°C until use, either on
the same day or the day following preparation.
Size distribution of liposomes was determined by using NanoSight NS500
(Malvern Panalytical, Royston, United Kingdom). The methods of loading liposomes
with doxorubicin or bortezomib, and preparation of VLA-4 targeted liposomes
can be found in the Materials and methods in the Supplementary material.
Characterization of all batches of liposomes can be found in Table 1.
Cell lines and primary cells
Human myeloma cell lines L363 and MM1S were purchased from the American
Type Culture Collection and were retrovirally transduced (L363-GFP and MM1SmCherry) as described previously [25, 26]. Human multipotent mesenchymal
stromal cells (MSCs) were obtained from the acetabular BM of patients
undergoing hip replacement surgery as described previously [23]. Primary
endothelial progenitor cells (EPCs) were obtained from umbilical cord blood
collected from full term pregnancies as described previously [27]. Human BM
was obtained from the spina iliaca posterior superior of myeloma patients. The
CD138+ cell population was isolated from the mononuclear cells of the myeloma
BM by microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to
manufacturer’s protocol, and used immediately in the co-culture system. Used
protocols were approved by the local ethics committee of the University Medical
Center Utrecht in accordance with the Declaration of Helsinki, all samples were
obtained after written informed consent. Culture conditions can be found in the
Materials and methods in the Supplementary material.
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5.

4.

3.

2.

1.

Sr
No

Untargeted/VLA-4 targeted
(small)
Empty/Bort loaded

Untargeted
(intermediate)

VLA-4 targeted
(intermediate)

Untargeted
(large)

Untargeted
(intermediate)

Untargeted
(small)

Liposome Batch

DiD

DiD

Rhod

DiD

135.0 ± 0.7

134.2 ± 2.4

179.1 ± 30.1

116.2 ± 1.6

102.1 ± 7.1

Diameter
(nm)
Mean ± SD

74.5 ± 1.2

107.9 ± 7.3

110.5 ± 3.8

68 ± 10*
105 ± 5
143 ± 9
220 ± 12
359 ± 45

97.0 ± 5.8

73.1 ± 7.2

Diameter
(nm)
Mode ± SD

31.0 (n=1)

-

79.0 ± 3.3

-

-

-

VLA-4 peptide
coupling
efficiency (%)
Mean ± SD

9

376 (n=1)/
247 ± 190

15.9 ± 14.2/
21.9 ± 3.6

-

-

-

-

-

Loaded drug
concentration
(µM)
Mean ± SD

8

Table 1 Liposome characteristics describing the fluorescent label and mean/mode diameter (nm)
of each prepared liposome batch, and if applicable, the VLA-4 coupling efficiency and loaded drug
concentration

DiD

DiD

Rhod

84.6 ± 1.1

7
77.4 (n=1)

6

78.4 ± 3.2

5

103.0 ± 3.2

Label

6.
Untargeted/VLA-4 targeted
(small)
Dox loaded

2

Notes: *Multiple peaks were observed in the large liposomes resulting in a heterogeneous size
distribution
Abbreviations: Bort, bortezomib; Dox, doxorubicin; Rhod, rhodamine; VLA-4, very late antigen 4
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3D co-cultures
All 3D co-cultures were performed as described previously [23]. In short, cells
were cultured at 37°C in growth factor-reduced Matrigel (Corning, Corning, NY,
USA) diluted by an equal volume of α-minimal essential media. For cell labelling,
the Vybrant Multicolor Cell-Labeling Kit was used (DiO, DiI, DiD, ThermoFisher,
Waltham, United States) according to manufacturer’s protocol. MSCs, EPCs and
myeloma cells were mixed in a 4:1:1. Cultures were maintained in mixed medium
(containing equal amounts of MSC medium, EPC medium and MM medium) which
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was changed twice a week.
Free versus liposomal drug treatment in 3D
3D co-cultures of L363-GFP or MM1S-mCherry, MSCs and EPCs were precultured for 7 days. At day 7, free or liposomal (DiD labelled, small) bortezomib
and doxorubicin were inserted into the center of the 3D co-culture using a micro
pipette. Bortezomib was added at the final concentration of 0, 2.5 and 7.5 nM.
Doxorubicin was added in the final concentration of 0, 0.3 and 3 µM. The total
dose per construct was equal in both the free drug and liposomal drug conditions.
All cultures were live imaged at 0, 24 and 48 hours.
After 48 hours, the 3D cultures were washed 3x with PBS and were fixed
overnight using 4% formaldehyde (VWR chemicals, Lutterworth, United Kingdom).
The fixed co-cultures were stained with phalloidin and DAPI (both FAK100
kit, Merck Millipore, Burlington, United States) according to the manufacturer’s
protocol.
Primary CD138+ myeloma cells were isolated from the BM of two newly
diagnosed patients. The CD138+ myeloma cells of both donors were co-cultured
with MSCs-DiO and EPCs-DiO for 14 days to allow tumor mass formation. At
day 14, free or liposomal (DiD labelled, small) doxorubicin was added at the final
concentration of 0 and 3 µM. All cultures were live imaged at 0, 24 and 48 hours.
All images were taken using a SPX8 Laser Scanning Confocal Microscope (Leica,
Wetzlar, Germany).
Statistical analysis
All experimental groups were handled in technical duplicates. Results are
presented as mean ± standard deviation. P values are based on Student’s t tests
(2-tailed) for 2-way comparisons or ANOVA for multiple hypotheses testing
using post hoc Bonferroni correction. Data analysis was performed using Prism
GraphPad Software. P-values are considered statistically significant when p < 0.05;
*=p � 0.05, **=p � 0.01, ***=p < 0.001.
Results
Higher resistance to therapy of myeloma cells when cultured in
the 3D bone marrow model
To confirm the added value of the 3D BM-myeloma model over traditional 2D
cultures, treatment effects of chemotherapeutic agents on myeloma cell lines
cultured in 2D were compared to those cultured in the 3D model. When adding
the drugs 1 day after assembling the 3D cultures, no differences in survival of the
myeloma cells were observed after 48 hours of treatment, comparing 2D versus
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Figure 1. Myeloma cell survival when treated with different concentrations bortezomib
or doxorubicin in 2D versus 3D (n=2). Notes: (A) L363 and MM1S cells were cultured
in 2D, or cocultured in 3D with MSCs and EPCs. One day after preparing the cultures,
both bortezomib and doxorubicin were added for 48 hours. (B) L363 and MM1S cells
were cultured in 2D, or cocultured in 3D with MSCs and EPCs. Seven days after
preparing the cultures, both bortezomib and doxorubicin were added for 48 hours.
Data are presented as mean ± SD. *P<0.05, **P<0.01. (C) Confocal images of a 3D
coculture (7 days precultured) containing L363-GFP (green) and both MSCs and EPCs
(DiD, cyan) 48 hours after treatment addition (top: untreated control, bottom: 7.5
nM bortezomib). After 48 hours, ethidium homodimer-1 (red) was added to identify
dead cells. Colocalization of the GFP signal and ethidium homodimer-1 identifies
dead myeloma cells. Colocalization of DiD and ethidium homodimer-1 identifies dead
supporting cells (white arrows). The scale bars represent 150 µm.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells.
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3D cultures (Figure 1A). Increased cell survival in 3D was seen when adding
treatments after 5-7 days of pre-culture. The difference was most pronounced in
the 7 days pre-cultured cells. Here, a significant treatment resistance of the 3D
cultured myeloma cells was observed at all concentrations of bortezomib and at
the highest concentration of doxorubicin (Figure 1B).
In the 3D BM-myeloma model, not only therapeutic effects towards the myeloma
cells but also the non-specific effects towards the supporting cells could be
visualized and quantified using confocal microscopy. With increasing drug
concentrations, increased myeloma cell death was observed, as well as increased
MSCs and EPCs cell death (Figure 1C).
Heterogeneous pore sizes in Matrigel meshwork
Matrigel 50% (v/v) plugs, with or without incorporated cells, were analyzed using
scanning electron microscopy (SEM). Pores of various sizes could be visualized in
the cross-sections, ranging between ~80-850 nm (Figure 2). Also cells incorporated
into the gel were visualized (Figure 2B). Cellular structures could be identified
(plasma membrane (PM), nucleus (N) and nucleolus (NC)). As the supporting cells
are capable of adhering to the surrounding gel, cell-matrix interaction could be
visualized, and on the sites of these interactions, larger pores could be observed
within the gel. More distant from the encapsulated cell, smaller pores (~80 nm)
were visualized in the gel (Figure 2C).
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Figure 2. Scanning electron microscopy images 5 mm cross-sections of 50% Matrigel
containing myeloma cells, EPC and MSCs cultured for 14 days.
Notes: (A) Gel meshwork with various pore-sizes with the majority <200 nm. The scale
bar represents 5 µm. (B) Cross-section of a cell incorporated in the gel. The scale bar
represents 5 µm. (C) Zoom of (B), showing more details of the cell and meshwork of
the surrounding gel. The scale bar represents 3 µm. Abbreviations: EPCs, endothelial
progenitor cells; MSCs, mesenchymal stromal cells; N, nucleus; NC, nucleolus; PM,
plasma membrane.
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Diffusion & intracellular uptake of different sized liposomes in
the 3D bone marrow model
Liposomes of different sizes; small (~75 nm), intermediate (~100 nm) and large
(~180 nm, Table 1), were added to the 3D BM-myeloma model. The liposomes
were added either to the medium, or were inserted into the center of the 3D
culture. Diffusion of the liposomes was followed during 48 hours. Liposomes
added to the medium on top of the gel for 48 hours at 37°C displayed no diffusion
into the 3D BM-myeloma model for either particle sizes (Figure 3A). The small
and intermediate liposomes were capable of diffusing through the 3D culture
after insertion, while the large liposomes were not. An overview of the diffusion
of the inserted liposomes after 48 hours is shown in Figure 3B. The presence of
liposomes throughout the 3D culture was quantified using the mean fluorescence
intensity (MFI) of the liposomes at the insertion site (I), the center of the 3D
culture surrounding the insertion site (3D-C), the border of the 3D culture next
to the medium (3D-B) and in the medium (M) next to the culture over time.
Only the small liposomes displayed a clear decreasing number of liposomes at
the insertion site, with elevated numbers of liposomes throughout the 3D culture
after 48 hours. The intermediate liposomes displayed a high retention at the
insertion site, with elevated numbers of liposomes throughout the 3D culture
after 48 hours, however, lower than for the small liposomes. The large liposomes
displayed a constant presence at the insertion site with no detectable liposomes
throughout the 3D culture. Lastly, an increased fluorescence signal was detected in
the medium over time in all conditions, presumably caused by liposomes diffusing
from the insertion site into the medium upon administration (Figure 3C,D).
Simultaneously with diffusion, the intracellular uptake of liposomes by all
present cell types was also quantified at 48 hours after insertion to the 3D
BM-myeloma model. The uptake of the small liposomes was significantly higher
than the intermediate and large liposomes by all cell types in the 3D culture. The
intermediate liposomes also showed uptake by the cells throughout the culture,
whereas the large liposomes showed low association with cells, which is consistent
with their restrained distribution throughout the culture (Figure 4A,B).
Enhanced uptake of VLA-4 liposomes in the myeloma cells
cultured in the 3D bone marrow model
The diffusion of liposomes could be hindered by increasing the volume of
the 3D culture (and thus total distance to the border of the model). On the
other hand, cellular uptake could be potentially enhanced using VLA-4 targeting
(Supplementary Figure 1). To analyze the effect of different volumes of the 3D
cultures (30 or 50 µL) on the diffusion of liposomes, and the effect of VLA-4
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Figure 3. Diffusion of different sized liposomes in the 3D model: small (~75 nm),
intermediate (~100 nm) and large (~180 nm).
Notes: (A) 3D confocal images showing 3D cocultures containing L363-GFP
(green)
and MSC/EPCs (unstained). DiD labeled intermediate or large liposomes (cyan) were
added to the medium for 48 hours. The scale bars represent 1 mm. (B) Confocal
images showing 3D cocultures into which DiD labeled liposomes (small, intermediate,
or large) were inserted (cyan). The liposomes were followed directly after insertion
(0 hours), after 24 hours, and after 48 hours. The scale bars represent 500 µm. (C)
Confocal images showing an overview of the entire 3D culture after 48 hours for
all three liposome sizes. The scale bars represent 1,000 µm. (D) The presence of
liposomes was quantified on all time points at the insertion site (I), the center of
the 3D culture next to the insertion site (3D-C), the border of the 3D culture next to
the medium (3D-B), and inside the medium (M). Data are presented as mean ± SD.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells.
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Figure 4. Intracellular uptake of liposomes, 48 hours after insertion.
Notes: (A) More intracellular uptake was observed in cultures with the small
liposomes (~75 nm), compared with cultures with the intermediate (~100 nm) and
large liposomes (~180 nm). Intracellular liposome uptake is present both in the
small and intermediate liposome plugs. Data are presented as mean ± SD. *P<0.05,
**P<0.01. (B) Confocal images of intracellular liposomes in 3D, showing nuclei (DAPI,
blue), f-actin (phalloidin, red), and liposomes (DiD, cyan). All cultures were washed
extensively before imaging, to remove all noninternalized liposomes. The scale bars
represent 200 µm.
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targeting on the interaction with myeloma cells, intermediate sized (~110 nm)
liposomes were used. This size of liposomes allows them to diffuse through
the model, but less optimally compared to smaller sized liposomes, providing a
window to study the enhancing effect of VLA-4 targeted liposomes.
Incubation for 48 hours showed that the untargeted liposomes diffused
throughout the entire larger sized model, which means that particle migration
was equivalent to about 3000 µm from the insertion site (Figure 5 AI). However,
when quantifying intracellular liposomes after 48 hours of incubation, relatively
low numbers of liposomes could be found at the edges of the cultures. A gradient
of intracellular liposome presence was observed from the insertion site to the
borders of the culture (Figure 5 AII), showing an effect of the diffusion distance
(and thus an effect of culture volume/size) on the amount of intracellular
liposomes throughout the culture.
No differences were observed in the diffusion capacity of untargeted versus VLA4 targeted liposomes over the course of 48 hours (data not shown). However,
the intracellular uptake of VLA-4 targeted liposomes was significantly higher
than untargeted liposomes (Figure 5 AII). The targeted liposomes showed higher
accumulation in myeloma cells than supporting cells, which was demonstrated
by the co-localization of GFP positive myeloma cells and rhodamine labeled
liposomes (Figure 5B).
Increased myeloma cell killing and protection of the supporting
environment using untargeted or VLA-4 targeted liposomes
3D myeloma-BM cultures were treated with free or liposomal (untargeted or
VLA-4 targeted, ~75 nm) doxorubicin or bortezomib. 48 hours after adding the
treatments, cytotoxicity on supporting cells as well as on myeloma cells was
analyzed. Overviews of the results are shown in Figure 6A.
Doxorubicin, both free and liposomal, showed a dose response on myeloma
cell viability for all tested conditions. No significant difference on myeloma cell
survival was observed when comparing free doxorubicin, untargeted and VLA-4
targeted liposomal doxorubicin. Nevertheless, a trend was seen showing less viable
myeloma cells using liposomal doxorubicin, and the lowest number of myeloma
cells using VLA-4 targeted liposomes (Figure 6B). Interestingly, an opposite
effect was seen when analyzing the viability of supportive cells at 48 hours after
Figure 5 Enhanced liposomal uptake in myeloma cell clusters when using VLA-4
targeted liposomes. Notes: (A) I. Confocal microscopy overview picture showing
the regions that were quantified in each culture, I = insertion site. The scale bar
represents 1,000 µm. II. Quantification of intracellular liposomes (~110 nm), in
all regions, for both untargeted and VLA-4 targeted liposomes, 48 hours after
insertion. All cultures were washed extensively before quantification, to remove all
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noninternalized liposomes. Data are presented as mean ± SD. **P<0.01, ***P<0.001.
(B) Confocal images at the border of the plug, showing L363 cells (GFP, green), MSCs,
and EPCs (DiD, red) and intracellular liposomes (rhodamine, cyan). The scale bars
represent 150 µm.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells;
VLA-4, very late antigen-4.
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Figure 6 Free and liposomal chemotherapy tested in the 3D myeloma-BM model.
Notes: (A) Confocal overview pictures showing 3D cocultures 48 hours after
treatment. MSCs, EPCs, and myeloma cells were visualized staining f-actin (phalloidin,
red). The border of each plug is indicated by a white dashed circle. The insertion site
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of each culture is indicated by a dotted white circle. The scale bars represent 1,000
µm. Cultures were treated with doxorubicin (six left images) or bortezomib (six right
images) both with free drug, untargeted liposomes, and VLA-4 targeted liposomes
(both ~75 nm). Controls were taken along with no treatments or sham treatments
(PBS or empty liposomes). (B) Quantification of viable myeloma cells, 48 hours after
doxorubicin treatment and (C) bortezomib treatment. (D) Quantification of viable
supporting cells, 48 hours after doxorubicin treatment and (E) bortezomib treatment.
Data are presented as mean ± SD (n=3). **P<0.01, ***P<0.001.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells;
VLA-4, very late antigen-4.

doxorubicin addition; significantly less supportive cells were present in the free
drug groups, when compared to the liposomal treated cultures (Figure 6D).
Bortezomib showed a similar trend for myeloma cell survival, with significantly
lower viability when comparing free drug and VLA-4 targeted liposomal
bortezomib treated cultures, at a concentration of 7.5 nM (Figure 6C). Also
here, an opposite effect was seen when analyzing viable supporting cells after
bortezomib addition (Figure 6E).
In addition, primary CD138+ cells isolated from two myeloma patients were
treated with either free doxorubicin or (untargeted) liposomal doxorubicin, after
culturing within the 3D myeloma-BM model for 14 days. Similar results were
obtained when comparing primary myeloma cells to the myeloma cell lines used.
Also here, increased myeloma cell death was observed with liposomal doxorubicin
compared to free doxorubicin, while cytotoxicity towards the supporting cells was
higher using free drug (Figure 7A-C).
Discussion
A previously developed 3D BM-myeloma model, which mimics the BM
microenvironment using prevascular MSC-EPC networks, facilitates the in vitro
culture of (primary) myeloma cells [23, 28]. Interactions between the myeloma
cells and the supporting BM cells improves the proliferation and survival of
the myeloma cells, and induces drug resistance through CAM-DR [1, 2]. Here,
we showed that the 3D BM-myeloma model allows studying the behavior
of nanoparticle-encapsulated molecules within its engineered 3D tumor
microenvironment. The porous hydrogel system supported passive diffusion of
liposomes up to ~110 nm. The ability to ‘deliver’ liposomes throughout the 3D
model enabled analysis of both passive and active cellular targeting and therapeutic
efficacy of the encapsulated drugs by analyzing on- and off-target effects. The
ability to culture primary myeloma cells within the model enables the future study
of variability in patient responses to treatments given. Next to liposomal drug
therapies directly affecting the primary myeloma cells, the model can also be used
to study myeloma responses to treatments targeting the tumor microenvironment
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+
Figure 7. Free and liposomal doxorubicin tested on primary CD138
myeloma cells
+
cultured in the 3D BM model. Notes: (A) Quantification of primary CD138
myeloma
cells, 48 hours after doxorubicin treatment. (B) Quantification of supporting cells,
48 hours after doxorubicin treatment. Data are presented as mean ± SD (n=2).
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*P<0.05, **P<0.01, ***P<0.001. (C) Confocal images of the 3D cocultures 48 hours after
+
treatment, showing MSCs/ EPCs (green) and primary CD138
myeloma cells (yellow).
The scale bars represent 100 µm.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells.

or BM-myeloma interactions.
Myeloma cells are known to be more resistant to treatment when cultured in a
3D BM environment compared to classical 2D cultures [17-19, 29]. Similar effects
were observed when comparing 2D cultures to our 3D model. Interestingly, the
resistance was only seen when adding the treatments 5 to 7 days after assembling
the 3D model, and not when adding the treatment directly after assembling
the 3D cultures. Previous studies did show differences in resistance to therapy
between 2D and 3D cultured myeloma cells, when adding the drugs directly after
assembling the models [17-19, 29]. However, the described models vary in multiple
aspects: the use of only MSCs [17, 19], the use of other scaffolds and hydrogels
[17-19, 29], and the pre-culture of the MSC scaffolds before the addition of
myeloma cells [17, 19, 29]. In our model, the cells incorporated into the Matrigel
still had a rounded phenotype after 1 day of culture, with no visible cell-cell
interactions. After both 5 and 7 days of culture, the supporting cells had spread
within the Matrigel forming networks, displaying cell-cell interactions. These results
indicate a necessity to wait for myeloma-BM interactions to establish within the
model before testing efficacy of potential treatments.
Scanning electron microscopy (SEM) has previously shown pore size of ~5-200
nm within Matrigel meshworks [30, 31]. In our model 50% (v/v) Matrigel was used,
resulting in a larger variety in pore sizes (~80-850 nm) than previously reported.
Most pores were in the range of 80-100 nm, which was further confirmed by
an observed diffusion of small and intermediate sized (~75-110 nm) liposomes,
and a lack of detectable diffusion when using larger liposomes (>180 nm). In vivo,
particles of up to 150 nm are taken up into the BM, whereas particles of 250
nm and above are taken up to a much smaller extent [32, 33]. This suggests a
biologically relevant porosity of this model, capable of mimicking the behavior of
the delivered liposomes after extravasation to the BM. Other in vivo mimicking
aspects of the model include the facilitation of cell-cell and cell-matrix interactions
in Matrigel, which activate signaling pathways controlling cell survival, proliferation
and differentiation, modulating therapeutic responses [34, 35]. The importance of
using physiologically relevant in vitro models for the evaluation of liposomal drug
delivery has been emphasized previously. These complex 3D models generate
results better predictive for further in vivo studies, as they more reliably evaluate
chemotherapeutic agents and their delivery systems [36, 37].
Liposomal drug delivery has been tested previously in vitro in 3D, using mainly
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tumor spheroids. The nanoparticles delivered to the medium penetrated poorly
into the solid artificial cancer mass [20-22], as the spheroids do not mimic the
enhanced permeability and retention effect caused by leaky vasculature within
tumors, allowing extravasation of nanoparticles [38]. The in vivo distribution of
nanoparticles into the myeloid BM occurs via reticuloendothelial sinusoidal blood
capillaries and the phago-endocytic route [39], which is also not simulated in our
3D in vitro model. Therefore liposomes had to be delivered to the engineered BM
environment in a different manner. The insertion of liposomes into the center
of the 3D culture enabled their diffusion throughout the 3D hydrogel matrix,
facilitating the in vitro analysis of liposomes in a 3D BM environment, mimicking the
behavior of in vivo delivered nanoparticles after distribution within the BM.
In our model, bortezomib and doxorubicin were tested, both extensively studied
and used for the treatment of hematological malignancies [40, 41]. For both drugs,
liposomal formulations have been shown to increase cytotoxicity toward myeloma
cells in 2D cultures [42, 43], which can be further increased using VLA-4 targeted
liposomes [44-46]. Similar results were obtained towards myeloma cells in our
3D model. Cytotoxicity towards the BM cells was reduced using a liposomal
formulation of both drugs, but most pronounced for doxorubicin, known to be
toxic to a wide variety of tumors as well as healthy cells [47, 48]. The occurrence
of systemic toxicity caused by novel therapies is mainly tested in vivo using animal
models. The utilization of 3D models to replace animal models could enable
a high throughput screening system that is capable of looking at both on- and
off-target effects of these novel therapies, however only within the context of
the engineered environment. Complex in vitro models containing multiple tissues
would be necessary to look at distant tissue toxicities.
Although liposomes have previously been tested using 3D in vitro models, most
studies focus on the on-target effect of the given therapy and not the offtarget effects [20-22, 49]. These off-target effects or consequences for cell-cell
interactions are equally important, as they are involved in CAM-DR [10, 11].
The 3D BM-myeloma model can be used to study therapies targeting these
interactions, as shown by selectively targeting myeloma cells using VLA-4 targeted
liposomes, to overcome CAM-DR. Also other novel therapies or drug delivery
strategies targeting the tumor microenvironment can potentially be tested within
the 3D BM-myeloma model, such as gamma secretase inhibitors, or the co-delivery
of cytotoxic agents [50-52].
In contrast to 2D culture systems, the 3D BM-myeloma model provides the
possibility to test therapies on patient-derived myeloma cells. Currently available
treatment options for myeloma have improved patient outcomes [4], but do not
achieve optimal treatment responses for a substantial proportion of patients [53].
Through personalized testing of experimental therapies, a genetic base for the
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function or dysfunction of novel therapies could be unraveled, evaluating the most
optimal therapy for each individual patient. The 3D model also offers the possibility
to be further extended, adding a separate endosteal environment [28], or including
healthy hematopoietic (stem and progenitor) cells. This would enable the analysis
of treatment effects within more complex and realistic BM environment, looking
at on- and off-target effects, and the involvement of indirect mediators of therapy
resistance.

1

Conclusion
Liposomal drug delivery can be studied in vitro using a 3D BM-myeloma model,
looking at cellular targeting and general efficacy of the given therapy, within the
context of the engineered BM environment. The advantages of liposomal drug
delivery were demonstrated in a primary myeloma model, enabling the study of
patient-to-patient responses to potential drugs and treatment regimes. The analysis
of treatment effects within a more complex 3D environment enables the study
of on- and off-target effects, and the involvement of indirect mediators of therapy
resistance.
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Supplemental Methods
Chemicals and reagents
Doxorubicin (MedKoo Biosciences Inc., USA), bortezomib (LC Laboratories,
Canada), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(mPEG2000-DSPE) were both purchased from Lipoid GmbH, Germany, 18:1 Liss
Rhod PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B sulfonyl) (ammonium salt) (Avanti Polar Lipids Inc, USA), Cholesterol (Sigma
Aldrich, Germany), SATA-modified Very Late Antigen-4 targeting peptide (SATAVLA-4 targeting peptide) was synthesized by DGpeptidesCo., China. Internal
standard (IS) bortezomib D8 major was purchased from Toronto Research
Chemicals.
Doxorubicin loaded liposomes
Liposomes were prepared as described in section 2.1. Ammonium sulfate 240 mM
and EDTA 1 mM solution was used to hydrate the lipid film. After preparation of
liposomes, the extra-liposomal buffer was replaced with HBS pH 7.5 by dialysis
using a 10 000 MWCO dialysis membrane. For remote loading, doxorubicin
solution in HBS pH 7.5 was added to the liposomes to get a final doxorubicin
concentration 0.2 mg/mL followed by incubation at 60 °C for 1 hour. Free
(unloaded) doxorubicin was removed by dialysis against HBS pH 7.4 for 24 hours
at 4°C.
Encapsulated doxorubicin was determined by Ultra High Pressure Liquid
Chromatography (UPLC) (Waters Corporation, USA) using a C18 column
(ACQUITYUPLC®BEHC18 1.7 µm, 2.1 x 50 mm). Liposomes were diluted and
dissolved in 25% acetonitrile in HBS. Water/acetonitrile/perchoric acid 75/25/1 was
used as mobile phase. Flow rate was set at 0.500 mL/min. Injection volume was
7.5 µL. Excitation and emission wavelengths were 480 nm and 565 nm respectively.
Run time was 3 minutes.
Bortezomib loaded liposomes
Bortezomib liposomes were prepared as described previously1, 2 with some
modifications. The lipid film was hydrated with a solution of mannitol, meglumine,
acetic acid, and HEPES at 200 mM, 50 mM, 30 mM, and 20 mM respectively at pH
8.5. After extrusion, extra liposomal buffer was replaced with 140 mM NaCl and
20 mM HEPES buffer pH 6.5 by dialysis using a 10 000 MWCO dialysis membrane.
Appropriate amount of bortezomib solution in DMSO was added to liposomes to
get a final bortezomib concentration 22 µg/mL and incubated overnight at room
temperature to remote loading. Un-encapsulated bortezomib was removed by
dialysis against HBS pH 7.4 for 24 hours at 4°C.
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To determine encapsulated bortezomib concentration, liposomes were dissolved
in 35% acetonitrile in HBS. Bortezomib concentrations was measured by Ultra
High Pressure Liquid Chromatography (UPLC) (Waters Corporation, USA) using
a C18 column (ACQUITYUPLC®BEHC18 1.7 µm, 2.1 x 50 mm). Mobile phase
water/acetonitrile/perchloric 65/35/0.1 was used. Absorbance was detected at 270
nm at flow rate of 0.600 mL/min and injection volume of 7.5 μL. Run time was set
to 1 minute.
VLA-4 targeted liposomes
For preparation of VLA-4 targeting liposomes (Supplemental Figure 1), the in
section 2.1 described lipid composition was used, to which equal amounts of
mPEG2000-DSPE and mal-PEG2000-DSPE were added (each at 0.075 mM of total
lipids). Freshly prepared liposomes were mixed with 1 mg/mL SATA-VLA-4
targeting peptide (activated by 0.05 M HEPES/0.05 M hydroxylamine-HCl/ 0.03
mM EDTA for approximately 60 minutes at room temperature) and incubated
at 4 °C overnight. Unconjugated peptide was removed by gel permeation
chromatography using PD-10 desalting columns (GE Healthcare). Doxorubicin or
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bortezomib was remotely loaded into untargeted and VLA-4 targeted liposomes
as described above. The amount of conjugated VLA-4 peptide was estimated
indirectly by UPLC by measuring unconjugated peptide trapped in the PD-10
column during gel permeation. To recover unconjugated peptide from the column,
25 mL of HBS was passed through the column and collected in 5 mL fractions.
VLA-4 peptide was determined in all 5 fractions. The peptide was detected at 220
nm with a BEH300 C18 1.7 μm, 2.1 x 50 mm column and a mobile phase of water/
acetonitrile/trifluoroacetic acid 5:95:0.1 (eluent A), and acetonitrile/trifluoroacetic
acid 100/0.1 (eluent B ). The eluent gradient was set from 100% eluent A to 85%
eluent A / 15% eluent B after 0.1 minute and subsequently to 60% A/ 40% B in the
3rd minute and finally to 100% A after 3.1 minutes.
Cell lines and primary cells
All myeloma cell lines were cultured in MM medium (advanced RPMI 1640
medium, 10% (v/v) fetal bovine serum (FBS), 2 mM of L-glutamine, 100 U/mL
penicillin and 100 µg/mL streptomycin (all Gibco, ThermoFisher, USA)). MSCs were
isolated from the bone marrow by adherence to the tissue culture plastic, and
cultured in MSC medium (α-minimal essential media (αMEM, Gibco, USA),10%
(v/v) FBS, 0.2 mM L-ascorbic acid 2-phosphate, 100 U/mL penicillin and 100 µg/mL
streptomycin). All MSCs were used at passage 3-5.
EPCs were isolated from the cord blood by density-gradient centrifugation of
mononuclear cells using Ficoll-paque, seeded on collagen I (BD Biosciences)coated wells and expanded in EPC medium (EGM-2 medium (Lonza, Switzerland),
SingleQuots™ Kit (Lonza, Switzerland), 10% (v/v) FBS, 100 U/mL penicillin and 100
µg/mL streptomycin). All EPCs were used at passage 4-7.
Cytotoxicity of free drugs on myeloma cells in 2D and 3D cultures
L363-GFP and MM1S-mCherry were single cultured in 2D or co-cultured with
MSCs-DiD and EPCs-DiD in 50% (v/v) Matrigel. The initial number of myeloma
cells per well was equal in all conditions. The cells were cultured for either 1, 5
or 7 days before the drugs were added. The final concentration of bortezomib in
each well was 2.5, 5.0 and 7.5 nM, and 0.5, 1 and 2 nM for L363 and MM1S cells
respectively. Doxorubicin was added at final concentration 0.3, 1 and 3 µM, and
0.5, 1, 2 µM in each well of L363 and MM1S cells respectively. Equal amount of
medium was added in the control wells. Each concentration was performed in
duplicate. All conditions were live imaged 48 hours after adding the treatments.
Ethidium homodimer-1 was added to all L363-GFP cultures to identify dead cells
and calcein was added to all MM1S-mCherry cultures to identify living cells, both
following manufacturer’s instructions (LIVE/DEAD™ Viability/Cytotoxicity Kit, for
mammalian cells, Thermo Fisher, USA). Images were taken using a Leica SPX8 Laser
Scanning Confocal Microscope.
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Porosity of the 3D model by Scanning electron microscopy (SEM)
50% (v/v) Matrigel plugs (hydrogel only or containing MSCs, EPCs and L363 cells)
were fixed with 4% formaldehyde (VWR chemicals, United Kingdom) overnight.
Tissue Tek OCT, (Sakura Finetek Europe) diluted with distilled water (1:1), was
added overnight to the wells containing the gels to minimize shape change.
Samples were snap-frozen with liquid nitrogen. The frozen gels were crosssectioned (5 and 10 μm) using a cryostat (Thermo Scientific, CryoStar NX70)
and air-dried overnight. Next, samples were dehydrated in an ethanol series (15
min. per step; 10%, 20%, 40%, 60%, 80% in distilled water, and finally 100% ethanol).
Subsequently, samples were incubated in 50%-50% ethanol-hexamethyldisilazane
and 100% hexamethyldisilazane after which the samples were air-dried, attached to
a 0.5” aluminium specimen stub (Agar Scientific, United Kingdom) and sputtered
with 2 nm gold. Specimens were finally analyzed on a Phenom Pro desktop SEM
(Phenom World, The Netherlands).
Effect of liposome size on diffusion & intracellular uptake in 3D
3D co-cultures of L363-GFP, MSCs and EPCs (30 µL plugs) were pre-cultured for
7 days. At day 7, 5 µL of DiD labelled liposomes (small, intermediate and large)
were added either to the medium, or introduced into the middle of the 3D coculture with a thin pipet tip. All cultures were live imaged directly after liposome
addition (0 hours), and after 24 and 48 hours. The total fluorescence intensity of
the DiD labelled liposomes was quantified at the injection site (I), the 3D coculture directly surrounding the injection site (3D-C), the border of the 3D coculture next to the medium (3D-B), and in the medium (M).
After 48 hours, all 3D cultures were washed 3x with PBS to remove all free
liposomes. The 3D cultures were fixated overnight using 4% formaldehyde
(VWR chemicals, United Kingdom). The fixated co-cultures were stained for
phalloidin and DAPI (both FAK100 kit, Merck Millipore, USA) according to the
manufacturer’s protocol. Images were taken using a Leica SPX8 Laser Scanning
Confocal Microscope. The total fluorescence intensity of intracellular DiD labelled
liposomes was quantified.
Intracellular uptake of untargeted & VLA-4 targeted liposomes in
3D
3D co-cultures of L363-GFP, MSCs-DiD and EPCs-DiD (30 and 50 µL plug
volumes) were pre-cultured for 7 days. At day 7, 5 µL of rhodamine labelled
untargeted or VLA-4 targeted liposomes (intermediate size) were injected into the
center of the 3D co-culture. The liposome distribution was analyzed after 0, 24
and 48 hours, quantifying the total fluorescence intensity of the rhodamine labelled
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liposomes throughout the 3D co-culture. After 48 hours, all 3D cultures were
washed 3x with PBS to remove all free liposomes. The 3D cultures were fixed
overnight using 4% formaldehyde (VWR chemicals, United Kingdom). The total
fluorescence intensity of intracellular rhodamine labelled liposomes, and their colocalization with either myeloma or supporting cells, was quantified. Images were
taken using a Leica SPX8 Laser Scanning Confocal Microscope.
Confocal imaging
All fluorescence images were taken with a Leica SP8X Laser Scanning Confocal
Microscope using a white light laser (470-670 nm) and Leica LASX acquisition
software. Cytotoxic activity of the drugs within the 3D model was live imaged:
hybrid detectors collected fluorescence signal from either calcein (494/500525) and mCherry (587/592-640), or from GFP (488/493-525) and ethidium
homodimer-1 (528/600-640), both combinations were given the pseudocolors
green and red.
The supporting MSCs and EPCs cultured in the 3D model were also live imaged:
hybrid detectors collected fluorescence signal from either DiI (549/565-605) or
DiD (644/665-705) which were given the pseudocolors cyan or red.
Fixated cells and co-cultures: hybrid detectors collected fluorescence signal from
DAPI (405/430-480) and phalloidin-TRITC (532/540-575) which were given the
pseudocolors blue and red. Liposomes were imaged collecting fluorescence signal
from rhodamine B (560/570-590) or DiD (644/665-705) which were both given
the pseudo color cyan.
All z-stack images were processed using ImageJ 1.51h software to create single
maximum projections. Images of culture overviews were made using the mosaic
function of the Leica LASX software, stitching the images together using smooth
and linear blending.
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ABSTRACT
Glucocorticoids are the cornerstone in the clinic for treatment of hematological
malignancies, including multiple myeloma. Nevertheless, poor pharmacokinetic
properties of glucocorticoids require high and frequent dosing with the offtarget adverse effects defining the maximum dose. Recently, nanomedicine
formulations of glucocorticoids have been developed that improve the
pharmacokinetic profile, limit adverse effects and improve solid tumor
accumulation. Multiple myeloma is a hematological malignancy characterized
by uncontrolled growth of plasma cells.These tumors initiate increased
angiogenesis and microvessel density in the bone marrow, which might be
exploited using nanomedicines, such as liposomes. Nano-sized particles can
accumulate as a result of the increased vascular leakiness at the bone marrow
tumor lesions. Pre-clinical screening of novel anti-myeloma therapeutics in
vivo requires a suitable animal model that represents key features of the
disease. In this study, we show that fluorescently labeled long circulating
liposomes were found in plasma up to 24 hours after injection in an advanced
human-mouse hybrid model of multiple myeloma. Besides the organs involved
in clearance, liposomes were also found to accumulate in tumor bearing
human-bone scaffolds.The therapeutic efficacy of liposomal dexamethasone
phosphate was evaluated in this model showing strong tumor growth inhibition
while free drug being ineffective at an equivalent dose (4 mg/kg) regimen.
The liposomal formulation slightly reduced total body weight of myelomabearing mice during the course of treatment, which appeared reversible when
treatment was stopped. Liposomal dexamethasone could be further developed
as monotherapy or could fit in with existing therapy regimens to improve
therapeutic outcomes for multiple myeloma.
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Introduction
Multiple myeloma is a hematological malignancy that originates in bone marrow
and is characterized by clonal proliferation of a single plasma cell resulting in
monoclonal immunoglobulin production [1]. Steroidal anti-inflammatory drugs,
like glucocorticoids (GCs), are important in the treatment of a variety of cancers
including hematological malignancies [2-6]. GCs are potent drugs with both antiinflammatory and anti-angiogenic properties [4]. At lower concentrations, GCs
enhance production of anti-inflammatory proteins/cytokines (transactivation),
while at higher concentrations they inhibit production of pro-inflammatory
cytokines (transrepression) [7]. The anti-tumor efficacy of GCs is a result of
a combination of these two effects as well as the apoptosis caused by direct
cell lysis [2, 8]. Dexamethasone is used in the clinic for the treatment of
various types of inflammatory driven malignancies including multiple myeloma
[9]. In regimens used to treat patients suffering from MM, dexamethasone is
typically combined with other chemotherapeutic agents such as proteasome
inhibitors (bortezomib and carfilzomib), immune modulators (thalidomide and
lenalidomide), and cyclophosphamide or melphalan [9]. Dexamethasone has
shown to improve clinical outcomes in MM patients when part of the treatment
regimens [10-13]. However, GCs have off-target adverse effects like strong
systemic immunosuppression, which can lead to opportunistic infections which,
when not treated successfully, can result in death [2]. Other side effects of GCs
include osteoporosis, osteonecrosis, myopathy, growth suppression in children,
hypertension, rapid weight gain, fat redistribution, diabetes, hypertriglyceridemia,
hypercholesterolemia, adrenal insufficiency, skin thickening, glaucoma, cataract,
peptic ulcer disease, decelerated wound healing, and electrolyte imbalance [14-17].
Moreover, GCs have poor pharmacokinetic profiles (i.e. rapid clearance and large
volume of distribution after injection). This requires high and frequent dosing [8].
Liposomal encapsulation of anti-inflammatory and anti-cancer drugs has proven
to be an effective method to improve therapeutic outcomes in inflamed tissues
and solid tumors [2, 6, 15, 18, 19]. Liposomal encapsulation of dexamethasone has
been shown to enhance local concentrations in inflamed tissues, while reducing
exposure to toxicity-sensitive organs. Previously, we have shown substantial
efficacy of long circulating liposomal prednisolone phosphate (LCL-PLP) in solid
syngeneic/xenograft tumor models such as B16F10 melanoma and C26 colon
carcinoma [6]. Tumor growth inhibition was also found to be superior in LCL-PLP
treated mice in an advanced mouse model of spontaneous mammary carcinoma
[2]. Interestingly, LCL-PLP showed significant accumulation into the tumor tissues
despite the slow tumor growth kinetics in the latter more clinically relevant model
[2].
In general, the enhanced permeability and retention (EPR) effect has been ascribed
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to apply to palpable solid tumors in which angiogenesis is intensive and facilitating
rapid tumor growth [20]. Nevertheless, a growing body of evidence supports
the presence of angiogenesis and increased microvessel density in hematological
malignancies including multiple myeloma [21-23]. Therefore, targeted drug delivery
using nanocarrier systems such as liposomes potentially increases the local drug
concentration at the myeloma lesions, thereby improving the therapeutic index of
GCs. Importantly, in multiple myeloma the bone marrow (BM) microenvironment
is of crucial importance and cannot be ignored when studying anti-myeloma
therapies in vivo. The interaction of malignant cells with bone marrow stromal
cells plays a crucial role in proliferation and survival of the malignant cells [2429]. Therefore, an animal model is required that not only appreciates the role of
increased angiogenesis but also harbors the crucial interaction of myeloma cells
and surrounding cells in the BM microenvironment. Previously, we have described
an advanced mouse model for multiple myeloma [30, 31]. In this human-mouse
hybrid model, human bone-like environments are introduced subcutaneously in
immunodeficient RAG2−/−γc−/− mice. These bone-like structures are generated
through seeding and subsequent differentiation towards the osteogenic lineage
of human mesenchymal stromal cells (MSCs) on biphasic calcium phosphate.
Vascularization in and around the scaffolds could be seen by histopathological
analysis. After formation of the human bone, multiple myeloma cells are inoculated
in the scaffolds. This human-mouse hybrid animal model has shown to closely
resemble the actual disease and to accurately predict individual patient response
in a personalized treatment set-up [30]. In the present study, using this model,
we investigated circulation times and biodistribution of fluorescently labeled
long circulating liposomes. Furthermore, the therapeutic potential of liposomal
dexamethasone (LCL-DEX) was evaluated, revealing that liposomal encapsulation
strongly increased the therapeutic efficacy.
Materials and methods
Liposome assembly
Long circulating Alexa750 labeled liposomes (LCL-Alexa)
PEGylated liposomes were prepared by lipid film hydration method as described
previously [2]. In short, appropriate amounts of dipalmitoylphosphatidylcholine
(DPPC), poly (ethylene glycol) 2000-distearoylphosphatidylethanolamine
(PEG(2000)-DSPE) (both from Lipoid GmbH, Germany), and cholesterol (Sigma
Aldrich, Germany) were dissolved in chloroform in a molar percentage of 50%,
5%, and 45% respectively. A lipid film was prepared under reduced pressure on
a rotary evaporator and dried under a stream of nitrogen. The lipid film was
subsequently hydrated with HEPES buffered saline (HBS) at pH 7.4. The liposome
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dispersion was then extruded 10 times with high pressure extruder (Lipex,
Northern Lipids) equipped with two stacked polycarbonate membrane filters with
100 nm pores. Liposomes were stored at 4°C until use. Alexa750 liposomes (LCLAlexa) were obtained by post insertion of Alexa750 labeled PEG(2000)-DSPE
micelles as described previously [32, 33]. For micelles preparation, PEG(2000)DSPE-NH2 and PEG(2000)-DSPE (Avanti Polar Lipids, Birmingham, AL, USA) were
mixed in a 1:1 molar ratio in 0.1 M sodium bicarbonate solution at pH 8.3. This
mixture was then heated at 60°C for 10 minutes. 1 mg of Alexa-750 succinimidyl
(Invitrogen, Carlsbad, CA, USA) was added to 0.5 mL of PEG(2000)-DSPE micelles,
which led to coupling of Alexa750 to the NH2-PEGylated lipid. Subsequently, the
Alexa750 labeled micelles were added to the liposomes and mixed under repeated
temperature cycling between 60°C and room temperature, allowing the PEGylated
and Alexa750-conjugated lipids to insert into the liposome bilayer.

Liposomal dexamethasone (LCL-DEX)
Dexamethasone phosphate PEG-liposomes were prepared using the ethanol
injection method as described previously [34]. 1 mL of an alcoholic lipid solution
DPPC, PEG(2000)-DSPE (both from Lipoid GmbH, Germany), and cholesterol
(Sigma Aldrich, Germany) in a molar percentage of 62.5%, 4.8%, and 32.7% of
total lipid content, respectively, was injected in 9 mL of an aqueous solution of
100 mg/mL dexamethasone phosphate disodium salt (Fagron, The Netherlands).
Subsequently, the 10 mL crude liposome dispersion was sized by multiple
extrusions at 60°C using a medium pressure extruder (Lipex, Northern Lipids)
equipped with two stacked polycarbonate membrane filters with 100 nm pores.
Alcohol and non-encapsulated dexamethasone phosphate were removed by
ultrafiltration and replacement of the filtrate with clean phosphate buffered 0.9%
saline (pH 7.4). Lipid content was determined using high performance liquid
chromatography coupled to an evaporative light scattering detector (HPLC-ELSD,
Alltech 2000, Buchi, Switzerland) as described previously [35]. Separations were
performed by an Astec® diol bonded silica normal phase column (250 mm x
4.6 I.D., particle size 5.0 µm, Sigma Aldrich, Germany). Eluents used were (i) 60%
dichloromethane, 34% methanol, 1% ammonium hydroxide, 5% water (v/v) (mobile
phase A), and (ii) 91% dichloromethane, 8% methanol: 1% ammonium hydroxide
(v/v) (mobile phase B). A linear gradient was applied starting with 100% (v/v)
mobile phase B changing to 80% mobile phase A: 20% mobile phase B at 11 min.
The gradient was maintained at 80% mobile phase A and 20% mobile phase B for 5
minutes and changed to 100% mobile phase A after 16 min. The total run time was
30 min at 1 mL/min. Injection volume was 20 µL. ELSD settings included a gain of
15, tube temperature of 71°C and a pressure of 28 psi. The column was maintained
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at ambient temperature. The retention time for DPPC and DSPE-PEG was
approximately 15 min and 9 min, respectively. Response factor of the standards
(prepared in mobile phase B in the range of 0.05–1.0 mg/mL) was calculated using
log concentration and log peak area. Standard curves of DPPC and DSPE-PEG
were prepared in mobile phase B. Liposomal dexamethasone was diluted in mobile
phase B. The amount of dexamethasone phosphate encapsulated was determined
as described previously [36]. In brief, a chloroform-methanol extraction was
performed to the liposomes. Dexamethasone content was determined in the
aqueous phase by ultra-high performance liquid chromatography (UPLC) (Waters
Corporation, USA) using a C18 column (ACQUITYUPLC®BEHC18 1.7 µm,
2.1 x 50 mm). Liposomes were diluted and dissolved in 25% acetonitrile in HBS.
As solution of 25% acetonitrile and 75% water at pH 2 (adjusted by addition of
perchloric acid) was used as mobile phase. Flow rate was set at 1 mL/min with an
injection volume of 7.5 µL. Absorbance was detected at 254 nm and the run time
was set as 1 minute.
In vitro efficacy of LCL-DEX
Luciferase gene transfected multiple myeloma cell line MM.1S was used for in vitro
efficacy experiments. Cells were cultured in 6-well plates in the presence of RPMI
medium supplemented with 10% fetal calf serum, and 1% penicillin/streptomycin
(all three from Life Technologies, USA). For cytotoxicity assays, cells were seeded
in Greiner CELLSTAR® 96-well plates (Sigma Aldrich), with a density of 6250
cells per well. After culturing for 24 hours, cells were treated in triplicates with
increasing concentrations of free dexamethasone (Free-DEX) or LCL-DEX. After
48 hours of incubation at 37°C and 5% CO2, beetle luciferin (Promega, US) was
added in each well at a final concentration of 3 mM. Ten minutes after addition
of luciferin, the plates were read for luminescence (SpectraMax M2e, Molecular
Devices, Canada). Percentage viability was determined compared to control
(untreated) wells.
Animal experiments
All animal experiments were conducted after acquiring permission from the
local ethical committee for animal experimentation and were in compliance with
the Dutch Animal Experimentation Act. Female RAG2−/−γc−/− mice were used
for the study. Mice were kept in standard housing on a 12 hours light/dark cycle.
Standard rodent chow diet and water was provided ad libitum. Human bone-like
scaffolds were created as described previously [30, 31]. In short, 4 hybrid scaffolds
consisting of three 2- to 3-mm biphasic calcium phosphate particles loaded with
human MSCs were implanted subcutaneously into the back side of RAG2−/−γc−/−
mice. Eight weeks after implantation, animal were irradiated with γ-rays (± 5 min,
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1

dose 1.5 Gy). Next day, scaffolds were inoculated with MM.1S cells (0.5 x 106 cells/
scaffold) with prior viral gene transfection with a luciferase-containing construct.
Treatments were started 12 days after tumor cell inoculation.

2

Circulation kinetics and biodistribution of fluorescently labeled liposomes
For circulation and biodistribution of fluorescently labeled liposomes, animals
received a single intravenous (i.v.) injection of 5 mL/kg LCL-Alexa (total lipids
at approximately 0.6 mmol/kg; Alexa750 at 400 µg/kg). From each animal, blood
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Figure 1. Experimental design of therapeutic efficacy in vivo studies. Twelve days
after MM.1S cell inoculations into 4 separate scaffolds per mouse, animals were
randomized based on baseline BLI signals on day 0. Animals were treated twice
weekly for a total of 5 injections (i.e. day 0, 3, 7, 10 and 14). BLI was performed on the
day of first injection (day 0) followed by once weekly up to 4 weeks after treatment
initiation. BLI = Bioluminescence imaging.

was withdrawn at three time points. At first two time points (i.e. at 1 min, and 1h
or 2h), blood (± 50 μL) was withdrawn via submandibular puncture. At the third
time point (i.e. at 4h or 24h), blood sampling was performed via cardiac puncture
directly after animals were sacrificed by CO2 asphyxia. Plasma was collected by
centrifuging the blood samples at 1000 x g at 4°C for 10 minutes and stored at
-20°C until further analysis. Tumor bearing scaffolds and organs (lungs, kidneys,
liver, spleen, femurs, sternum, heart and brain) were collected, imaged for whole
organ fluorescence (Biospace Lab Photon Imager, Meyer instrument, USA), fixed in
liquid nitrogen or formalin and stored at -80°C or room temperature, respectively,
until further processing.
Fluorescence in plasma and tissue homogenates was analyzed by Odyssey
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fluorescence scanner (Westburg, Netherlands). A calibration curve was prepared
and analyzed with spiked concentrations of Alexa750-labeled liposomes in mouse
plasma. Pieces of the frozen tissues were weighed and homogenized in RIPA
buffer (100 mL/100 mg tissue) using a bead mill homogenizer (60 seconds at 6000
rotation speed on a Precellys 24, Bertin Instruments, France). Next, homogenates
were vortexed and centrifuged (12,000 x g for 10 minutes at 4°C). Finally,
supernatants were analyzed for fluorescence by Odyssey fluorescence scanner.
Femurs and sternums, that were formalin fixed for 24-48 h, and decalcified for two
weeks in 14% EDTA solution followed by snap freezing in liquid nitrogen, together
with the yet in liquid nitrogen stored tissue samples, were cryosectioned with 5
µm thickness. After methanol (100%) fixation for 15 minutes, nuclei were stained
with HOECHST 33342 (1 mg/mL for 15 minutes at RT) and the actin cytoskeleton
was stained using phalloidin-Alexa 488 (1:30 for 45 minutes at RT). The slides
were imaged using a Nikon Eclipse Ti-E widefield microscope equipped with a 60x
1.49NA Nikon oil objective. A perfect focus module was used to retain sample
focus during the measurements. A mercury arc lamp in conjunction with proper
illumination and detection wavelength optics for the specific dyes was used; for
HOECHST staining, a 330-380 nm excitation filter, a 400 nm longpass dichroic
mirror and a 420 nm longpass emission filter (Nikon UV-2A filterset), for Alexa488
staining, a 450-490 nm excitation filter, a 505 nm longpass dichroic mirror and a
520 nm longpass emission filter (Nikon B-2A filterset), and for Alexa 750-labeled
liposomes, a 690-730 nm excitation filter, a 741 nm longpass dichroic mirror and
a 750-800 nm emission filter (Semrock Cy7-A-NTE-ZERO filterset). Finally, an
Andor NEO sCMOS camera was used to record the images. Images were analyzed
using ImageJ software version 10.2.
In vivo efficacy of LCL-DEX in a human-mouse hybrid model for MM
Artificial human bone-like scaffolds were developed in RAG2−/−γc−/− mice
as described above. Treatments were initiated after 12 days of MM.1S cells
inoculation. Bioluminescence imaging (BLI) (Photon Imager; Biospace Laboratory,)
was performed just before start of the treatments (i.e. day 0). On the basis of
BLI signals on day 0, animals were randomized into different treatment groups:
phosphate buffered saline (PBS) (n=11), PBS-liposomes (n=4), Free-DEX at 1
and 4 mg/kg (n=4 and n=8, respectively), and LCL-DEX at 1 and 4 mg/kg (n=4
and n=8, respectively). All treatments were given i.v. via tail vein twice weekly, at
a total of 5 injections. The experimental design is depicted in Figure 1. BLI was
performed once weekly up to four weeks from start of the treatment. Body
weight of animals was measured in order to monitor systemic toxicity associated
with the treatments. Animals were sacrificed when they reached humane endpoint
i.e. cumulative tumor volume more than 10% of body weight (measured by digital
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caliper, Mitutoyo, Japan) or at the set endpoints of the experiment.
Statistical analysis
Data of in vitro cytotoxicity experiments was analyzed by GraphPad prism version
7.02 by using the non-linear regression method. Fluorescence intensity data
in plasma samples obtained by Odyssey florescence scanner were analyzed by
PKsolver version 2.0 to estimate time required for one half of the total amount
of fluorescence intensity (thus liposomes) to be cleared from the circulation
(t1/2). Bioluminescence images were analyzed by Biospace Lab Photo Acquisition
software version 2.9 (Meyer instrument, USA). Data obtained from the software
was presented at counts per minute/square centimeters (cpm/cm2). Percentage
tumor growth in each treatment group was calculated relative to day 0, and was
analyzed by GraphPad prism version 7.02 utilizing nonlinear regression using
exponential growth equation Y=Y0×exp(k×X). Where Y0 is the Y value when X
(time) is zero and k is the rate constant. Tumor doubling times for each group
were used as a measure of relative tumor growth.
Results
Characterization of liposomes
The average diameter of LCL-Alexa was 122 ± 2 nm with a polydispersity
index (PDI) 0.07 ± 0.01 as measured by dynamic light scattering. The amount of
2
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Figure 2. In vitro cytotoxicity of Free-DEX and LCL-DEX. MM.1S cells were incubated
with a concentration range of Free-DEX (n=4) and LCL-DEX (n=3) for 48 hours.
Luminescence signals were determined 10 minutes after luciferin was added.
Percentage viability was calculated using untreated cells as controls (100% viability).
Data is expressed as mean ± SD.
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Alexa750 was 80 µg/mL and the liposomes contained 118.2 ± 9.1 mM of total
lipids. The mean diameter of LCL-DEX was 113 ± 0.9 nm with a mean PDI of
0.116 ± 0.02. The liposomes contained 0.95 ± 0.03 mg dexamethasone phosphate/
mL and 50 mg total lipid/mL.
In vitro efficacy of LCL-DEX
In the in vitro cytotoxicity assays using the MM.1S cell line performed by measuring
bioluminescence, we saw a concentration-dependent inhibition of cell proliferation
after incubation with Free-DEX as well as LCL-DEX. The maximum inhibition
was found to be approximately 60% and 45% in case of Free-DEX and LCL-DEX,
respectively. Free-DEX showed 12 times higher efficacy as compared to LCL-DEX.
The 50% inhibitory concentration (IC50) was 0.41 µM (95% CI = 0.22-0.76) and
5.02 µM (95% CI = 3.71-7.49) for Free-DEX and LCL-DEX, respectively, making
Free-DEX ~12 times more efficacious (Figure 2).
Plasma levels and tissue distribution of fluorescently labeled
liposomes
The level of fluorescence in plasma samples, collected at different time points after
LCL-Alexa were administered i.v. to tumor scaffolds-bearing mice, was measured.
Immediately after administration of liposomes, blood was collected to determine
100% injected dose (1 minute time point). At 1, 2, 4 and 24 hours post injection,
percentage of the injected dose showed a gradual clearance in line with the
long-circulating liposome design (Figure 3). t1/2 of LCL-Alexa was estimated to be
around 17 hours in this mouse model.
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Figure 3. Plasma levels of liposomes in vivo. Alexa750 labelled liposomes were
injected intravenously. Blood was collected at 1 minute (100% injection value n = 4),
and 1 h, 2 h, 4 h and 24 h (n = 2) after i.v. injection. Plasma was separated from blood
cells and fluorescence was measured by Odyssey fluorescence scanner.
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Figure 4. In vivo localization of liposomes in tumor-bearing scaffolds and other
tissues. (A) Alexa750 labeled liposomes were injected intravenously (400 µg Alexa750/
kg) at day 12 into mice bearing four MM.1S-inoculated scaffolds. Mice were sacrificed
4 h and 24 h after administration of liposomes, scaffolds and tissues were excised
and imaged using Biospace Lab Photon Imager. Besides the above shown plasma
residence, accumulation of liposomes could be detected in tumor bearing scaffolds
and most organs. The non-fluorescent middle part of the liver is due to overexposure
of the signals and not due to absence of fluorescence. The threshold was set to a
level to visualize the low fluorescence in tissues such as brain, femur, sternum, and
scaffolds. (B) Accumulation of liposomes in scaffolds and other organs at 4h and
24h. Scaffolds and pieces of the frozen tissues were weighed and homogenized in
RIPA buffer. Homogenates were vortexed and centrifuged. Fluorescence was detected
in the supernatants by using Odyssey fluorescence scanner. Amount of Alexa750
fluorescence was determined by plotting fluorescence values in the calibration curve
prepared by known concentrations of Alexa750 liposomes in the samples. Percentage
of injected dose was estimated considering the plasma concentration at 1 min as
100%. (C) Alexa750 labeled liposomes were detected by fluorescence microscopy.
Tissues collected and snap frozen 24h after iv injection of Alexa750-labeled
liposomes. All images taken at 60x magnification and processed using ImageJ. Blue
(HOECHST 33342) = nuclei, green (Phalloidin-Alexa488) = Actin cytoskeleton, and red
(Alexa750) = liposomes.
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Fluorescence analysis was performed in whole organs and tumor bearing scaffolds
after excision at 4 and 24 h post injection of LCL-Alexa. Fluorescence was
detected in tumor scaffolds, which increased over time (Figure 4A). Organs that
are usually involved in liposomal clearance from the circulation such as liver, and
spleen also showed high fluorescence (Figure 4A). Surprisingly, a high fluorescence
signal was observed in the kidneys and highly vascularized organs such as heart
and lungs. Figure 4B shows the results of quantitative fluorescence analysis in
homogenized scaffolds and tissues by Odyssey fluorescence detector reflecting the
whole tissue distribution pattern. Liposome accumulation in scaffolds and tissues
was further analyzed in 5 μm cryosections using fluorescence microscopy (Figure
4C), which corresponded to the fluorescence images from the same tissues
using the Photon Imager and Odyssey fluorescence detector (Figure 4A and 4B
respectively). Most pronounced staining was found in the Kuppfer cells of the liver
and the red pulp of the spleen.
In vivo efficacy of LCL-DEX
Tumor scaffold bearing mice received five injections twice weekly with vehicle
(PBS or PBS-liposomes), Free-DEX (1 and 4 mg/kg) and LCL-DEX (1 and 4 mg/
kg). Tumor growth was monitored by BLI up to day 28 from start of the treatment.
The PBS-control group was followed up to day 21 as some of the animals reached
humane end point (i.e. cumulative tumor volume >10% of body weight). Analysis
of tumor cell growth by BLI indicates that LCL-DEX showed significant inhibition
of tumor growth at 4 mg/kg compared to PBS control and PBS-liposome control
groups, while free drug was ineffective at the same dose level (Figure 5A). During
the treatment period (up to day 14), a remarkable inhibition was seen in the
LCL-DEX 4 mg/kg treated animals. The tumors started to grow after cessation
of the treatment (Figure 5B). There was no significant tumor growth inhibition in
either the 1 mg/kg Free-DEX or 1 mg/kg LCL-DEX groups, indicative of a steep
dose response effect in case of LCL-DEX (Figure 5B). The tumor doubling time
calculated using the exponential growth equation was 4.8 days (95% CI = 4.4-5.5)
for the PBS control group, 5.4 days (95% CI = 5.2-5.7) for PBS-liposomes treated
group, 5.2 days (95% CI = 4.7-6.0) for Free-DEX 1 mg/kg, 5.6 days (95% CI = 5.45.8) for LCL-DEX 1 mg/kg, 4.7 days (95% CI = 4.3-5.2) for Free-DEX 4 mg/kg, and
9.0 days (95% CI = 8.2-10.3) for LCL-DEX 4 mg/kg. Graphs of time vs BLI signals
and time vs percentage tumor growth in individual animals (relative to day 0) are
depicted in Supplemental Figure 1 and 2 respectively.
Approximately a maximum of 15% body weight reduction was observed in the
LCL-DEX 4 mg/kg group. However, the body weight reduction was reversible after
the treatment was stopped (Figure 6).
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Figure 5. In vivo efficacy of liposomal dexamethasone. Mice were inoculated with luciferasemarked MM.1S cells into the human bone containing scaffolds. Twelve days after tumor cells
inoculation, animals were treated with PBS, PBS-liposomes, free dexamethasone (1 and 4 mg/
kg) and liposomal dexamethasone (1 and 4 mg/kg). All treatments were given twice weekly via
the tail vein, total of 5 injections. Bioluminescence imaging (BLI) was performed weekly
. (A) BLI
images of representative mice, before (Day 0; top panels) and 2 weeks after treatment initiation
(Day 14; bottom panels). Circles indicate region of interest (ROI) for each individual scaffold.
(B) BLI images were analyzed to obtain luminescence intensity as counts per min/square
centimeters (cpm/cm2). Percentage tumor growth was calculated relative to day 0. Statistical
analysis was performed using nonlinear regression using exponential growth equation. The
PBS group is excluded at the last time point (day 28) because humane end point was reached
in some animals (tumor volume >10% of body weight). Tumor growth rate was only reduced for
the liposomal dexamethasone treatment regimen of 4 mg/kg compared to all other treatment
groups. Arrows represent treatment days. Data is presented as mean ± SEM.
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Discussion
Complete recovery from multiple myeloma remains challenging as more than 90%
patients relapse or become refractory to treatment [37]. The reason for this lies
at least partly in the absence of specificity of available drugs towards the target
site, causing off-target adverse effects resulting in toxicities and dose-limited
treatment regimens [14]. GCs are widely used in the clinic for the treatment
of hematological malignancies including multiple myeloma. GCs have shown to
exert anti-tumor activity by modulating the tumor microenvironment through
anti-inflammatory effects and induction of myeloma cell apoptosis. In vitro efficacy
of dexamethasone has been shown in myeloma cells by inducing transactivation
of the glucocorticoid response element (GRE), and subsequently nuclear factor
kappa B (NF-κB) transrepression, RAFTK phosphorylation and Bim induction
[38]. Combination of GCs with other chemotherapeutics has been shown to
lead to better clinical outcomes in inflammation-driven disorders and a variety
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Figure 6. Body weight measurements. As an estimate of overall well-being, changes
in body weight of animals in all experimental groups was monitored. Liposomal
dexamethasone at 4 mg/kg was the only group showing a reduction in body weight
of DEX-treated animals. However, the body weight reduction was reversible after the
treatment was stopped. Arrows represent treatment days. Data is presented as mean
± SD.
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of cancers including multiple myeloma [39]. Nanoformulations of GCs improve
the therapeutic index by changing their pharmacokinetic, pharmacodynamic and
toxicity profiles [29, 40]. Liposomal drug delivery has been validated to improve
anti-inflammatory, as well as antitumor efficacy of glucocorticoids in vivo [41].
Liposomal GCs have been studied in various animal models of inflammation-driven
diseases including rheumatoid arthritis [36, 42-44], acute lung injury [45, 46],
asthma, encephalomyelitis, and uveitis [41, 47] and cancer. Liposomal encapsulation
substantially improved antitumor efficacy of GCs in animal models of colon
carcinoma [6], melanoma [3, 48, 49], spontaneous breast carcinoma [2], prostate
cancer [33, 50], and sarcoma [51]. In hematological malignancies such as multiple
myeloma, improved clinical outcomes with liposomal formulation of doxorubicin
(LipoDox®/Doxil®/Caelyx®) combined with other drugs argue for developing
liposomal formulations of other potent drug molecules such as GCs. Especially
since GCs are already part of the majority of myeloma treatment protocols.
Liposomal formulations of dexamethasone have so far not been evaluated (pre-)
clinically. The difficulty to properly study the added value of nanomedicines
in multiple myeloma pre-clinically lies partly in developing a predictive in vivo
model of multiple myeloma that resembles the BM microenvironment and the
involvement of the myeloma-stroma alliance. Both are key features in myeloma
cell survival and disease progression [29, 52, 53]. Previously, we have described the
development of an advanced human-mouse hybrid model of multiple myeloma.
This model, containing a human BM-like microenvironment allowing for tumorstroma interactions, has shown to fatefully recapitulate MM and proven to be
of translational value [30, 54-56]. Because of this high translational value, we
evaluated liposomal drug delivery for MM in this model. First, circulation and
biodistribution of fluorescently labeled PEGylated liposomes (LCL-Alexa) was
assessed. The half-life (t1/2) resembled the profile of long circulating PEG-liposomes
(approximately 17 hours in this model). Interestingly, these values are higher
than in immunocompetent mouse strains tested earlier [6]. In previous studies,
we have reported that approximately 60% and 15% of the injected dose of 111Inlabeled liposomes was present at 6 hours and 24 hours post injection in C57BL/6
and BALB/c mice, respectively. The higher plasma concentration of liposomes in
immunocompromised RAG2−/−γc−/− mice used in the present study is likely due to
the lack of most of the immune system in this strain since RAG2−/−γc−/− mice lack
T cells, B cells and NK cells but do have tissue macrophages [57]. Fluorescence
imaging of tumor scaffolds showed liposome accumulation, which is likely a result
of the EPR effect. Importantly, fluorescence intensity in the scaffolds was slightly
higher at 24 hours when compared to 4 hours post injection, implying that
liposomal accumulation is increasing in time. It is important to mention here that
the biodistribution experiment was performed on day 12 after myeloma cells
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inoculation, which is still a very early time point in the tumor development. As
expected, high liposome accumulation was observed in macrophage-rich organs
liver, spleen and lungs. Surprisingly, there was also accumulation seen in the kidneys
and heart in this model. A plausible explanation of higher kidney accumulation
could be renal inflammation. Renal inflammation is one of the pathophysiologic
events in multiple myeloma due to local accumulation of antibody light chains
[58, 59]. The increased fluorescence signal in highly vascularized tissues such as
heart and lungs is likely due to contamination of blood as in the fluorescence
microscopy images of tissue sections, the signals were not evident. Accumulation
in the brain and femur was negligible as was expected for tissues with an intact
endothelial barrier. In vitro, Free-DEX and LCL-DEX showed a concentration
dependent anti-myeloma effect up to 2 µM for the MM1.S cell line. The higher IC50
values for LCL-DEX can be explained by the fact that liposomes may have to be
taken up by the cells and dexamethasone has to be released in order to exert its
effect to the cells.
The in vivo anti-myeloma efficacy of LCL-DEX was evaluated in the humanized
mouse model inoculated with MM1.S cells, and was compared with Free-DEX
at equivalent doses (i.e. 1 and 4 mg/kg). Bioluminescence imaging was performed
to monitor and quantify tumor growth, and showed a strong growth inhibition
in LCL-DEX treated animals at a dose of 4 mg/kg (vs. the other treatment
groups). Strikingly, no tumor growth inhibition was observed in Free-DEX treated
animals at the same dose level. Finally, the overall systemic toxicity related to the
treatment was evaluated by monitoring body weights of the animals. LCL-DEX
given at the highest dose level of 4 mg/kg showed up to ~15% loss in body weight
during the course of treatment. However, this loss in body weight was reversible
after the treatment was finished. Earlier studies have been shown similar effects
on body weight upon LCL-DEX treatment. Repeated administration of free or
liposomal dexamethasone in rats resulted in significant body weight reduction
[33]. However, this decrease in body weight could be related to known effects
of exogenous corticosteroid exposure and no unexpected adverse effects were
observed that could be attributable to administering dexamethasone in the
liposomal rather than in free form. The somewhat higher body weight reduction
with LCL-DEX treatment in the present study may related to the longer
circulation time of the liposomes, and thus dexamethasone in this mouse model,
resulting in higher exposure to the macrophage-rich organs.
To our knowledge, this is the first time that the in vivo efficacy of liposomal
dexamethasone is evaluated as a monotherapy in multiple myeloma using
a clinically predictive mouse model. The results indicate that liposomal
encapsulation can improve the therapeutic index of dexamethasone by
improving pharmacokinetic and pharmacodynamic properties. By using liposomal
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formulations, it is likely that a lower dose of dexamethasone could be used in
currently available combination regimens in clinical settings, which could improve
therapeutic outcomes and reduce dose-related side effects. Further research is
warranted to evaluate liposome-encapsulated dexamethasone as a part of the
existing treatment regimens or as a monotherapy for multiple myeloma.
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Supplemental Figures
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Supplemental Figure 1: Bioluminescence (BLI) signals in individual animals. Each line
represents the sum of BLI signal (counts per min/square centimeters; cpm/cm2) from
all 4 scaffolds in individual mouse on different days.
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Supplemental Figure 2: Percentage tumor growth in individual animals. Each line
represents percentage tumor growth in individual mouse relative to day 0 (100%).
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ABSTRACT
Bortezomib is a proteasome inhibitor used for the treatment of multiple
myeloma.The poor pharmacokinetic profile and off-target adverse effects
provide a strong incentive to develop drug delivery systems for bortezomib. In
the past, liposomal encapsulation has been proven to improve the therapeutic
index of a variety of anti-neoplastic therapeutics. Here, we developed and
characterized liposomal bortezomib formulations in order to find the most
optimal loading conditions. Polyols were used to entrap bortezomib inside the
liposomes as boronate ester via a remote loading strategy. Effect of various
polyols, incubation duration, temperature, and total lipid concentration on
loading efficiency was examined. Moreover, the effect of drug/lipid ratio on
the release kinetics was studied. Loading efficiency was maximal when using
meglumine plus mannitol as entrapping agents. Loading at room temperature
was better than at 60°C and loading efficiency was increased with increasing
total lipid concentrations.There was a positive correlation between drug/lipid
ratio and released amount of bortezomib. In vitro release kinetics in HBS and
human plasma showed time dependent release. In HBS, at 4°C, only 20%
of the drug was released in three weeks, whereas at 37°C 85% of the drug
was released in 24 hours. In human plasma, 5% of the drug retained after
24 h indicating faster release.Taken together, the most favorable liposomal
formulation of bortezomib should be further exploited to study in vitro and in
vivo efficacy performance.

Chapter 6

1
2

Development and
characterization of liposomal 3
formulation of bortezomib
4
Submitted for publication

5

Anil K. Deshantri1,2, Josbert M. Metselaar3,4, Stavroula Zagkou1, Gert Storm5,6, Sanjay
N. Mandhane2, Marcel H.A.M. Fens1,5 and Raymond M. Schiffelers1,5

6

1
Department of Clinical Chemistry and Hematology, University Medical Center Utrecht, Utrecht,
The Netherlands.2Biological Research Pharmacology Department, Sun Pharma Advanced Research
Company Ltd. Vadodara, India. 3 Enceladus Pharmaceuticals, Naarden, The Netherlands.
4
Department of Experimental Molecular Imaging, University Clinic and Helmholtz Institute
for Biomedical Engineering, RWTH-Aachen University, Aachen, Germany. 5 Department of
Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, Utrecht, The
Netherlands. 6 Department of Biomaterials Science and Technology, University of Twente, Enschede,
The Netherlands.

7
8
9
10

145

Chapter 6 - Development and characterization of liposomal formulation of bortezomib

1
2
3
4
5
6

1. Introduction
Multiple myeloma (MM) is a malignancy of B lymphocytes characterized by clonal
proliferation of a single plasma cell in the bone marrow resulting in monoclonal
immunoglobulin production [1, 2]. It is the second most common hematological
malignancy, accounting for 1% of all cancers and 13% of all hematological cancers
[3, 4]. One of the most promising targets for the treatment of MM has proven to
be the ubiquitin proteasome system (UPS) [5]. UPS degrades defective proteins
by recognizing the poly-ubiquitin chain attached to them. Thereby, inhibiting the
activity of proteasome results in accumulation of damaged proteins in the cell
leading to apoptosis. By blocking UPS, proteasome inhibitors have antitumor and
anti-angiogenic properties. Bortezomib (Velcade®), the first-in-class proteasome
inhibitor is clinically approved for the treatment of MM and mantle cell lymphoma
[6]. Bortezomib is a boronic acid dipeptide that directly binds to the 26S
proteasome inhibiting its chymotrypsin-like activity of proteasome [7]. Despite
encouraging clinical results, use of bortezomib has been limited because all cells
depend on proteasome activity, leading to toxicity [6]. The most common adverse
reactions to bortezomib include asthenic conditions, diarrhea, nausea, constipation,
peripheral neuropathy, vomiting, pyrexia, thrombocytopenia, psychiatric disorders,

7

Molecular structure

8

IUPCS name

[(1R)-3-methyl-1-[[(2S)-3-phenyl-2-(pyrazine-2-carbonylamino)
propanoyl]amino]butyl]boronic acid

Molecular weight

384.243

logP

0.89 (ALOGPS)

logP

1.53 (ChemAxon)

pKa (strongest
acidic)

13.04 (ChemAxon)

pKa (strongest
basic)

-0.7 (ChemAxon)

Water solubility

0.0532 mg/mL

Physiological Charge

0

9
10

Table -1 Physicochemical properties of bortezomib
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1A

1
2

1B

3
4
Figure 1 Change in pKa and water solubility by boronate ester formation. Formation
of trimer of boronic acid in free from (A). The trimer formation is prevented and pKa is
lowered by formation of boronate ester with a polyol (mannitol in this example) thereby
increasing solubility of the boronic acid (B).

anorexia and decreased appetite, neutropenia, neuralgia, leukopenia and anemia
[6, 7]. Additionally, bortezomib has pharmaceutical challenges. It shows poor
water solubility a as pKa value of 13 [8, 9] and a short half-life in circulation. The
physicochemical properties of bortezomib are depicted in Table 1. Both toxicity
and poor pharmaceutical properties are major hurdles to its clinical use. Therefore,
there is a need for a targeted formulation bortezomib.
Currently, bortezomib is available in a lyophilized form (Velcade®) for intravenous
or subcutaneous injection. Mannitol (10 mg mannitol/mg of bortezomib) is used
to improve the solubility upon reconstitution [10]. The sugar molecule binds
covalently with the boronic acid moiety of bortezomib forming a boronate ester.
The ester helps dissolving bortezomib in two ways. Firstly, it prevents formation
of trimer of bortezomib, which would have even lower water solubility. Secondly,
mannitol is a highly water soluble polyol and shifts the pKa three units below its
original pKa, thereby increasing water solubility [11]. Figure 1 depicts the chemical
reactions forming bortezomib trimer and boronate ester.
Liposomal encapsulation is a proven approach to overcome pharmaceutical and
toxicity issues of chemotherapeutic drugs [4]. The aim of this work was to develop
and characterize liposomal formulations of bortezomib. A remote loading strategy
was developed for bortezomib based on various polyols for the entrapment of
bortezomib inside the liposomes.
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2. Materials and methods
2.1 Passive loading of bortezomib into the aqueous core
Liposomes were prepared as described previously [12]. In brief, appropriate
amounts of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(mPEG2000-DSPE) (both from Lipoid GmbH, Germany), and cholesterol (Sigma
Aldrich, Germany) were dissolved in chloroform at a molar ratio of 50:5:45,
respectively. A lipid film was prepared under reduced pressure on a rotary
evaporator and dried under a stream of nitrogen until complete dryness. The lipid
film was then hydrated with bortezomib solution (LC Laboratories, Canada) in
HEPES buffered saline (HBS) pH 7.4 at 2 mg bortezomib/mL in HBS containing
10% v/v dimethyl sulphoxide (DMSO). DMSO was used to first solubilize
bortezomib, which was further diluted in HBS. The liposome dispersion was then
extruded through high-pressure extruder (Lipex, Northern Lipids) 10 times using
Whatman® Anodisc inorganic membranes (Sigma Aldrich, Germany) of pore size
100 nm. Non-encapsulated bortezomib was removed by dialysis in HBS 7.4 at
4°C for 24 h. Particle size was determined by Nanoparticle Tracking Analysis
(NTA) (NanoSight NS500, Malvern Panalytical, UK). Bortezomib loading was
determined by Ultra-high Performance Liquid Chromatography (UPLC) (Waters
Corporation, USA) using a C18 column (ACQUITYUPLC®BEHC18 1.7 µm, 2.1
× 50 mm). Liposomes were dissolved in 35% acetonitrile in HBS. A solution of
water/acetonitrile/perchloric acid 65/35/0.1 was used as mobile phase. Absorbance
was detected at 270 nm at flow rate of 0.600 ml/min and injection volume of 7.5
μL. Run time was set to 1 minute. Percentage encapsulation efficiency (%EE) was
calculated by following equation:

8
9
10

2.2 Passive loading of bortezomib into the bilayer
Liposomes were prepared as described above. Appropriate amounts of DPPC,
mPEG2000-DSPE, and cholesterol were dissolved in chloroform at a molar ratio of
50:5:45, respectively. In addition, bortezomib was added to the lipid solution after
hydration of the lipid film, at a concentration of 2 mg/mL liposome dispersion.
The lipid film was hydrated with HBS pH 7.4. The liposome dispersion was then
extruded 10 times using Whatman® Anodisc inorganic membranes of pore size
100 nm. Particle size was determined by NTA and the encapsulated amount of
bortezomib was measured by UPLC.
2.3 Remote loading of bortezomib
For remote loading, a lipid film was prepared as described above and hydrated
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with appropriated hydration buffer containing the indicated polyol(s) as entrapping
agent at pH 8.5. The liposome dispersion was then extruded 10-15 times using
Whatman® Anodisc inorganic membranes of 100 nm pore size. To establish a
pH gradient, dialysis was performed against 140 mM NaCl and 20 mM HEPES
buffer pH at 6.5, using a 10 kD MWCO dialysis membrane at 4°C for 24 h. Size
distribution of liposomes was determined by using NTA. For remote loading, 1
mL of 3 mg/mL bortezomib solution in HBS, containing 10 or 20% DMSO, was
added to 2 mL of liposomes and incubated for indicated time and temperature.
Alternatively, appropriate amounts of bortezomib solution in DMSO were
directly added to the liposomes resulting final DMSO concentration 0.25%. Nonencapsulated bortezomib was removed by dialysis against HBS pH 7.4 for 24 h at
4°C. Bortezomib loading was determined by UPLC.
2.4 Loading of bortezomib into poly(vinyl alcohol) coated
liposomes
Liposomes were prepared as described in previous section containing 100 mM of
total lipids, and were coated with poly(vinyl alcohol) MW 6 kD (PVA) as described
previously [13]. In brief, after resizing by extrusion, liposome suspension was
mixed with equal volume of aqueous solution of 2% PVA, and incubated at 4° C
for 1 h on a roller bench. Unbound PVA was removed by dialysis against HBS using
a dialysis cassette MWCO 20 kD at 4°C for 24 h. A control batch of liposomes
was prepared by adding the same volume of HBS instead of PVA to the liposomes,
followed by 1h incubation at 4°C. A 3 mg/mL bortezomib solution in 20% DMSO
was added to 2 mL of liposomes and incubated overnight at RT for remote loading.
Non-encapsulated bortezomib was removed by dialysis against HBS pH 7.4 for 24
h at 4°C. Encapsulation efficiency (EE) was determined by UPLC. To compare the
EE into PVA-coated to PVA-loaded liposomes, a separate batch was prepared by
hydrating the lipid film with 2% PVA and treated similarly as the coated liposomes
for bortezomib loading.
2.5 Effect of entrapping agents on remote loading
To evaluate the effect of various entrapping agents on EE by the aforementioned
remote loading method, liposomes (100 mM total lipids) were prepared by
hydrating lipid films with solutions containing either sorbitol, mannitol, meglumine
(each 10%), an aqueous solution of meglumine and acetic acid (300 mM each),
or a solution of mannitol, meglumine, and acetic and HEPES at 200 mM, 50 mM,
30 mM and 20 mM, respectively. Remote loading was performed after direct
addition of bortezomib in DMSO solution to the liposomes dispersions The final
concentration of bortezomib was 2 mg/mL and DMSO was 0.25% v/v. External
buffer was 140 mM NaCl and 20 mM HEPES. A pH gradient was set to pH 8.5
inside/pH 6.5 outside. Remote loading was performed by overnight incubation at
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1

room temperature (RT). Non-encapsulated drug was removed by size exclusion
using PD-10 desalting columns (GE Healthcare). Bortezomib concentrations were
measure by UPLC.

2

2.6 Effect of incubation duration and temperature on remote
loading
Effect of incubation temperature on remote loading was tested in liposomes
containing 100 mM total lipids and meglumine plus acetic acid (300 mM each) as
entrapping agents. Bortezomib solution in DMSO was added to the liposomes
after pH gradient was set to pH 8.5 inside/pH 6.5 outside. Remote loading was
performed at four temperature conditions: (i) at 60°C for 10-20 min followed by
overnight incubation at RT, (ii) at 60°C for 30 min followed by overnight incubaton
at RT, (iii) at 60°C for 2 h followed by overnight incubation at RT, and (iv) at RT
for approximately 24 h. Non-encapsulated drug was removed by size exclusion
using PD-10 desalting columns. EE was estimated by UPLC measurement of loaded
bortezomib.
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2.7 Effect of total lipid and bortezomib concentration on remote
loading
The effect of total lipid concentration and initial bortezomib concentration on
remote loading was evaluated in liposomes containing mannitol plus meglumine
and acetic acid and HEPES. Liposomes with total lipid concentrations 25, 50, and
100 mM were prepared and remotely loaded with bortezomib. With each batch of
liposomes, bortezomib was added to get four different final concentrations of 0.5,
1, 1.5, or 2 mg/mL. Bortezomib solutions in DMSO were added to the liposomes
resulting final DMSO concentration 0.25% for each condition. After remote
loading, non-encapsulated drug was removed by size exclusion using PD-10
desalting column. Encapsulated amount of bortezomib was determined by UPLC.
EE was calculated for each condition.
2.8 Effect of drug/lipid ratio on release kinetics
Liposomes were prepared as described above with various bortezomib/lipid ratios.
Release kinetics of was performed in HBS at pH 7.4 and 4°C or 37°C. Bortezomib
loaded liposomes with drug/lipid ratio 0.01, 0.04, and 0.08 were dialyzed in a
dialysis cassette with MWCO 10 kD. 3 mL of bortezomib-loaded liposomes were
placed in the dialysis cassette. The cassette was suspended into dialysis a buffer
containing 140 mM NaCl and 20 mM HEPES at pH 7.4. Dialysis was performed at
4°C or 37°C for 96h and 24h, respectively. A 250 µL aliquot from dialysis buffer
was sampled just before the start of dialysis (0 h), at 0.5, 1, 2, 4, 8, and 24h at 4°C
and 37°C, and subsequently every 24h at 4°C. Released amounts of bortezomib
were measured by UPLC and percent of encapsulated drug was calculated.
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2.9 Release kinetics in HBS and human plasma
Liposomes containing mannitol + meglumine + acetic acid + HEPES were
prepared at 100 mM total lipids, and were loaded with 100 µg/mL of bortezomib.
Immediately after loading, the liposomes were diluted with an equal volume of
plasma inside a Float-A-lyzer with a MWCO 300 kD. Dialysis was performed
in a volumetric tube at 37°C against 50% plasma in the dialysis buffer pH 7.4.
For release in HBS, undiluted liposomes loaded with approximately 1.2 mg
bortezomib/mL were dialyzed in a 10 kD MWCO dialysis cassette at 4°C, RT
(22°C), and 37°C against HBS pH 7.4. 50 µL aliquots were sampled from inside
the cassette at various time points (0, 0.5, 1, 2, 4, 6, 8 and 24h at 37°C, and
subsequently upto 1 week and 3 weeks at RT and 4°C respectuvely), and stored
at -80°C until further analysis. Bortezomib was extracted from plasma and
analyzed by UPLC. For extraction, samples were diluted with 450 µL of 0.01%
formic acid in acetonitrile in order to precipitate the plasma proteins and lipid
components of liposomes. Subsequently, samples were vortexed for 15 minutes
and centrifuged at 16000 × g for 15 minutes. Then, the supernatant was collected
and evaporated with a Christ vacuum concentrator at 50°C for 2h. Finally, samples
were re-suspended in 100 µL acetonitrile, vortexed, and centrifuged at 16000 × g
for 15 minutes. 50 µL of the supernatant was used for bortezomib determination
by UPLC. A calibration curve was prepared using spiked concentrations of
bortezomib in plasma. Bortezomib release in HBS samples were processed as
described in Section 2.1 and analyzed by UPLC for bortezomib concentrations.
3. Results and Discussion
Bortezomib is a potent proteasome inhibiting drug used for the treatment of
MM and mental cell lymphoma [6]. Recent reports support a remarkable efficacy
of bortezomib for other indications including hematological malignancies such
as chronic myeloid leukemia [14], and solid tumors such as neuroblastoma [15]
and breast cancer [12, 16]. The clinical use of bortezomib, however, is limited
due to pharmaceutical issues such as short half-life and off target adverse
effects [6]. Moreover, resistance to bortezomib remains a major obstacle.
Liposomal encapsulation is a proven method to improve the pharmacokinetic
and pharmacodynamic properties of chemotherapeutic drugs. A few recent
publications describe liposomal formulations of bortezomib by using various
encapsulation methods. In a recent report, an attempt was made to load
bortezomib into the liposome bilayer [17]. The loading efficiency, however, was
substantially low for these liposomes ranging from 17 to 36%. This may be due to
the rapid leakage of bortezomib from the bilayer.
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Remote loading of small molecules into the liposomes is an attractive strategy and
could be a much more efficient method to reach sufficient drug concentrations
inside liposomes. As much as 100% EE can be achieved depending on the
physicochemical properties of the drug molecule. A classical method to actively
load compounds into the aqueous compartment of liposomes, is based on ion
encapsulation creating a gradient across the lipid bilayer. Amphipathic weak acids
can, for example, be successfully loaded by creating a gradient with calcium acetate.
Similarly, amphipathic weak bases can be loaded by introducing an ammonium
sulfate gradient [18]. Doxil® is a well-known example of remote loading of
doxorubicin by making use of such an ammonium sulfate gradient. Although the pH
and/or ion gradient strategy works efficiently for many compounds, it is not always
straightforward. Bortezomib is an amphiphilic molecule with poor water solubility
[8, 9]. Moreover, the relatively high pKa of bortezomib limits the applicability
of using a pH gradient. The boronic acid moiety seems to be the most feasible
opportunity for remote loading of bortezomib. Boronic acids make cyclic esters
by reacting to polyols. Earlier reports also describe development of liposomal
formulation of bortezomib by formation of boronate esters. Liposomes containing
a boronate ester prodrug of bortezomib were developed by attaching bortezomib
2

7
8
9
10
Figure 2 Schematic presentation of remote loading of bortezomib. Remote loading
of bortezomib in PEGylated liposomes is depicted. Higher inside/lower outside pH
gradient is created to facilitate bortezomib permeation into the liposome. Once inside,
bortezomib encounters an entrapping agent (mannitol in this example), forming
a boronate ester of bortezomib. The reaction is favored by basic pH inside the
liposome. Figure created by Anil Deshantri, no copyright permission required
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to the liposome surface via a series of linker molecules [19]. The stability of the
boronate esters turned out, however, very low with the maximum half-life being
190 min. In other reports, the remote loading of bortezomib was performed by
using polyols inside the liposomes as entrapping agents [20, 21]. Figure 2 depicts
remote loading scheme using polyol as entrapping agent.
In the present work, we comprehensively developed and characterized liposomal
formulations of bortezomib by various loading methods, including passive and
remote loading.
3.1 Passive vs active loading of bortezomib
We tested passive loading of bortezomib in the aqueous core and into the
bilayer of PEGylated liposomes. For loading into the aqueous core, the lipid film
was hydrated with bortezomib solution in HBS containing 10 or 20% DMSO to
increase solubility. UPLC results indicate a very low EE from approximately 3 to
4%. To load bortezomib into the bilayer, it was mixed with the lipids to form a lipid
film. Next, the lipid film was hydrated with HBS, and finally liposomes were sized
followed by purification to remove non-encapsulated drug. The loaded amount
of drug, when this loading method was applied was 150 µg/mL with an EE of 15%
(Table 2).
In order to increase EE, we employed remote loading strategies by entrapping
the polyols sorbitol (a low molecular weight polyol) and poly(vinyl alcohol) MW
6 kD (PVA) (a high molecular weight polyol). Aqueous solutions of increasing
concentrations of either entrapping agent were used to hydrate the lipid film.
Sorbitol was used at 10, 20, 30 or 40% w/v. PVA was used at 1, 5 or 10% w/v.
After sizing by extrusion, a higher inside/lower outside pH gradient was created.
Remote loading was performed at RT by mixing bortezomib solution in HBS
containing 10% DMSO. The results show considerable variability in the EEs ranging
from approximately 0.7 to 6% in case of sorbitol. The EE was not concentration
dependent. In case of PVA, EE was higher than that of sorbitol. At 1% PVA, EE was
6%, which was increase to approximately 15% for 5% PVA. At 10% PVA, substantial
variability was observed with EE% ranging from 2% and 17% in two independent
experiments (Table 2).
We hypothesized that the variability may be due to poor aqueous solubility of
bortezomib. Therefore, in order to increase solubility, we dissolved bortezomib
in HBS containing 20% DMSO. It was confirmed that 20% DMSO, did not
compromise liposome integrity in terms of size distribution (Supplemental
Table 1). Remote loading was performed by using PVA as entrapping agent
at concentrations 0.2, 0.7, and 2% w/v. Interestingly, EE was increased to
153

1
2
3
4
5
6
7
8
9
10

154
122 ± 1.0
120 ± 0.9
n.d.
125 ± 2.7
124.1 ± 3.0
(PDI = 0.04 ± 0.04)*
113 ± 1.6
112 ± 4.0
107 ± 1.9

Sorbitol 30%
Sorbitol 40%
PVA 6K (1% w/v)
PVA 6K (5% w/v)
PVA 6K (10% w/v)
PVA 6K (0.2% w/v)
PVA 6K (0.7% w/v)
PVA 6K (2% w/v)
94 ± 2.1

85 ± 4.8

95 ± 3.8

97 ± 5.0

95 ± 2.2

111 ± 0.7

109 ± 1.4

109 ± 1.2

86 ± 1.2

95 ± 0.7

112 ± 7.0

20 (2%), 172 (17.2%)

147 (14.7%)

60 (6%)

6.6 (0.7%)

8.6 (0.9%), 19 (2%)

59 (5.9%)

17 (1.7%), 10 (1%)

39 (3.9%)

326 (32.6%), 445 (44.5%)

381 (38.1%), 559 (55.9%)

653 (65.3%), 357 (35.7%), 334
(33.4%)

124 (12.4%), 94 (9.4%)

150 (15%)

31 (3.1%)

20% DMSO

*Measured by dynamic light scattering (DLS)

NA = not applicable; n.d. = not done; %EE = percentage encapsulation efficiency; PDI = polydispersity index; PVA, poly(vinyl alcohol)

Table 2. Overview of various batches of bortezomib-encapsulated liposomes by passive and remote loading methods.

PVA 6K (2%)

99 ± 0.6

Sorbitol 20%

Loading to PVA coated
liposomes

109 ± 0.8

Sorbitol 10%

Remote loading

125 ± 3.9

85 ± 1.0

10% DMSO

97 ± 0.8

NA

10

Passive loading into
bilayer

9
NA

8
Bortezomib concentration µg/mL (%EE)

7

Passive loading into
aqueous core

6
Mode ± SD

5

Mean ± SD

4

Particle size

3

Entrapping
agent

2

Loading method
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approximately 9-12%, 33-65%, and 38-56% in case of 0.2, 0.7, and 2% PVA
respectively (Table 2).

1

It has been reported that PVA can be coated on the external surface of liposomes
by simple incubation in an aqueous solution of the polymer [13]. This raises a
question on the loading method, using PVA-liposomes. During lipid film hydration
and extrusion steps, liposomes were suspended into the PVA solution, which
might result in coating on the liposome surface. The loading of bortezomib could
therefore occur on the external surface rather than the internal core. To test
this, we performed remote loading in liposomes loaded or coated with PVA.
Surprisingly, EE in PVA coated liposomes was found to be approximately 33 to
45%, which is comparable to PVA-loaded liposomes (Table 2). This indicates that
the remote loading for PVA-loaded liposomes likely resulted in bortezomib on the
liposomes’ surface as PVA-boronate ester.
3.2 Effect of entrapping agents on remote loading
Because sorbitol produced poor EE and high molecular weight polyols resulted
in aspecific surface coating, we tested several small polyols as sorbitol alternative.
To evaluate the effect of different entrapping agents on EE, remote loading was
performed using liposomes loaded with mannitol, sorbitol, meglumine, meglumine
plus acetic acid, or meglumine plus mannitol and acetic acid in HEPES. After
extrusion and establishing pH gradient, bortezomib solution in DMSO was added
to the liposomes followed by incubation at RT overnight. UPLC revealed that
liposome batches containing meglumine showed higher EE compared to mannitol
and sorbitol. Interestingly, the highest EE was observed in liposomes containing the
combination of meglumine + mannitol + acetic acid + HEPES resulting in nearly
100%. EE was 20 ± 2%, 20 ± 7%, 62 ± 3%, 85 ± 7%, and 94 ± 3% in case of mannitol,
sorbitol, meglumine, meglumine plusacetic acid, and mannitol plus meglumine and
acetic and HEPES, respectively (Figure 3).
3.3 Effect of incubation duration and temperature on remote
loading
Liposomes loaded with meglumine plus acetic acid were used to evaluate the
effect of incubation temperature on remote loading. After adding bortezomib,
liposomes were incubated at RT for 24h with or without prior incubation at
60°C. The results showed that incubation at 60°C reduced the EE. Interestingly,
a negative correlation was observed between duration of incubation at 60°C
and EE (Table 3). EE was approximately 30%, 15%, and 10% when liposomes were
incubated at 60°C for 10-20 min, 30 min, and 2h, respectively prior to RT. Highest
EE, approximately 80%, was seen at RT without prior incubation at 60°C. Earlier
reports describe remote loading of bortezomib at temperatures higher than the
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Figure 3. Effect of entrapping agents on remote loading. Liposomes were prepared
by loading the entrapping agents. Remote loading was performed overnight at room
temperature. Bortezomib concentrations were measured in the liposomes after
removing the non-encapsulated drug. Man, mannitol; Sorb, sorbitol; Meg, meglumine;
Meg+AA, meglumine plus acetic acid (300 mM each); Man+Meg+AA, mannitol plus
meglumine plus acetic acid (200, 50, and 30 mM respectively) in 20 mM HEPES. Data
is presented as mean ± SD of n=3 or 4.

phase transition temperature (Tm) of the phospholipids (41°C for DPPC, in our
case) [21]. In contrast, another report showed that loading at temperatures below
the Tm results in higher EE for bortezomib [20]. Also in our case, incubation below
Tm was found to have higher EE.
3.4 Effect of total lipids and bortezomib concentration on remote
loading
To test the effect of total lipid and bortezomib concentrations on remote loading,
liposomes were prepared with 25, 50, and 100 mM total lipid concentration.
Bortezomib was added into the liposomes at increasing concentrations for remote
loading. UPLC results show that the absolute concentration of encapsulated
bortezomib increased with the total lipid concentration, being highest for the 100
mM concentration. The increase was seen at all bortezomib concentrations tested
(Figure 4A). Interestingly, percentage EE was found to be decreased for 25 and
50 mM total lipids. The EE decreased from approximately 55 to 33% and from 85
to 70% for 25 and 50 mM total lipids respectively (Figure 4B). At 100 mM total
lipids, 0.5, 1, and 1.5 mg/mL bortezomib resulted in similar EE (approx. 80-85%). At
the highest bortezomib concentration (2 mg/mL), a decrease in EE was observed
to approximately 70%. This suggests a saturation of intra-liposomal drug already
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Batch#

Incubation temperature and
duration

Bortezomib concentration
(mg/mL)

60 °C

22 °C

Added

Encapsulated

Batch 1

10-20 min

14-18 h

1.88

0.515

% Encapsulation
efficiency
27.4

Batch 2

10-20 min

14-18 h

1.88

0.615

32.7

Batch 3

30 min

14-18 h

1.88

0.280

14.9

Batch 4

2h

14-18 h

1.88

0.189

10.0

Batch 5

n.d.

22 h

1.5

1.192

79.4

Batch 6

n.d.

24 h

1.5

1.199

79.9

Batch 7

n.d.

23 h

1.5

1.210

80.7

1
2
3

Table 3. Effect of incubation duration and temperature on remote loading. n.d. =
not done

observed for the 25 and 50 mM total lipid concentration for lower concentrations
of bortezomib and for 100 mM total lipid concentration for 2 mg/mL bortezomib.
3.5 Effect of drug/lipid ratio on release kinetics
Since the EE of bortezomib vary depending upon total lipid concentration in
liposomes as well as the initial amount of drug added for remote loading, the
loaded amount of drug may also have impact on release from the liposomes.
The drug/lipid ratio is therefore an important parameter affecting the release
kinetics of the encapsulated drug. Indeed, we saw that the higher intra-liposomal
concentration of the drug triggered faster release. We tested release of liposomal
bortezomib at a drug/lipid ratio 0.01, 0.04 and 0.08. Release was seen over time
at 4°C and 37°C for liposomes at all conditions. The formulation with the lowest
drug/lipid ratio 0.01 was the most stable formulation. At 4 °C there was still
approximately 90% of the initial drug retained even after 96 h. For formulations
with 0.04 and 0.08 drug/lipid ratio, the retained drug was approximately 50
and 25%, respectively, showing a string correlation between drug/lipid ratio and
release (Figure 5A). At 37°C, the release was faster for all three ratios. Also here,
the formulation with 0.01 drug/lipid ratio showed slower release compared two
0.04 and 0.08 (Figure 5B). The reason why bortezomib is easily released from the
liposomes is likely its amphiphilic nature. Bortezomib is encapsulated as boronate
ester in the liposomes. The ester bond is reversible, and once bortezomib is in the
free form, it can cross the bilayer. The higher concentration in the liposome core
creates higher inside/lower outside gradient, resulting in faster release through
passive diffusion across the bilayer.
3.6 In vitro release kinetics
Release kinetics was investigated for liposomal bortezomib formulation in HBS
and human plasma. For release in HBS, Concentration of bortezomib released in
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1

4A

4B

2
3
4
5
6
7

Figure 4. Effect of total lipids and bortezomib concentration on remote loading.
Liposomes containing mannitol + meglumine + acetic acid (200, 50, and 30 mM,
respectively) in 20 mM HEPES were prepared 100 mM total lipids concentration and
further diluted to get 25 and 50 mM total lipids. Bortezomib was added at increasing
concentrations followed incubation at room temperature for remote loading.
Encapsulated amount of bortezomib was measured by UPLC (A). Encapsulation
efficiency was calculated (B). Data is presented as mean ± SD of two independent
experiments.

5A

5B

8
9
10

Figure 5. Effect of drug/lipid ratio on the release kinetics. Liposomes containing
mannitol plus meglumine and acetic acid (200, 50, and 30 mM respectively) in 20 mM
HEPES were loaded at various bortezomib/total lipid ratios. Release was performed
by dialysis in HBS at 4°C (A) and 37°C (B). Released amount of bortezomib was
measured in the dialysis buffer. Percentage of initially encapsulation bortezomib was
estimated. Data is presented as mean ± SD of two independent experiments.
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the external HBS was measured by UPLC. Bortezomib release was found to be
faster at 37°C compared to 4°C and 22°C. At 4°C, approximately 80% of the drug
was still loaded after a period of three weeks (504 h). At 22°C, approximately
40% of drug was loaded after one week. Only about 15% of the initial drug was
found into the liposomes after 24h at 37 °C (Figure 6A). Release kinetics in human
plasma were measured at 37°C. Liposomes loaded with 100 µg bortezomib/mL
were diluted in an equal volume of plasma. Dialysis was performed in 50% plasma.
UPLC results show that approximately 60% of the drug was released after 8h. At
24h, nearly all drug was released. Only 7% of the initial drug was encapsulated after
24h, indicating a rapid release (Figure 6B).
Summary
A liposomal formulation would benefit the clinical performance of bortezomib
by improving its pharmaceutical and pharmacokinetic characteristics. Moreover,
since bortezomib is already widely used in the clinical as an important part of
multiple myeloma and mantle cell lymphoma treatment regimens, the clinical
translation of liposomal formulation could be fast. Here we evaluated various
strategies for bortezomib loading into long circulating liposomes. Earlier reports
6A

6B
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Figure 6. In vitro release kinetics of liposomal bortezomib. Liposomes were prepared
by hydrating the lipid film with a solution of mannitol plus meglumine and acetic acid
(200, 50, and 30 mM respectively) in 20 mM HEPES. After remote loading, release
kinetics was performed by dialysis in HBS (A) or in 50% human serum (B). Sampling
at indicated time points was performed from inside the dialysis cassette. Serum
samples were processed for extraction.
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describe remote loading of bortezomib as boronate ester into liposomes by
using polyols. We show that remote loading at RT outperforms remote loading
compared to elevated temperature. Moreover, our results indicate that remote
loading by using a combination of polyols mannitol and meglumine was found to
be the most efficient. Due to the fact that the intra-liposomally formed boronate
ester is reversible, entrapment was not stable. Reasonable stability was obtained
for bortezomib-liposomes stored in buffer at 4°C, allowing future in vivo studies
to be performed. Improved stability may be obtained by liposome lyophilization.
The fast release at 37°C in both buffer and plasma, appears to be too fast to take
full advantage of the passive targeting of tumors by long-circulating liposomes.
These liposomes will arrive at the target site mostly empty. Additional screening
of polyols (and combinations) might reveal compounds that can better retain
bortezomib.
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Supplemental Tables
Sr. No.

2

5
6
7

Diameter (nanometers)
Mean ± SD
Mode ± SD

1

Liposomes + HBS_Freshly added

115 ± 3.2

2

Liposomes + DMSO_Freshly added

115 ± 4.8

93 ± 4.2

3

Liposomes + HBS_4 °C

116 ± 4.1

108 ± 6.1

4

Liposomes + DMSO_4 °C

114 ± 9.3

89 ± 4.6

5

Liposomes + HBS_RT

111 ± 3.5

101 ± 7.2

6

Liposomes + DMSO_RT

100 ± 4.5

90 ± 1.5

7

Liposomes + HBS_37 °C

119 ± 4.4

103 ± 5.1

8

Liposomes + DMSO_37 °C

119 ± 5.0

100 ± 8.7

9

Liposomes + HBS_60 °C

111 ± 5.3

91 ± 6.2

10

Liposomes + DMSO_60 °C

126 ± 12.1

110 ± 6.9

3
4

Incubation condition

108 ± 2.4

Supplemental Table 1. Effect of 20% dimethyl sulfoxide (DMSO) on liposomes.
Appropriate amounts of DPPC:mPEG2000-DSPE:Cholesterol were dissolved in a
round bottom flask in chloroform in a molar ratio of 50:5:45 at 100 mM total lipids. A
lipid film was prepared under reduced pressure. The lipid film was hydrated with HBS
pH 7.0. The liposome dispersion was extruded 10 times through Whatman®Anodisc
of 100 nm pore size. Ten aliquots were prepared in 15 mL centrifuge tubes containing
1 mL liposomes in each. Equal amount of 20% DMSO in HBS or HBS was added in
the respective tubes followed by overnight incubation at the indicated temperature
and duration. Particle size was measured by Nano Tracking Analysis (NTA). Data is
presented as mean or mode ± SD of 5 measurements for each sample.
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ABSTRACT
Bortezomib is the first-in-class proteasome inhibitor used for the treatment
of multiple myeloma. Despite a great potency, its use is limited due to several
off-target adverse effects. Furthermore, poor pharmacokinetic profile i.e. large
volume of distribution and rapid blood clearance are major limiting factors
for bortezomib treatment.Therefore, a drug delivery system is an unmet need
to improve the safety and in vivo behavior of bortezomib. Multiple myeloma
is characterized by uncontrolled growth of plasma cells in the bone marrow,
leading to increased microvessel density. As a result, nanomedicines such as
liposomes can locally accumulate and deliver drugs by means of EPR effect.
Furthermore, interaction of malignant cells with the surrounding cells in bone
marrow microenvironment is essential for disease progression.We evaluated
a previously developed liposomal formulation of bortezomib for anti-myeloma
efficacy. In vitro cytotoxicity profiles of liposomal bortezomib were compared
to free drug using multiple myeloma and acute myeloid leukemia cell lines.
Circulation kinetics and biodistribution of the liposomal formulation was
assessed in a previously developed advanced human-mouse hybrid model of
multiple myeloma mimicking the human bone environment. Anti-myeloma
efficacy of liposomal bortezomib formulation was evaluated in this model
using MM.1S xenografts and multiple myeloma patient derived xenografts.
In vitro efficacy of liposomal bortezomib was found to be comparable with
that of free drug for all cell lines. Liposomal bortezomib showed improved
circulation kinetics in vivo. Liposomal encapsulation increased accumulation
of bortezomib in myeloma tumor bearing scaffolds and other organs.
Complete tumor regression was seen in liposomal bortezomib treated animals
bearing MM.1S xenografts and patients derived xenografts underlining a
striking improvement in therapeutic efficacy. Our results show that liposomal
formulation offers an effective delivery system for bortezomib. Liposomal
bortezomib could be clinically translated for multiple myeloma treatment and
fit into the existing treatment regimens to improve therapeutic efficacy.
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Introduction
Multiple myeloma (MM) is a malignancy of B lymphocytes, characterized by clonal
proliferation of a single plasma cell in the bone marrow, resulting in monoclonal
immunoglobulin production. It is the second most common hematological
malignancy, accounting for 1% of all cancers and 13% of all hematological
malignancies [1]. The Ubiquitin Proteasome System (UPS) is a promising target
in the treatment of MM since it degrades defective proteins via recognition by a
conjugated poly-ubiquitin chain marking these proteins. Inhibiting the activity of
UPS results in accumulation of defective proteins in the cell leading to apoptosis
[2]. As a result, proteasome inhibitors exert both oncolytic and anti-angiogenic
activities in MM. Bortezomib (Velcade®) is the first-in-class proteasome inhibitor
available for the treatment of MM and mantle cell lymphoma (MCL) [3]. Despite
encouraging clinical results, the use of bortezomib has been limited due to offtarget adverse effects that lead to serious toxicities. The most common adverse
reactions include peripheral neuropathy, asthenic conditions, diarrhea, nausea,
constipation, vomiting, pyrexia, thrombocytopenia, psychiatric disorders, anorexia
and decreased appetite, neutropenia, neuralgia, leukopenia and anemia [3].
Moreover, resistance to bortezomib is often seen and only 35% of MM patients
and 40-50% of MCL patient experience clinical benefit [3]. Liposomal drug
encapsulation can substantially improve the pharmacokinetic-pharmacodynamic
profiles of drugs and reduce toxicity, thereby widening the therapeutic window
[1, 4-7]. Earlier we have shown that liposomes accumulate in MM lesions in an
advanced humanized mouse model (manuscript submitted) that closely mimics the
malignancy in humans. The bone marrow (BM) microenvironment is the primary
disease site for MM [1]. Crosstalk between myeloma cells and bone marrow
stromal cells (BMSCs) is crucial for the progression and survival of malignant cells
[8]. In used mouse model, a human bone-like micro-environment was developed
in immunocompromised RAG2−/−γc−/− mice and myeloma cells home to these
human hematopoietic niches [8, 9]. Previously, we have shown in this model that
long-circulating liposomes (LCL) accumulate passively into tumor bearing scaffolds
through enhanced permeability and retention (EPR) effect.
In the present study, we evaluated the therapeutic efficacy of liposomal
bortezomib for in this advanced mouse model of MM. We first performed in vitro
efficacy studies of LCL-BORT in MM cell lines and an acute myeloid leukemia
(AML) cell line. Circulation kinetics and biodistribution of the formulation were
evaluated. In vivo anti-myeloma efficacy of LCL-BORT was then evaluated in MM.1S
xenografts in this model. Finally, we tested the therapeutic intervention of the
formulation by using MM patient derived primary cells (pMM).

166

Chapter 7 - Complete tumor regression by liposomal bortezomib in an advanced mouse model of
multiple myeloma

Materials and Methods
Preparation and characterization of bortezomib loaded liposomes
(LCL-BORT)
Bortezomib loaded long circulating liposomes were prepared as described
previously (manuscript under preparation). In brief, appropriate amounts of
DPPC, mPEG2000-DSPE, and cholesterol were dissolved in chloroform in a
molar ratio of 50:5:45, respectively. A lipid film was prepared under reduced
pressure on a rotary evaporator and dried under a stream of nitrogen until
complete dryness. Lipid film was hydrated with a solution of mannitol, meglumine,
and acetic acid at concentrations 200 mM, 50 mM, and 30 mM, respectively, in
20 mM HEPES at pH 8.5. The liposome dispersion was then extruded with a
high-pressure extruder (Lipex, Northern Lipids) 10-15 times using Whatman®
Anodisc inorganic membranes (Sigma Aldrich, Germany) of pore size 100 nm
to get small unilamellar vesicles. Higher inside/lower outside pH gradient was
established by replacing extra-liposomal buffer by dialyzing against 20 mM HEPES
and 140 mM NaCl pH 6.5 at 4°C for 24 h using a dialysis membrane with 10 000
MWCO. Remote loading was performed for bortezomib encapsulation into the
liposomes. Bortezomib solution in DMSO was added to the liposomes to get 150
µg bortezomib/mL. Final concentration of DMSO was 2.5% v/v. Remote loading
was performed by incubating at room temperature (RT) for 16-18 hours with
continuous stirring on a rocker. Non-encapsulated bortezomib was removed by
dialyzing in HBS (pH 7.4) at 4°C for 24 h using a dialysis membrane with 10 000
MWCO.
Size distribution of liposomes was determined by dynamic light scattering
(DLS) (Malvern Panalytical, Royston, United Kingdom). Phospholipid content
was estimated as described previously [10]. Appropriate amounts of diluted
liposomes were transferred into clean glass tubes and heated at 180°C on a
heating block until and the solvent was completely evaporated. The tubes were
allowed to cool down at RT and 0.3 mL of perchloric acid was added in each
tube. The tubes were then placed on the heating block for about 20 min with
glass marbles on top to prevent evaporation. After cooling down at RT, 1 mL of
deionized water, 0.5 mL of 1.25% ammonium heptamolybdate solution, and 0.5 ml
of freshly prepared 5% ascorbic acid solution were added to each tube. The tubes
were vortexed and placed in a boiling water bath for 5 min with marbles on top.
Absorbance was measured at 797 nm using SpectraMax M2e (Molecular Devices,
Canada). A calibration curve was prepared with sodium dihydrogen phosphate
monohydrate (Merk, Germany). Total lipid concentration was estimated from the
phospholipid content. Bortezomib concentration was determined as described
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previously (Braham et al, Int. J. Nanomed., 2018) by ultra-high performance
liquid chromatography (UPLC) (Waters Corporation, USA) using a C18 column
(ACQUITYUPLC®BEHC18 1.7 µm, 2.1 × 50 mm). Liposomes, before and after
separation of non-encapsulated drug, were dissolved in 35% acetonitrile in HBS.
Mobile phase water/acetonitrile/perchloric 65/35/0.1 was used. Absorbance was
detected at 270 nm at flow rate of 0.600 mL/min and injection volume of 7.5
μL. Run time was set to 1 minute. Percentage encapsulation efficiency (%EE) was
calculated by using the formula %EE = (encapsulated drug/total drug) ×100.
Cell lines and primary cells
Human MM cell lines MM.1S and UM9, and AML cell line KG1a were purchased
from the American Type Culture Collection. MM cells were retrovirally transduced
with viral gene marking with a luciferase-containing construct as described
previously [11, 12]. The patient-derived MM cells (pMM) and normal BM aspirates
were collected after written informed consent was approved by the institutional
medical ethical committee. Mononuclear cells of the patient were separated by
Ficoll-Hypaque density-gradient centrifugation and stored in liquid nitrogen. The
MM cells were cultured in RPMI 1640 medium and KG1a cell line was cultured in
Iscove’s Modified Dulbecco Minimum Essential Medium with 10% (v/v) fetal bovine
serum, 2 mM of L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (all
Gibco, ThermoFisher, USA).
Cytotoxicity experiments
For cytotoxicity experiments, cells were seeded in Greiner CELLSTAR® 96-well
white plates with flat transparent bottom (Sigma Aldrich), at a density of 6250
cells per well for MM.1S, and 12 500 cells per well for UM9 cell line. KG1a cells
were seeded in CELLSTAR® 96-well U-bottom clear plates at a density of 50
000 cells per well. The cells were cultured for 24 h at 37°C in a 5% CO2/95% air
humidified atmosphere in appropriate culture media. Cells were then treated in
triplicates with increasing concentrations of free bortezomib (Free-BORT) or
LCL-BORT. After 48 h of incubation at 37°C and 5% CO2, viability was determined
by adding beetle luciferin (Promega, USA) in each well of myeloma cells at a final
concentration of 3 mM. Ten minutes after addition of luciferin, plates were read for
luminescence by using SpectraMax M2e.Viability for KG1a cells was determined
by colorimetric method. A 2 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS)
(CellTiter 96® AQueous, Promega, USA) at pH 6.5 and a 0.92-mg/mL solution of
phenazine methosulfate (PMS) (Sigma Aldrich, Germany) in phosphate buffered
saline (PBS) was mixed in a ratio of 20:1 (v/v). A 20 µL of the MTS/PMS solution
was added to each well of 96 well plate containing KG1a cells in 100 µL of culture
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medium. Absorbance was read at 490 nm (SpectraMax M2e) after 30 minutes.
Percentage viability was determined compared to control (untreated) wells.

1

Animal experiments
All animal experiments were conducted after acquiring permission from the local
ethical committee for animal experimentation and were in compliance with the
Dutch Animal Experimentation Act. Female RAG2−/−γc−/− mice were used for the
study. Mice were kept in standard housing conditions on a 12 h light/dark cycle.
Standard rodent chow diet and water was provided ad libitum.
Circulation kinetics and biodistribution in myeloma tumor bearing mice
Human bone-like scaffolds were created as described previously [8, 9]. In short, 4
hybrid scaffolds consisting of biphasic calcium phosphate particles with a diameter
of 2 to 3 mm, were loaded with human mesenchymal stromal cells and implanted
subcutaneously into the back side of RAG2−/−γc−/− mice. Eight weeks after
implantation, animal were irradiated with γ-rays (±5 min, dose 1.5 Gy). Next day,
scaffolds were inoculated with MM.1S cells (0.5 × 106 cells/scaffold) with prior viral
gene transfection with a luciferase-containing construct. Twelve days after cells
inoculation, animals received a single intravenous (i.v.) injection of 0.5 mg/kg of
free- or LCL-BORT (total lipids at approximately 0.7 mmol/kg). From each animal,
blood was withdrawn at three time points. At first two time points (i.e. 1 min,
and 1 h or 2 h), blood (±50 μL) was withdrawn via submandibular puncture. At
the third time point (i.e. 4 h or 24 h), blood was withdrawn via cardiac puncture
directly after animals were sacrificed by CO2 asphyxia. Blood samples were
centrifuged at 1000 × g at 4°C for 10 minutes, plasma was collected and stored
at –20°C until further analysis. Tumor bearing scaffolds and organs (lungs, kidneys,
liver, spleen, femurs, sternum, heart and brain) were collected, snap frozen in liquid
nitrogen and stored at –80°C until further processing.
Bortezomib concentration in plasma and tissue homogenates was determined
by liquid chromatography–tandem mass spectrometry (LC-MS/MS). Pieces of the
frozen tissues were weighed and homogenized in radioimmunoprecipitation assay
(RIPA) buffer (100-400 mL/100 mg tissue) using a bead mill homogenizer (60
seconds at 6000 rotation speed using a Precellys 24, Bertin Instruments, France).
Next, homogenates were vortexed and centrifuged (12000 × g for 10 minutes at
4°C). Supernatants were analyzed for bortezomib concentrations. A calibration
curve was prepared and analyzed with spiked concentrations of bortezomib in
mouse plasma. Bortezomib was extracted from spiked standards, plasma samples
and supernatant from tissue homogenates by adding 200 µL acetonitrile containing
20 ng/mL of internal standard bortezomib-d8 (Toronto Research Chemicals,
Canada) to 50 µL of each sample. After automatic vortexing for 10 min, each
sample was centrifuged at 24000 × g at RT. 100 µL of supernatants were diluted
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2-fold using the mobile phase A (10 mM ammonium formate and 0.1% formic
acid in water), and B (0.1% formic acid in acetonitrile) in a ratio of 50/50 (v/v).
After capping and mixing, the vials were transferred into the auto-sampler and
quantified by LC–MS/MS. Calibrator solutions were prepared from stock solution
of bortezomib (10 mg/L) into drug free mouse plasma. The UHPLC-MS/MS
system consisted of an Accela UHPLC system coupled with a TSQ Vantage mass
spectrometer (ThermoElectron Corp, West Palm Beach, FL). A Waters Acquity
BEH C18 1.7µm 2.1 × 50 mm column was used with a gradient of acetonitril/
water (containing ammonium formate) for the UHPLC separation. Heated
electrospray (HESI) in the positive ion mode and selected reaction monitoring
approach were used to detect transition pairs. Two transitions were identified for
each of the analytes of interest: for bortezomib, m/z 367>226 (367>208 qualifier),
and for the internal standards bortezomib-d8, m/z 375>234 (375>214 qualifier).
In vivo efficacy
Artificial human bone-like scaffolds were developed in RAG2−/−γc−/− mice as
described above. Treatments were initiated 12 days after MM.1S cells inoculation.
Bioluminescence imaging (BLI) (Biospace Lab Photon Imager, Meyer instrument,
USA) was performed before start of the treatments (i.e. day 0). Eight minutes
after intraperitoneal injection of luciferin (2.5 mg/mouse), animals were placed
into the imager for BLI measurement under isoflurane anesthesia followed by
imaging for 3 minutes. Animals were randomized into different treatment groups
on the basis of BLI signals on day 0. Free- or LCL-BORT was administered at 0.1
or 0.5 mg/kg of body weight (n=4 each group). Control animals (n=4) received
equivalent volume of PBS. All treatments were given i.v. via tail vein twice weekly
for a total of 5 injections (day 0, 3, 7, 10, and 14). Tumor growth was monitored by
BLI measurements once weekly (unless indicate otherwise) up to approximately
14 weeks (last measurement on day 101). Body weight of animals was measured in
order to monitor systemic toxicity associated with the treatments. Animals were
sacrificed when they reached humane endpoint i.e. cumulative tumor volume more
than 10% of body weight (measured by digital caliper, Mitutoyo, Japan) or at the set
endpoint of the experiment.
For patient-derived xenografts, 1 × 106 pMM cells were inoculated into each
scaffold. Treatments were initiated after 6 weeks of the cells inoculations. Animals
were randomized into different treatment groups on the basis of BLI signals on
day 0. Free- or LCL-BORT were injected i.v. at a dose of 0.5 mg/kg (n=4 each
group) twice weekly for a total of 5 injections (day 0, 3, 7, 10, and 14). Control
animals (n=3) received equal volumes of PBS. Tumor growth was monitored by
BLI measurements once weekly (unless indicate otherwise) up to 8 weeks from
treatment initiation.
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Statistical analysis
Data of in vitro cytotoxicity experiments was analyzed by GraphPad prism version
7.02 by using the non-linear regression method. Bortezomib concentrations in
plasma samples obtained by LC–MS/MS were analyzed by PKsolver version 2.0 to
estimate maximum concentration reached (Cmax), time to reach the Cmax (Tmax),
time required for one half of the total amount of bortezomib to be cleared from
the circulation (t1/2), and area under the curve (AUC0-inf and AUC0-t). Biodistribution
data were analyzed by GraphPad prism using unpaired t-test. P-values were
considered statistically significant when p < 0.05; *=p � 0.05, **=p � 0.01, ***=p <
0.001. Bioluminescence images were analyzed by Biospace Lab Photo Acquisition
software version 2.9 (Meyer instrument, USA). Results were expressed as
counts per minute/square centimeters (cpm/cm2). Percentage tumor growth was
calculated relative to day 0. Data was analyzed by GraphPad prism version 7.02
utilizing nonlinear regression using exponential growth equation Y=Y0×exp(k×X).
Where Y0 is the Y value when X (time) is zero and k is the rate constant.
Results and Discussion
Bortezomib inhibits the proteolytic activity of 26S proteasome complex by
inhibiting peptidylglutamyl peptide hydrolyzing, and chymotrypsin-like activities
of β1 and β5 subunits of 20S core respectively [13]. Bortezomib is a potent drug
usually used in combination with other therapeutic regimens for the treatment
of MM and mental cell lymphoma [3]. Despite the therapeutic improvements,
the clinical use of bortezomib is limited due to its off-target adverse effects
with peripheral neuropathy being one of the major dose limiting toxicities [14].
Moreover, rapid clearance of bortezomib from the circulation appears suboptimal.
The subcutaneous administration of bortezomib improves its pharmacokinetic
profile and reduces neuropathy to some extent [15, 16]. However, resistance
to treatment is often seen and only a subset of the patient population benefits
from bortezomib therapy [3]. The acquired resistance to bortezomib is, at
least in part, due to overexpression of multidrug resistance (MDR) proteins
such as P-glycoprotein (P-gp) on the surface of resistant cells [17]. Another
important factor causing drug resistance in MM is the complex interactions of
the malignant cells to the cells in BM microenvironment including BMSCs (cell
adhesion mediated drug resistance; CAM-DR) [1]. Liposomal encapsulation of
potent therapeutic drugs is a proven strategy to improve their pharmacokinetic
and pharmacodynamic profiles, and may improve target accumulation through
the EPR effect. Several attempts have been made to develop nanoparticle
formulations of bortezomib. Bortezomib has been combined with gambogic
acid in dimercaptosuccinic acid modified iron oxide (DMSA-Fe3O4) magnetic
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nanoparticles. In a subcutaneous RPMI-8226 tumor xenograft model this
formulation induced a moderate inhibition of tumor growth. [18]. A liposomal
formulation carrying bortezomib as a boronic ester prodrug, showed comparable
tumor growth inhibition to the free drug in vivo at higher doses (1 mg/kg, twice
weekly) although reduced systemic toxicity was observed [19]. Ceramide and
cationic liposomes loaded with bortezomib showed similar effects on bone cells
in vitro. However, the in vivo potential of these formulations was not evaluated
[20]. Actively targeted bortezomib nanoformulations have been evaluated in MM
xenograft models. Bone marrow targeted polymeric nanoparticles showed bone
homing capacity in vitro and in vivo. Nevertheless, these nanoparticles did not show
better therapeutic outcomes compared to free drug [21]. In a recent study of
CD38-targeted chitosan nanoparticles, a slight additional tumor growth inhibition
was seen compared to free drug or untargeted nanoparticles [22]. Nanoformulations of bortezomib have been also studied in malignancies other than
MM. A poly(ethylene glycol)-block-poly(D,L-lactide) nanoparticle of bortezomib
(PEG-b-PLA) showed better efficacy compared to free bortezomib at 0.8 mg/kg
dose regimen in triple negative breast cancer [23]. In a large granular lymphocyte
leukemia animal model, a liposomal formulation of bortezomib showed improved
survival compared to free drug at higher doses (1 mg/kg followed by 2 mg/kg)
[24]. Similar results were shown in a chronic myeloid leukemia (CML) model.
Liposomal bortezomib reduced the systemic toxicities and improved survival of
CML bearing mice. The therapeutic efficacy in terms of tumor growth reduction
was, however, not reported in this study [25]. In an orthotropic mouse model of
AML, liposomal bortezomib significantly improved survival of mice compared to
free drug at 1 mg/kg dose regimen [26]. Most of the reports show only mild to
moderate improvement in the efficacy even at dose levels much higher than the
human equivalent doses. The reason may partly lie in lack of appropriate animal
models that resemble the complex BM microenvironment in vivo, which is crucial
for proliferation and survival of the myeloma cells, and progression of the disease.
This aspect must be taken into account when evaluating therapeutic candidates.
Subcutaneous xenograft models do not reflect the natural environment of
hematological malignancies. Even, the so called “orthotopic” models, developed
by intravenous injection of myeloma/leukemia cells are closer to the human
disease, but still lack the involvement of complex BM microenvironment where
the MM homes to [21]. We have previously developed a mouse model of multiple
myeloma in which a human-bone is created by osteogenic differentiation of human
mesenchymal stromal cells on biphasic calcium phosphate scaffolds [8, 9]. The
high translational value of this model lies in the important characteristics such as
angiogenesis within and around the tumor bearing scaffolds, and more importantly,
the interaction of multiple myeloma cells with stroma [27-29]. Earlier, using
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patient derived multiple myeloma cells (pMM), we have shown the therapeutic
intervention of this model where the drug responses in pMM tumors bearing
mice and in the corresponding patients were remarkably similar [8]. In the present
study, we first evaluated the circulation kinetics of free and liposomal bortezomib
in this model. Thee in vitro efficacy of the formulation was tested in MM and
AML cell lines followed by in vivo efficacy in MM.1S cell line derived and a patient
derived xenograft models.
Characterization of liposomes
The average diameter of bortezomib liposomes measured by DLS was 117.8 ±
1.1 nm with a polydispersity index (PDI) 0.08 ± 0.04. The amount of encapsulated
bortezomib was 137.3 ± 4.2 µg/mL with a near complete encapsulation efficiency
of 91.5 ± 2.8%. Total lipid concentration estimated by phospholipid determination
was 103.9 ± 5.2 mM. Although the absolute amount of drug encapsulation appears
modest, bortezomib is extremely potent and the average adult dose is only 30 µg/
kg. The near complete encapsulation efficiency points to a well working remote
loading technology based on meglumine capturing of borate esters.
In vitro efficacy
In the cytotoxicity assays performed by luminescence analysis for myeloma cell
lines MM.1S and UM9, and by colorimetric analysis for AML cell line KG1a, there
was a concentration dependent cytotoxicity for both Free- and LCL-BORT (Figure
1). The IC50 values of LCL-BORT were comparable to that of Free-BORT. IC50
values of Free-BORT were 2.1 nM (95% CI = 1.5-2.8), 4.7 nM (4.6-4.9), and 7.8 nM
(95% CI = 5.0-12.3) for MM.1S, UM9, and KG1a cell line, respectively, whereas for
LCL-BORT the IC50 values were 0.42 nM (95% CI = 0.26-0.58), 6.0 nM (95% CI
= 5.8-7.0), and 7.1 nM (95% CI = 4.6-11.0) respectively. Interestingly, the notable
in vitro efficacy of bortezomib to the AML cell line warrants development of the
drug/formulation for hematological malignancies other than MM and MCL.
Circulation kinetics and biodistribution
Circulation times and biodistribution of LCL-BORT was assessed in the MM.1S
xenograft model. Bortezomib concentrations were determined by LC–MS/MS in
the plasma samples collected at different time points after single i.v. injection of
Free- or LCL-BORT. Data were analyzed by PKsolver to estimate pharmacokinetic
parameters. The results show only slight increased retention of the drug in plasma
by liposomal encapsulation (Figure 2A). Most of the drug was cleared within 1 h
post injection. However, the values for Cmax and AUC were substantially higher
in LCL-BORT group. Cmax of free-BORT was 8-fold higher with 6048 ng/mL for
LCL-BORT compared to 802 ng/mL found for Free-BORT. Overall the AUC0-t
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increased 7-fold, from 547 to 3886 ng/mL.h for the liposomal formulation.Volume
of distribution (Vd) was 104.2 and 30.8 L/kg for Free-BORT and LCL-BORT,
respectively, showing a substantial three fold reduction. Table 1 highlights values
for the pharmacokinetic parameters. Earlier we have shown a long circulatory
half-life for PEGylated liposomes in this model, which was in agreement with the
long circulating property of these liposome formulations in other mouse models.
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1B UM9
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Figure 1. In vitro cytotoxicity of free and liposomal bortezomib in multiple myeloma
cell lines MM.1S (A), and UM9 (B), and AML cell line KG1a (C). Cells were seeded in
96-well plates. Increasing concentrations of free or liposomal bortezomib were added
and incubated at 37°C for 48 hours. For multiple myeloma cell lines, viability was
determined by bioluminescence analysis. KG1a cell line, viability was determined by
MTS assay. Percentage viability was calculated considering untreated cells as 100%.
Data is presented as mean ± SD of n=3.

Approximately 35% of the injected dose could still be found 24 h post injection
(manuscript submitted). In the present study, in Free- as well as in LCL-BORT
group, the bortezomib concentrations were much lower already 1 h after injection,
indicating rapid release of encapsulated drug. These results are corresponding to
a previous report showing that liposomal bortezomib formulation had similar
pharmacokinetic profiles for the drug [25].
To evaluate biodistribution of bortezomib, drug concentrations were measured
in a panel of tissue homogenates including tumor bearing scaffolds and organs
i.e. liver, spleen, lungs, kidneys, heart, brain, femur, and sternum by LC–MS/MS. In
MM.1S tumor-bearing scaffolds, bortezomib concentrations were slightly higher in
case of LCL-BORT compared to the free drug. This difference was, however, not
statistically significant. High bortezomib concentrations were found in macrophage
rich organs such as liver, spleen, and lungs, and highly perfused organs such as
kidneys and heart (Figure 2B). Interestingly, in all organs, in case of Free-BORT,
there was significantly less drug present at 24 h when compared to 4 h post
injection (p<0.001 in sternum, <0.01 in liver and spleen, and <0.05 in kidneys,
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heart, lungs, and femur), suggesting faster clearance in the Free-BORT group. In
contrary, this decreasing trend was not seen in LCL-BORT, except in femur and
sternum (Figure 2C). Notably, in all organs, at 24 h, drug concentration was higher
in LCL-BORT group compared to Free-BORT, again underlining longer retention
of the drug in plasma and organs in liposomal group (Figure 2D). It is important to
realize that even though most of the blood was collected by cardiac puncture, the
concentrations at 4 h time point are likely to be influenced by the trace amount of
the drug still present in the blood. Relatively low bortezomib concentrations were
detected in femur and sternum, which decreased over the time in both Free- and
LCL-BORT groups. There was a negligible amount of drug detected in the brain
tissues. Importantly, The concentrations in the bony structures i.e. scaffolds, femur,
and sternum don’t reflect the amount of drug accumulated into bone marrow,
the target tissue. For bortezomib analysis, the whole tissues were weighed and
homogenized, whereas the liposomes accumulate into the bone marrow. Hence,
the absolute accumulation within the bone marrow is underestimated here.
In vivo efficacy
We further exploited the therapeutic efficacy of liposomal bortezomib formulation
in this model. MM.1S tumor bearing mice received five injections of either Freeor LCL-BORT (twice weekly, i.v.) on day 0, 3, 7, 10, and 14. The experimental
design is schematically shown in Figure 3A. Bioluminescence was used to monitor
tumor growth over time. Interestingly, despite a moderate improvement in the
pharmacokinetic profile, complete tumor regression (CTR) was seen in LCLBORT 0.5 mg/kg group already after two injections i.e. on day 7 after treatment
initiation (Figure 3B and 3C, BLI images from left side and right side of the animals
respectively) when the first BLI after start treatment was obtained. A significant
tumor growth inhibition was also seen in the Free-BORT 0.5 mg/kg treated
animals. However, none of the animals showed CTR in this group. Both Free- and
LCL-BORT at lower dose level, 0.1 mg/kg, caused a slight but statistically significant
tumor growth reduction compared to PBS-control group. The difference between
Free- and LCL-BORT at the lower dose was, however, not significant. Tumor
doubling time analyzed by non-linear regression was 3.4 days (95% CI = 3.3-3.6)
for PBS treated group, 4.3 days (95% CI = 4.2-4.5) for Free-BORT 0.1 mg/kg group,
4.6 days (95% CI = 4.5-4.8) for LCL-BORT 0.1 mg/kg group, and 6.1 days (95% CI
= 5.6-7.3) for Free-BORT 0.5 mg/kg group. Tumor doubling time for LCL-BORT
group could not be calculated due to CTR. Figure 3D summarizes tumor growth
for all treatment groups over time.
Among the four animals in LCL-BORT group, one (Mouse#1) was found dead in
the cage on day 21. However, this mortality may not be attributed to the toxicity
related to accumulation of bortezomib in LCL-BORT group. Looking at the plasma
175

1
2
3
4
5
6
7
8
9
10

Chapter 7 - Complete tumor regression by liposomal bortezomib in an advanced mouse model of
multiple myeloma

2A

1
2
3
2B

4
5
6
7

2C

2D

8
9
10
Figure 2. Plasma levels and tissue distribution of free and liposomal bortezomib in
−/−
multiple myeloma (MM.1S) tumor-bearing RAG2
γc−/− mice. (A) Time vs. concentration
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Formulation

Cmax

Tmax

AUC0-t

AUC0-inf

t1/2

CL

Ke

Vd

(ng/
mL)

(min)

(ng/
mL.h)

(ng/
mL.h)

(h)

(L/hr/
kg)

(fraction/h)

(L/kg)

Free-BORT

802

1

547

581

8.4

8.60

0.0825

104.2

LCL-BORT

6048

1

3886

4221

10.6

1.84

0.0597

30.8

1
2

Table 1. Circulation parameters of free and liposomal bortezomib in blood of MM.1S
−/−
tumor-bearing RAG2
γc−/− mice after single intravenous injection. Cmax = maximum
concentration; Tmax = time to reach the Cmax; AUC
= area under the curve from time 0
0-t
to time t; AUC
area under the curve from time 0 to infinitive; t1/2 = time required for
0-inf
one half of the total amount of drug to be cleared from the circulation; CL= clearance
(dose/AUC
); Ke = elimination rate constant (0.693/t1/2); Vd = volume of distribution
0-inf
(CL/K
).
e

levels of bortezomib after LCL-BORT injection, all injected drug must have been
cleared before the next dose was administered. Secondly, there was no observed
clinical sign of systemic toxicity in this mouse. Approximately 3.8% body weight
gain was noted in this animal on day 14 compared to day 10. Two animals in this
group relapsed on day 42; one tumor on the each of these mice (Mouse-2 and
Mouse-4) reappeared on day 42, which was more pronounced on day 56. The
average BLI signal in this group reached to the baseline (approximately 113%
tumor growth compared to day 0) on day 70. These animals were monitored till
day 101, the point where both reached humane end point. Humane end point
in all other groups was reached on or before day 42 (Supplemental Figure 2).
This underlines a striking improvement in therapeutic efficacy of liposomal
encapsulation of bortezomib. There was approximately 10% body weight reduction
in both Free- and LCL-BORT treated animals at the 0.5 mg/kg dose. This reduction
was, however, reversible after cessation of the treatments (Figure 3E). The
recovery of body weight was faster in the LCL-BORT group compared to Freecurve of bortezomib in mouse plasma. Free or liposomal bortezomib was injected
intravenously in mice with myeloma tumor bearing scaffolds. Blood was withdrawn
via submandibular puncture or by cardiac puncture at the last time point. Plasma was
analyzed for bortezomib concentrations by LC-MS/MS. Results are shown as Mean ±
SD of 6 animals at 1 min, and 3 animals at subsequent time points. (B) Biodistribution
of free and liposomal bortezomib. Scaffolds and organs were removed at 4 or 24 h post
injection. Supernatant was collected after homogenization and analyzed for bortezomib
concentration by LC-MS/MS. Data is shown as ng bortezomib/gram of tissue. Each bar
represents Mean ± SD of 3 animals. (C, D) Overall trend of the bortezomib concentrations
in the organs. Bortezomib concentrations decreased over the time in the Free-BORT
treated animals whereas in case of LCL-BORT, the concentrations remain fairly constant
in almost all organs (C). In both groups, bortezomib concentrations are comparable at 4h,
whereas at 24h an increasing trend could be seen in case of LCL-BORT compare to FreeBORT (D) suggesting increased accumulation over the time. White circles = scaffolds;
solid circles = liver; white upright triangles = spleen; solid upright triangles = kidneys;
white upside down triangles = heart; solid upside down triangles =brain; white diamonds =
brain; white squares = femur; solid squares = sternum.
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BORT. Surprisingly, a slight body weight reduction (up to approximately 6% of day
0) was also seen in the PBS-control group, which was probably attributed to the
stress cause by i.v. injections.
The advanced humanized mouse model of MM has also been pioneered as a model
for personalized testing of pharmaceutical interventions. It was shown that the
therapeutic efficacy in the mouse model mirrored activity in the patients. To test
the therapeutic intervention of LCL-BORT formulation, we performed an in vivo
efficacy experiment using primary bone marrow cells derived from a MM patient
(pMM) cells. This patient was newly diagnosed and was untreated to any prior
therapy. Earlier we have shown that this patient was sensitive to dexamethasone,
melphalan, doxorubicin, and daratumumab therapy as there was a tumor growth
inhibition in mice bearing pMM xenograft of this patient using the above animal
model (Patient 4, Groen et al., 2012) [8]. The sensitivity to bortezomib was not yet
tested. Here we show that the mice inoculated with the pMM from this patient
responded to bortezomib therapy at 0.5 mg/kg dose regimen. A striking tumor
growth inhibition was seen in mice bearing patient derived tumors. Treatments
were started six weeks after cells inoculation. Animals were treated with PBS or
Free- or LCL-BORT at 0.5 mg/kg on days 0, 3, 7, 10, and 14 (Figure 4A). Again, BLI
after two injections (on day 7 after treatment initiation) showed a CTR at LCLBORT 0.5 mg/kg dose regimen in all animals (Figure 4B). A significant inhibition
of tumor growth was also seen in Free-BORT group resulting in complete tumor
regression in three out of four animals (Mouse-2 on day 7, and Mouse-1 and 4
on day 14). Nevertheless, all three mice were relapsed (Mouse 1 on day 28, and
3A

8
9
10
Figure 3A. In vivo efficacy of liposomal bortezomib in MM.1S tumor bearing mice (A)
Experimental design of therapeutic efficacy in MM.1S xenografts. Twelve days after MM.1S
cell inoculations into 4 separate scaffolds per mouse, animals were randomized based on
baseline BLI signals on day 0. Animals were treated twice weekly for a total of 5 injections
(i.e. day 0, 3, 7, 10 and 14). BLI was performed on the day of first injection (day 0) followed by
once weekly or as indicated up to day 101 after treatment initiation.
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Figure 3B-E. In vivo efficacy of liposomal bortezomib in MM.1S tumor bearing mice. (B)
and (C) show representative overviews of BLI images taken in time. Mice were inoculated
with luciferase marked MM.1S cells into the human bone containing scaffolds. Twelve days
after tumor cells inoculation, animals were treated with PBS, free bortezomib (0.1 and 0.5
mg/kg) and liposomal dexamethasone (0.1 and 0.5 mg/kg). All treatments were given twice
weekly via the tail vein, total of 5 injections. Bioluminescence imaging (BLI) was performed
on indicated days. BLI images on the right (B) and left (C) side. Mouse 1 from LCL-BORT 0.5
mg/kg group was found dead in the cage on day 21. This doesn’t seem to be due to dose
relates toxicity as there was no sign of systemic toxicity on day 14 (~3.8% body weight
gain on day 14 compared to day 10 in this animal). (D) Average tumor growth curves of all
treatment groups. BLI images were analyzed to obtain luminescence intensity as counts
per min/square centimeters (cpm/cm2). Percentage tumor growth was calculated relative
to day 0. Statistical analysis was performed using nonlinear regression using exponential
growth equation. Free and liposomal bortezomib showed tumor growth reduction at
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treatment regimen of 0.5 mg/kg. Liposomal bortezomib showed a substantial tumor
growth delay as compared to all other treatment groups. The PBS-line stops at day
35, because day 42 includes only two animals (out of four). One animal was sacrificed
on day 21 due to humane end point, and one showed less BLI signal due to improper
luciferin injection. Arrows represent treatment days. Data is presented as mean ±
SEM. (E) Body weight measurements as a measure of toxicity. As an estimate of
overall well-being, changes in body weight of animals in all experimental groups
was monitored. Free and liposomal bortezomib showed reduction in body weights
at 0.5 mg/kg treatment regimen. However, the body weight reduction was reversible
after the treatment was stopped. The gain after treatment cessation was faster in
the LCL-BORT group compared to Free-BORT. Arrows represent treatment days.
Data is presented as mean ± SEM. (E) Body weight measurements as a measure of
toxicity. As an estimate of overall well-being, changes in body weight of animals
in all experimental groups was monitored. Free and liposomal bortezomib showed
reduction in body weights at 0.5 mg/kg treatment regimen. However, the body weight
reduction was reversible after the treatment was stopped. The gain after treatment
cessation was faster in the LCL-BORT group compared to Free-BORT
. Arrows
represent treatment days. Data is presented as mean ± SD.

Mouse 2 and 4 on day 35). Notably, the LCL-BORT treated animals did not relapse
till day 56. Tumor doubling time in PBS-control was 4.4 days (95% CI = 4.3-4.6).
Also here, tumor doubling times for Free- and LCL-BORT groups could not be
calculated due to complete regression of the tumors. Figure 4C shows percentage
tumor growth curve compared to day 0. Approximately 10 and 15% reduction was
observed in Free-BORT and LCL-BORT, respectively, which was partially reversible
after treatments were stopped (Figure 4D). Both Free- and LCL-BORT treatment
significantly increased the survival compared to PBS-treated animals (Supplemental
Figure 4). This is important to mention that the study was terminated on day 56
even before tumors size reached to the humane end point in the Free- and LCLBORT treated animals. This was due to a microbial outbreak in the skin and clinical
signs of sickness in all animals with an average of 5% unexpected body weight
reduction in a period of one week, and lack of movement which was likely to be
associated with the microbial outbreak. Importantly, in both MM.1S, and pMM
studies, LCL-BORT outperformed free drug by improving remarkable therapeutic
efficacy and enhancing survival of animals.
To our knowledge this is the first time that complete tumor regression is
shown by liposomal bortezomib therapy in a clinically relevant mouse model of
multiple myeloma. The results show that liposomal encapsulation of bortezomib
demonstrates a striking therapeutic efficacy compared to the free drug. Liposomal
bortezomib could be further exploited in the clinical settings for MM treatment
and could be added to the existing treatment regimens.
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Figure 4. In vivo efficacy of liposomal bortezomib in mice bearing patient derived
xenografts. (A) Experimental design of therapeutic efficacy in pMM xenografts.
Six weeks after patient cells inoculations into 4 separate scaffolds per mouse,
animals were randomized based on baseline BLI signals on day 0.Animals were
treated twice weekly for a total of 5 injections (i.e. day 0, 3, 7, 10 and 14). BLI was
performed on the day of first injection (day 0) followed by once weekly up to 8
weeks after treatment initiation. (B) BLI images. Mice were inoculated with luciferase
marked patient derived cells into the human bone containing scaffolds. six weeks
after tumor cells inoculation, animals were treated with PBS, free bortezomib and
liposomal bortezomib 0.5 mg/kg. All treatments were given twice weekly via the tail
vein, total of 5 injections. Bioluminescence imaging (BLI) was performed weekly
.
BLI images on the right side of the animals are shown. (C) Tumor growth curve. BLI
images were analyzed to obtain luminescence intensity as counts per min/square
centimeters (cpm/cm2). Percentage tumor growth was calculated relative to day 0.
Statistical analysis was performed using nonlinear regression using exponential
growth equation. Free and liposomal bortezomib showed tumor growth reduction at
treatment regimen of 0.5 mg/kg. Liposomal bortezomib showed a great difference in
tumor growth delay compared to free drug and all other treatment groups. Arrows
represent treatment days. Data is presented as mean ± SEM. (D) Body weight
measurements. As an estimate of overall well-being, changes in body weights of
animals in all experimental groups was monitored. Free and liposomal bortezomib
showed reduction in body weights at 0.5 mg/kg treatment regimen. Body weight
reduction was slightly higher liposomal bortezomib group than that of free drug.
However, the reduction was reversible after the treatment was stopped in case of both
experimental groups. Arrows represent treatment days. Data is presented as mean ±
SD.
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S1-E
Supplemental Figure 1. Tumor growth
curve of individual scaffolds from MM1.S
tumor xenograft mice. Bioluminescence
was performed on the day of treatment
initiation and tumor growth was followed
once weekly. Animals received respective
treatments twice weekly, a total of 5
injections. Arrows indicate treatment
days. Each line represents individual
scaffold from each mouse. White circles
= upper left scaffold; white squares =
lower left scaffolds; solid circles = upper
right scaffolds; solid squares = lower
right scaffolds.
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Supplemental Figure 2. Survival curves of MM1.S tumors bearing mice. Humane end
point (cumulative tumor volume >10% of body weight) reached for all animals on or
before day 42 except for LCL-BORT 0.5 mg/kg group. These animals were followed
until day 101, the point at which 2 out of three animals reached humane end point.
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S3-C

Supplemental Figure 3. Tumor growth
curve of individual scaffolds from animals
bearing patient derived xenografts.
Bioluminescence was performed on the day
of treatment initiation and tumor growth
was followed once weekly. Animals received
PBS, free- or liposomal bortezomib 0.5 mg/
kg twice weekly, a total of 5 injections.
Arrows indicate treatment days. Each line
represents individual scaffold from each
mouse. White circles = upper left scaffold;
white squares = lower left scaffolds;
solid circles = upper right scaffolds; solid
squares = lower right scaffolds.
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Supplemental Figure 4. Survival curves of animals bearing patient derived
xenografts. Humane end point reached for all control animals on or before
day 42. In case of free- or liposomal bortezomib treated animals, humane
end point did not reach till 8 weeks post treatment initiation. The study was
terminated on day 56 due to a microbial outbreak and an average 5% of
body weight reduction compared to the previous week which was likely to
attributed with the infection.
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General discussion and future perspectives
Liposomal drug delivery in an advanced mouse model of solid
tumors
Cancers are abundantly infiltrated by inflammatory cells that are modulated by
tumor cells to secrete mediators fostering tumor cell survival and proliferation
[1]. Therefore, agents that interfere with inflammatory signaling molecules or
specific immune cell populations have been investigated for their potential as
anticancer drugs [2]. Corticosteroids are highly potent anti-inflammatory drugs,
whose activity is intensified and off-target effects are reduced when targeted by
nanocarrier systems [3]. Liposome-encapsulated corticosteroids have been shown
to effectively inhibit or delay tumor growth in different subcutaneous syngeneic
murine tumor models as well as subcutaneous human xenograft mouse models
[4-7]. These effects are attributed to a switch in the tumor microenvironment
from a pro-inflammatory to an anti-inflammatory state [8]. Despite the recognized
value of such subcutaneous 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 adequately resemble
slow progressive human disease developing in situ [9]. In Chapter 2, 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 potently delays the growth
of spontaneous breast carcinoma. The liposomal prednisolone formulation was
significantly more active than free drug at an equivalent dose. At 72 h after
injection of the liposomal formulation, 3 μg prednisolone per gram of tumor tissue
was recovered whereas no drug could be detected after injection of the free agent.
This indicates that, despite etiological and morphological differences between
implanted and spontaneous tumor models, and a drastically diminished tumor
growth rate, EPR-mediated accumulation of drug occurs to similar extent in this
spontaneous mammary carcinoma model as in the syngeneic tumor models.
Currently, the extent of the EPR effect in humans is heavily debated. It is argued
that the slow growth and dense extracellular matrix of human tumors would
strongly diminish the enhanced permeability that is a prerequisite for passive
targeting [10, 11]. Still, as early studies with the Vescan® liposomal imaging
formulation have shown, significant accumulation occurs in the majority of a wide
variety of tumors [12]. More importantly, even minor liposomal drug accumulation
may still constitute a major improvement compared to the free drug. Our results
in this spontaneous tumor model, thought to be more representative of the human
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pathology, would underline that the EPR effect remains a valid targeting strategy.
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 metastasis. The only exception
was the appearance of miR-146b, a known inflammation-regulating miRNA species,
after liposomal prednisolone treatment indicating that we are indeed treating the
tumor through inflammation regulation.
Little is known about the molecular pathways involved in inflammation that
need to be inhibited to limit tumor growth. At present, broad anti-inflammatory
strategies are popular in pre-clinical experiments, such as removal of macrophages
by liposomal clodronate [7]. Also glucocorticoids have broad anti-inflammatory
effects, and as a result, multiple associated adverse effects are often observed. The
temporary body weight loss during treatment with the liposomes is indicative of
such effects [6]. Therefore, it would be interesting to examine whether treatment
of these types of tumors with miR-146b mimics or other more selective molecular
pathway inhibitors provides similar tumor growth inhibition, yet through a more
specific intervention than the glucocorticoids. In this respect, the recent approval
of a liver-targeted siRNA-carrying lipid nanoparticle opens up new avenues for
rapid screening molecular pathways within a tumor to determine therapeutic
effects [13].
It would also be of interest to see how anti-inflammatory strategies can be
combined with the current revolution in tumor immune therapies. These immune
therapies usually are based on engaging the adaptive immune system. The strategy
that has currently advanced most in the clinic is immune checkpoint inhibition.
Many cancers hijack checkpoints to escape the immune system. Blocking these
pathways with specific antibodies, immune checkpoint inhibitors, the immune
system can mount an attack against the cancer cells [14]. A more recent example
is chimeric antigen receptor (CAR) T-cell therapy. In T-cell therapy, patient T-cells
are engineered ex vivo to have chimeric antigen receptors to recognize cancer
cells. After reinfusion, these engineered T-cells seek out and destroy cancer cells
[15].
The anti-inflammatory strategies target chronic inflammation caused by innate
immune cells [16]. But the broad anti-inflammatory activity of these strategies, for
example those based on glucocorticoids, seems to be conflicting with the specific
immune reaction. A combination that allows inhibition of one arm of the immune
system and stimulation of the other might be synergistically active [17].
Can liposomal drug delivery also be useful in treatment of “liquid
tumors”?
Hematological malignancies (HM) are a collection of malignant transformations
193

1
2
3
4
5
6
7
8
9
10

Chapter 8 - General discussion and future perspectives

1
2
3
4
5
6
7
8
9
10

originating from cells in the primary or secondary lymphoid organs [18]. Leukemia,
lymphoma, and multiple myeloma comprise the three major types of HM. Current
treatment consists of bone marrow transplantation, radiotherapy, immunotherapy
and chemotherapy [19]. Although, many chemotherapeutic drugs are clinically
available for the treatment of HM, the use of these agents is limited due to doserelated toxicity and lack of specificity towards tumor tissue/cells [20]. Moreover,
the poor pharmacokinetic profile of most of the chemotherapeutics requires high
dosage and frequent administration to maintain therapeutic levels at the target
site, both increasing adverse effects. This underlines an urgent need for a suitable
drug delivery system to improve efficacy, safety, and pharmacokinetic properties
of conventional therapeutics [20]. Nanomedicines have proven to enhance these
properties for a variety of anticancer therapeutics but usually in the framework
of solid tumors [21]. The most extensively studied nanomedicine systems are
lipid-based nanoparticles and polymeric nanoparticles. Typically, nanomedicines are
small sub-micron sized particles in the size range of 20-200 nm [20]. Chapter
3 describes currently available therapies as well as limitations and potential
advantages of nanomedicine formulations for treatment of various types of HM.
Additionally, recent investigational and approved nanomedicine formulations are
discussed. Surprisingly, they have found limited applications in HM. The fact that
hematological malignancies are also characterized by increased microvessel density
as a result of angiogenesis, provides a rationale to use nanocarriers for this class
of cancer as well [22, 23]. Lessons learned from the success of nanoformulations
such as Doxil® and VYXEOS® have proven the therapeutic value of nanomedicines
in HM where liposomal encapsulation improved safety and efficacy of existing
chemotherapeutics [24, 25].
One of the explanations for slow translation is that nanoparticle systems may
show substantial benefits in preclinical settings, but their clinical translation still
remains difficult. There are many pharmaceutical challenges that need to be met
in development of successful nanomedicine formulations. But an important hurdle
has been the lack of appropriate animal models that mimic the actual clinical
pathology in HM making it difficult to predict favorable outcomes for clinical trials
[26].
As a first step towards clinical translation, in vitro models need to be as predictive
as possible. However, an appropriate 3D model for more predictive in vitro
evaluation is lacking [27]. In Chapter 4, we applied a previously developed
3D bone marrow (BM) myeloma model to examine liposomal drug therapy.
This model recapitulates the hematopoietic niche where this tumor thrives by
including the interactions with bone marrow stromal cells. Liposomes of different
sizes (~75-200 nm) were tested in this 3D BM myeloma model, comprising
multipotent mesenchymal stromal cells, endothelial progenitor cells and myeloma
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Chapter 8 - General discussion and future perspectives

cells co-cultured in a hydrogel. The distribution and efficacy of liposomal drugs
was investigated, evaluating the feasibility of testing liposomal drug delivery in 3D
in vitro. Intracellular uptake of untargeted and integrin α4β1 (very late antigen-4;
VLA-4) targeted liposomes was compared in myeloma and supporting cells, as well
as the effectivity of free and liposome-encapsulated chemotherapy (bortezomib,
doxorubicin). Either co-cultured myeloma cell lines or primary CD138+ myeloma
cells received the treatments. Liposomes (~75-110 nm) passively diffused
throughout the heterogeneously porous (80-850 nm) 3D hydrogel model after
insertion. Initially it was expected that given the presence of larger pores in the
hydrogel than the largest liposome diameter (200 nm), also these liposomes would
be able to reach the cells but no diffusion could be detected. These results might
be indicative of the strong limiting power of extracellular matrix on liposome
penetration into the tumor, a phenomenon that has also been suggested to be
clinically relevant.

1

Cellular uptake of liposomes by myeloma cells was observed, and was increased
by targeting VLA-4. In general, the use of active targeting does not improve
target tissue accumulation as the limiting step is formed by extravasation into
the tumor tissue. However, intra-tumoral distribution and specific interaction
with cell types may be promoted by targeting ligands and can profoundly affect
efficacy, particularly for drugs that cannot cross cellular membranes. Specifically
for HM, addition of targeting ligands may have an additional benefit as they enable
interaction of nanomedicines with the circulating fraction of tumor cells in the
blood stream. This fraction is usually not targeted.

5

Both liposomal bortezomib and doxorubicin showed increased cytotoxic effects
towards myeloma cells compared to the free drugs, using either a cell line or
primary myeloma cells. In conventional in vitro assays, cytotoxicity of the free drug
usually outperforms the liposomal formulation. This is not surprising since the
free drug is completely therapeutically available, whereas the liposomal drug is not
active until the liposomal shell is (intracellularly) degraded or the drug is released.
In this assay, the presence of the hydrogel might adsorb drug molecules, limiting
the fraction that engages with the tumor cells. This would provide a competitive
advantage to the liposomes that are designed to avoid aspecific interactions. This
is further supported by the observation that cytotoxicity towards supporting BM
cells was reduced using liposomes. The 3D model allows the study of liposomeencapsulated molecules on MM and supporting BM cells, looking at cellular
targeting, and general efficacy of the given therapy. The advantages of liposomal
drug delivery were demonstrated in this 3D model using primary myeloma cells,
potentially enabling the study of patient-to-patient responses to a library of drugs
and treatment regimens to select the most appropriate for each individual.
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Liposomal dexamethasone for the treatment of multiple
myeloma
Glucocorticoids are the cornerstone in the clinic for treatment of hematological
malignancies, including MM [28]. Nevertheless, poor pharmacokinetic properties
of glucocorticoids require high and frequent dosing with the off-target adverse
effects defining the maximum dose. Recently, nanomedicine formulations of
glucocorticoids have been developed that improve the pharmacokinetic profile,
limit adverse effects and improve solid tumor accumulation [4-7]. Multiple
myeloma is a hematological malignancy characterized by uncontrolled growth of
plasma cells [29]. These tumors initiate increased angiogenesis and microvessel
density in the bone marrow, which might be exploited using nanomedicines,
such as liposomes [22, 23]. Nano-sized particles can accumulate as a result of
the increased vascular leakiness at the bone marrow tumor lesions. Preclinical
screening of novel anti-myeloma therapeutics in vivo requires a suitable animal
model that represents key features of the disease. In Chapter 5, we show that,
besides the organs involved in clearance, liposomes were found to accumulate in
tumor-bearing human-bone scaffolds that recapitulate the hematopoietic niche.
The fact that we observe tumor tissue targeting in this model indicates that
this HM is amenable to targeting via the EPR effect. The therapeutic efficacy of
liposomal dexamethasone phosphate was evaluated in this model showing strong
tumor growth inhibition while free drug being ineffective at an equivalent dose (4
mg/kg) regimen. The liposomal formulation slightly reduced total body weight of
myeloma-bearing mice during the course of treatment, which appeared reversible
when treatment was stopped. This correlates well with previous observations in
subcutaneous models. This treatment is currently undergoing clinical studies in the
framework of the AMETHYST trial as a monotherapy in patients with previously
treated progressive multiple myeloma [30].
Liposomal bortezomib for the treatment of multiple myeloma
Bortezomib is a proteasome inhibitor used for the treatment of MM [31]. Also
here, the poor pharmacokinetic profile and off-target adverse effects demand a
necessity of drug delivery systems for bortezomib. Liposomal encapsulation has
been proven to improve the therapeutic index of anti-neoplastic therapeutics.
In Chapter 6, we describe development and characterization of liposomal
bortezomib formulations. Polyols were used to entrap bortezomib inside the
liposomes as boronate ester. Remote loading is part of the success of the Doxil®
formulation as it allows very high drug-lipid ratio to be achieved. For Doxil®,
ammonium sulphate is used and the doxorubicin precipitates intra-liposomally
as the sulphate salt. For bortezomib, loading efficiency was found to approach
a maximum when using meglumine plus mannitol as entrapping agent. For the
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intraliposomal formed boronate esters composed of bortezomib and polyols,
a challenging aspect is their reversible nature. As a result, although the intraliposomal conditions can be chosen such that ester formation is preferred, it is still
in equilibrium with the unbound form. Loading at room temperature was more
pronounced as compared to loading at 60°C. Usually, because 60°C is above the
lipid transition temperature of all lipids that make up the liposomal membrane,
this temperature would be expected to yield more loading, as it would facilitate
the translocation of bortezomib across the bilayer. At the same time, the increase
in temperature may favor dissociation of the boronate ester reducing overall
drug loading. In vitro release kinetics in HBS and human plasma showed time and
temperature-dependent release of the drug in external medium. The fact that
plasma release was substantial seems not ideal for future therapeutic applications.
The plasma components provide a perfect sink for extraction of bortezomib from
the formulation, leading to rapid drug release. Although this is a promising start,
to be able to complete preclinical studies, storage stability is not sufficient as yet.
This is a critical element in the formulation process since the boronate-ester
equilibrium does not provide sufficient retention for pharmaceutical formulations
that would require years of shelf-life. A freeze-dried formulation may be more
appropriate, as this would prevent leakage. This is an important topic to address in
future research.
In Chapter 7, we evaluated the best liposomal formulation of bortezomib of
chapter 6 for anti-myeloma efficacy in preclinical experiments. Anti-myeloma
efficacy of liposomal bortezomib formulation was evaluated in myeloma model
using MM.1S cell line xenografts and MM patient-derived xenografts. In vitro efficacy
of liposomal bortezomib was found to be comparable with that of free drug to
various cell lines. Probably the bortezomib leaks from the liposome interior within
the time frame of the incubation, essentially comparing free bortezomib in both
conditions. Liposomal bortezomib showed prolonged circulation kinetics in vivo
but the drug is cleared at a much faster rate than the delivery system. Again the
premature release of the drug is usually regarded as problematic as the passive
tumor tissue accumulation is increasing over time. Still, liposomal encapsulation
increased accumulation of bortezomib in myeloma tumor bearing scaffolds as well
as other organs. Surprisingly, complete tumor regression was seen in liposomal
bortezomib treated animals bearing MM.1S xenografts and patient-derived
xenografts, underlining a striking improvement in the therapeutic efficacy. This
despite a modest change in circulation kinetics and intratumoral concentrations.
Our results may indicate that a modest increase in either local drug concentration
in the tumor tissue or in AUC in the circulation may already dramatically enhance
the therapeutic effects of bortezomib. This might call for alternative administration
197

1
2
3
4
5
6
7
8
9
10

Chapter 8 - General discussion and future perspectives

1
2
3
4
5
6
7
8
9
10

routes and schedules to complement the activity profile of bortezomib. It also
demonstrates that, although retention of the drug inside the nanomedicine is
preferred to take full advantage of the passive targeting, release is necessary
before therapeutic effects can be observed. Actually for Doxil®, the exceptionally
strong retention was the incentive to make formulations that could respond to
external triggers as the drug release was too slow for optimal therapeutic effects.
ThermoDox®, a thermosensitive doxorubicin formulation that responds to a
temperature increase up to 42°C with immediate and complete drug release is an
example of such a formulation [32]. In this respect, the bortezomib formulation
developed here may still be attractive for further exploration as our results show
that liposomal formulation offers an effective delivery system for bortezomib.
Liposomal bortezomib could be clinically translated for MM treatment and fit into
the existing treatment regimens to improve therapeutic efficacy.
In this thesis, the concept of “old drugs - new therapeutics” was explored.
Currently approved drugs, glucocorticoids and bortezomib were formulated
into nanomedicines to improve their performance. One of the major hurdles in
clinical translation has been the poor predictive quality of animal tumor models.
Therefore, we tested formulations in advanced pre-clinical models that more
closely mimic the clinical condition.
The multiple myeloma model we used resembles the human bone
microenvironment. This model has been shown to have clinical predictive value.
However, even in this model a drawback might still be that it is established
in (severely) immunocompromised mice lacking T and B lymphocytes and a
fully functional innate immune system. The lack of a complete immune system,
may affect tumor growth and may also have an impact on the interpretation
of the therapeutic benefit. PEGylated nanoparticles including liposomes are
recognized as foreign bodies by the immune system [33]. As a result, production
of anti-PEG antibodies may be triggered. This in turn may alter the circulation
and biodistribution of liposomes upon repeating doses, a process known as
accelerated blood clearance (ABC) phenomenon, which would not be seen in
immunocompromised mice [34]. This requires, even for the advanced multiple
myeloma model, caution in interpretation of efficacy. The spontaneous MMTV/
neu breast cancer model is a mouse model where the complete immune system is
present. Moreover, the growth kinetics are much slower, more closely resembling
the clinical disease. One could argue that this model would carry the highest
predictive value.
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Although the advanced animal models have higher translational values, they
also require much higher investments. This can be illustrated by comparing the
investments in earlier work to the work presented in this thesis. The costs for a
typical experiment in a B16F10 melanoma model are dwarfed by the costs of the
same study in MMTV/neu mice. In the B16F10 model, a predictable development
of palpable tumors occurs around day ten, and treatment can be initiated for
essentially the entire cohort simultaneously and a subsequent outgrowth to the
humane endpoint takes place over the next two weeks for the untreated controls.
Palpable breast tumors in the MMTV/neu model developed over a period of 6
months requiring daily inspection. This resulted in a staggered start of treatment
requiring a nearly individualized treatment protocol for every mouse over a
period of months. Overall, the costs for a typical therapeutic efficacy experiment
are more than tenfold increased. Interestingly, the results of both experiments
are quite comparable, justifying the simple subcutaneous models as early screen
for efficacy even for nanomedicines’ testing. These experiments can serve as an
important funnel to streamline testing in advanced preclinical tumor models.
References

1.
Korniluk, A., et al., From inflammation to cancer. Ir J Med Sci, 2017. 186(1): p. 57-62.
2.
Rayburn, E.R., S.J. Ezell, and R. Zhang, Anti-Inflammatory Agents for Cancer Therapy. Mol
Cell Pharmacol, 2009. 1(1): p. 29-43.
3.
Ozbakir, B., et al., Liposomal corticosteroids for the treatment of inflammatory disorders
and cancer. J Control Release, 2014. 190: p. 624-36.
4.
Schiffelers, R.M., et al., Liposome-encapsulated prednisolone phosphate inhibits growth of
established tumors in mice. Neoplasia, 2005. 7(2): p. 118-27.
5.
Patras, L., et al., Liposomal prednisolone phosphate potentiates the antitumor activity of
liposomal 5-fluorouracil in C26 murine colon carcinoma in vivo. Cancer Biol Ther, 2017. 18(8): p. 616626.
6.
Kroon, J., et al., Liposomal delivery of dexamethasone attenuates prostate cancer bone
metastatic tumor growth in vivo. Prostate, 2015. 75(8): p. 815-24.
7.
Banciu, M., et al., Antitumor activity of liposomal prednisolone phosphate depends on the
presence of functional tumor-associated macrophages in tumor tissue. Neoplasia, 2008. 10(2): p. 10817.
8.
Banciu, M., et al., Utility of targeted glucocorticoids in cancer therapy. J Liposome Res, 2008.
18(1): p. 47-57.
9.
Gould, S.E., M.R. Junttila, and F.J. de Sauvage, Translational value of mouse models in
oncology drug development. Nat Med, 2015. 21(5): p. 431-9.
10.
Wilhelm S., T.A.J., Dai Q., Ohta S., Audet J., Dvorak H.F., Chan W.C., Analysis of nanoparticle
delivery to tumours. Nat Rev Mater, 2016. 1(16014).
11.
Danhier, F., To exploit the tumor microenvironment: Since the EPR effect fails in the clinic,
what is the future of nanomedicine? J Control Release, 2016. 244(Pt A): p. 108-121.
12.
Jensen, G.M. and T.H. Bunch, Conventional liposome performance and evaluation: lessons
from the development of Vescan. J Liposome Res, 2007. 17(3-4): p. 121-37.
13.
Wood, H., FDA approves patisiran to treat hereditary transthyretin amyloidosis. Nat Rev
Neurol, 2018. 14(10): p. 570.
14.
Dine, J., et al., Immune Checkpoint Inhibitors: An Innovation in Immunotherapy for the
Treatment and Management of Patients with Cancer. Asia Pac J Oncol Nurs, 2017. 4(2): p. 127-135.

199

1
2
3
4
5
6
7
8
9
10

Chapter 8 - General discussion and future perspectives

1
2
3
4
5
6
7
8
9

15.
Tasian, S.K. and R.A. Gardner, CD19-redirected chimeric antigen receptor-modified T cells:
a promising immunotherapy for children and adults with B-cell acute lymphoblastic leukemia (ALL).
Ther Adv Hematol, 2015. 6(5): p. 228-41.
16.
Tabas, I. and C.K. Glass, Anti-inflammatory therapy in chronic disease: challenges and
opportunities. Science, 2013. 339(6116): p. 166-72.
17.
Franchimont, D., Overview of the actions of glucocorticoids on the immune response: a
good model to characterize new pathways of immunosuppression for new treatment strategies. Ann
N Y Acad Sci, 2004. 1024: p. 124-37.
18.
Rodriguez-Abreu, D., A. Bordoni, and E. Zucca, Epidemiology of hematological malignancies.
Ann Oncol, 2007. 18 Suppl 1: p. i3-i8.
19.
Palanca-Wessels, M.C. and O.W. Press, Advances in the treatment of hematologic
malignancies using immunoconjugates. Blood, 2014. 123(15): p. 2293-301.
20.
Visani, G., F. Loscocco, and A. Isidori, Nanomedicine strategies for hematological
malignancies: what is next? Nanomedicine (Lond), 2014. 9(15): p. 2415-28.
21.
Hare, J.I., et al., Challenges and strategies in anti-cancer nanomedicine development: An
industry perspective. Adv Drug Deliv Rev, 2017. 108: p. 25-38.
22.
Moehler, T.M., et al., Angiogenesis in hematologic malignancies. Crit Rev Oncol Hematol,
2003. 45(3): p. 227-44.
23.
Dong, X., Z.C. Han, and R.Yang, Angiogenesis and antiangiogenic therapy in hematologic
malignancies. Crit Rev Oncol Hematol, 2007. 62(2): p. 105-18.
24.
Saygin, C. and H.E. Carraway, Emerging therapies for acute myeloid leukemia. J Hematol
Oncol, 2017. 10(1): p. 93.
25.
Lancet, J.E., et al., CPX-351 (cytarabine and daunorubicin) Liposome for Injection Versus
Conventional Cytarabine Plus Daunorubicin in Older Patients With Newly Diagnosed Secondary
Acute Myeloid Leukemia. J Clin Oncol, 2018. 36(26): p. 2684-2692.
26.
Denayer T., S.T., Roy van M., Animal models in translational medicine:Validation and
prediction. New Horizons in Translational Medicine, 2014. 2(1): p. 5-11.
27.
Braham, M.V.J., et al., Cellular immunotherapy on primary multiple myeloma expanded in a
3D bone marrow niche model. Oncoimmunology, 2018. 7(6): p. e1434465.
28.
Greenstein, S., et al., Mechanisms of glucocorticoid-mediated apoptosis in hematological
malignancies. Clin Cancer Res, 2002. 8(6): p. 1681-94.
29.
Anderson, K.C., et al., Multiple myeloma. J Natl Compr Canc Netw, 2011. 9(10): p. 1146-83.
30.
ClinicalTrials.gov ID: NCT03033316.
31.
Chen, D., et al., Bortezomib as the first proteasome inhibitor anticancer drug: current
status and future perspectives. Curr Cancer Drug Targets, 2011. 11(3): p. 239-53.
32.
Aminsharifi, A., et al., Heat-targeted drug delivery: A promising approach for organsparing
treatment of bladder cancer.THERMODOX(R). Arch Esp Urol, 2018. 71(4): p. 447-452.
33.
Bozzuto, G. and A. Molinari, Liposomes as nanomedical devices. Int J Nanomedicine, 2015.
10: p. 975-99.
34.
Abu Lila, A.S., H. Kiwada, and T. Ishida, The accelerated blood clearance (ABC) phenomenon:
clinical challenge and approaches to manage. J Control Release, 2013. 172(1): p. 38-47.

10

200

Chapter 8 - General discussion and future perspectives

1
2
3
4
5
6
7
8
9
10

201

Appendices

Nederlandse samenvatting

1
2
3
4
5
6
7
8

10

Nederlandse samenvatting
Kanker is een ongecontroleerde deling van cellen. Toch bestaan tumoren
niet alleen uit deze ongecontroleerd delende tumorcellen. Tumoren worden
geïnfiltreerd met gezonde cellen uit de gatsheer die op signalen uit de tumor
afkomen. Zo worden er nieuwe bloedvaten gevormd en vindt infiltratie met
immuuncellen plaats. Tumoren vinden daarbij wegen om van deze gezonde cellen
te profiteren. Inflammatoire cellen worden bijvoorbeeld gemoduleerd door
tumorcellen om factoren uit te scheiden die de overleving en proliferatie van de
tumor bevorderen. Hematologische maligniteiten (HM), ook wel bloedkankers
genoemd, zijn een verzameling tumoren die onstaan uit cellen van primaire of
secondaire lymfoïde organen. Leukemie, lymfomen en multipel myeloom zijn de
drie belangrijkste typen HM. Chemotherapie is één van de hoekstenen van de
behandeling van vele typen tumoren inclusief HM.
Het gebruik van de meerderheid van de geneesmiddelen in kankertherapie is
beperkt door dosis-gerelateerde toxiciteit voortkomend uit een gebrek aan
specificiteit voor de tumorcellen. Bovendien worden deze chemotherapeutica
vaak snel geklaard en dit vereist hoge doseringen en frequente toediening om
therapeutische concentraties van het medicijn bereiken in het tumorweefsel.
Vermindering van bijwerkingen, verhoging van tumorspecificiteit én verbeterking
van de farmacokinetiek van chemotherapeutica zou bereikt kunnen worden met
nanodeeltjes.
Nanodeeltjes zijn ontzettend kleine deeltjes met een grootte onder de
micrometer. Therapeutisch toegepaste deeltjes zijn in het algemeen in de
ordergrootte van 20-200 nanometer. Liposomen zijn nanodeeltjes die bestaan
uit fosfolipiden en cholesterol die samen een membraan kunnen vormen. Door
de aanwezigheid van een lipide bi-laag die een hydrofiele kern omgeeft kunnen
liposomen worden beladen met zowel hydrofiele als hydrofobe moleculen. Door
geneesmiddelen in liposomen in te sluiten volgen de geneesmiddelen het lot
van het liposoom in het lichaam. Het blijkt dat liposomen in verhoogde mate
accumuleren in tumorweefsel. Deze passieve ophoping van liposomen is een
gevolg van de abnormale opbouw van tumorweefsel dat permeabele bloedvaten
heeft en een goede lymfatische afvoer mist. Doordat liposomen kunnen
extravaseren door de lekke bloedvatwand en verminderd worden geklaard
hopen ze op in het tumorweefsel, dit fenomeen wordt ook wel het ‘enhanced
permeability and retention (EPR)-effect’ genoemd. Liposomen met een coating van
poly(ethyleen glycol) ofwel PEG, een hydrofiel polymeer, hebben een vertraagde
klaring waardoor ze een verhoogde kans krijgen om in tumorweefsel op te hopen.
Doordat het geneesmiddel pas actief wordt na afgifte uit het liposoom kunnen
bijwerking worden verminderd.
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Diermodellen worden gebruikt om de therapeutische effectiviteit en veiligheid
van kandidaatmedicijnen en medicijnformuleringen te bestuderen. Het blijft echter
een uitdaging om de in dierstudies verkregen resultaten te vertalen naar patiënten
in de kliniek. Een belangrijke reden hiervoor is dat veel diermodellen de klinische
situatie niet goed genoeg benaderen. Naast de aanwezigheid van tumorcellen is
het micromilieu van tumoren cruciaal voor proliferatie van kwaadaardige cellen
en progressie van de ziekte. Dit betekent in het geval van HM dat de plaats waar
de meeste van deze kankers onstaan -het beenmerg- en het daarin aanwezige
micromilieu belangrijk is in een diermodel na te bootsen.
Het onderzoek dat in dit proefschift is gepresenteerd beschrijft studies waarbij
is gekeken naar liposomale medicijnafgifte in geavanceerde diermodellen voor
borstkanker en multipel myeloom. Hoofdstuk 1 bestaat uit een algemene
introductie van het proefschrift. In hoofdstuk 2 is de therapeutische effectiviteit
van prednisolon fosfaat (een anti-inflammatoir glucocorticoid)-beladen liposomen
in een spontaan borstkankermod.el beschreven. Muizen die met deze prednisolon
beladen liposomen zijn behandeld lieten een vertraagde tumorgroei zien in dit
klinisch meer relevante model. Meetbare hoeveelheden prednisolon waren 72
uur na toediening nog detecteerbaar in de tumoren van muizen die met de
liposomale formulering waren behandeld. Dit toont aan dat ook in tumoren die
langzamer groeien dan tumoren in veel gebruikte sneller groeiende modellen voor
borstkanker het EPR-effect bestaat.
In hoofdstuk 3 worden zowel de nu beschikbare therapiën als de beperkingen
en voordelen van nanomedicijnen voor de behandeling van verschillende typen
hematologische maligniteiten besproken. Daarnaast worden ook de recent
goedgekeurde medicijnen en de middelen die nog in een experimentele fase zitten
bediscussieerd. HM worden gekarakteriseerd door een verhoogde hoeveelheid
kleine bloedvaatjes als een gevolg van een process dat angiogenese wordt
genoemd. Angiogenese, ofwel het ontstaan van nieuwe bloedvaten uit bestaande
bloedvaten, is nodig voor een tumor om te kunnen groeien. Dit is ook het geval bij
HM. De nieuwgevormde bloedvaten in de tumor onderscheiden zich van normale
bloedvaten doordat ze imperfect zijn zowel in architectuur als in barriëre functie.
Doordat de vaten minder volmaakt zijn hebben lang circulerende nanomedicijnen
een verhoogde kans om uit de lekkende vaten het tumormilieu te penetreren
(EPR-effect). Tot slot zijn de uitdagingen om nanomedicijnen succesvol naar de
kliniek te brengen besproken.
Studies waarbij cellen worden gebruikt (‘in vitro studies’) zijn de vaak de eerste
stap om nieuwe kandidaat medicijnen te testen. De veel gebruikte conventionele
2D modellen hiervoor zijn echter erg afwijkend van het complexe micromilieu van
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het beenmerg met daarin de tumorcellen. De onderlinge comunicatie tussen de
tumorcellen en de omliggende beenmergcellen is cruciaal. In hoofdstuk 4 laten
we zien dat liposomale medicijnafgifte kan worden bestudeerd in een 3D celmodel
waarbij naast multipel myeloomcellen ook ondersteunende cellen aanwezig zijn die
het micromilieu nabootsen.
In hoofdstuk 5 hebben we een liposomale formulering met daarin
dexamethason (ook een glucocorticoid) in een gehumaniseerd muizenmodel voor
multipel myeloom getest. Dit geavanceerde muizenmodel bootst de klinische
situatie voor multipel myeloom beter na. In dit model worden bot-nabootsende
keramische materialen geïmplanteerd op de rug van de muis waarna er botcellen
en multipel myeloomcellen aan worden toegevoegd. Dit kan zowel afkomstig zijn
van cellijnen of tumorcellen die uit patiënten zijn geïsoleerd. In dit model is laten
zien dat de respons op medicijnen vergelijkbaar is met die in patiënten van wie de
multipel myeloomcellen zijn verkregen. In de studies waarbij we dit muizenmodel
gebruiken laten we zien dat lang-circulerende liposomen in deze HM niches
ophopen. In de in hoofdstuk 5 beschreven studie laten we zien dat dexamethason
de tumorgroei significant verminderd terwijl bij dezelfde concentratie het in vrije
vorm gegeven dexamethason geen therapeutisch effect laat zien.
Bortezomib is een ander medicijn dat onderdeel is van veel therapieën voor
multipel myeloom. In hoofdstuk 6, hebben we een liposomale formulering
van bortezomib ontwikkeld en gekarakteriseerd. Hiervoor hebben we een
zogenaamde ‘remote-loading’ techniek gebruikt waarbij we verschillende polyolen
als insluitmiddelen hebben getest. De meest optimale formulering hebben we
vervolgens verder bestudeerd.
De therapeutische effectiviteit van deze bortezomib-geladen liposomen zijn in
hoofdstuk 7 bestudeerd. Door bortezomib in liposomen te sluiten werden de
farmacokinetische eigenschappen verbeterd. De therapeutische effectiviteit van
bortezomib liposomen is tot slot getest in het multipel myeloom muizenmodel
met daarin een multipel myeloom-cellijn of cellen geïsoleerd uit een patient.
In beide situaties zorgde bortezomib in lipsomen dat de tumoren helemaal
verdwenen en dat de therapeutische kracht, ten opzichte van het medicijn indien
in de vrije vorm sterk verbeterd was.
Hoofdstuk 8 bestaat uit een samenvattende discussie en
toekomstperspectieven.
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सारांश (Hindi summary)
कर्क रोग (कैं सर) कोशिकाओ ं की अनियं त्रित वृद्धि से होता है और बहुतायत में इं फ्मले ेटरी
कोशिकाओ ं द्वारा घुसपैठित रहता है जो कि कैं सर कोशिकाओ ं के द्वारा उनके अस्तित्व
और प्रसार को बढ़ावा देने वाले मध्यस्थों को स्त्रावित कराती है। रक्त कैं सर प्राथमिक या
द्वितीयक लिम्फोइड अंगो ं में कोशिकाओ ं में होने वाले घातक परिवर्तनो ं का एक सं ग्रह होता
है। ल्यूकेमिया, लिम्फोमा, और मल्टीपल मायलोमा रक्त कैं सर के तीन प्रमुख प्रकार होते
है। अधिकांश कैं सर विरोधी दवाइयो ं का उपयोग खुराक से सं बं धित विषाक्तता और ट्यूमर
के ऊतक / कोशिकाओ ं की ओर विशिष्टता की कमी के कारण सीमित होता है। इसके
अलावा, इन कीमोथेरेपी के ख़राब फार्माकोकाइनेटिक गुणो ं के कारण लक्ष्य स्थल (अंग) पर
चिकित्सकीय स्तर बनाए रखने के लिए उच्च खुराक और बार-बार प्रशासन की आवश्यकता
होती है। नैनोकण २०-२०० नैनोमीटर के आकार के छोटे कण होते है। लिपिड आधारित
और बहुलकी नैनोकणो ं का बड़े पैमाने पर अध्ययन किया जा चुका है। लिपोज़ोम्स झिल्ली
बनाने वाले फोस्फोलिपिड्स और कोलेस्रॉट् ल के बने होते है। एक जलीय कोर को घेरे
हुए एक दोहरी लिपिड परत कई प्रकार के जलविरोधी और जलस्नेही छोटे अणुओ ं को
सं पुटित करने में सक्षम होती है। लिपोज़ोम्स-सं पुटिकरण के द्वारा कीमोथेरेपी दवाओ ं के
फार्माकोकाइनेटिक्स और फार्माकोडीनमिक्स गुणो ं में सुधार करके उनकी चिकित्सकीय
क्षमता को बढ़ाया जा सकता है। ट्यूमर में लिपोज़ोम्स के निष्क्रिय सं चय को ट्यूमर के ऊतक
की असामान्य रचना के माध्यम से प्राप्त किया जा सकता है जिसमे छिद्रयुक्त वाहिकाएं एवं
बिगड़ा हुआ लसीका निकासी तं त्र होता है, जिसे सामूहिक रूप से “वर्धित पारगम्यता और
प्रतिधारण” प्रभाव के रूप में जाना जाता है। पोली एथिलीन ग्लाइकोल युक्त लिपोज़ोम्स
अपने विलं बित परिसं चरण गुणधर्म के कारण अन्तःक्षेपण के पश्च्यात परिसं चरण में
लं बे समय तक विचरण करते है। परिणामस्वरूप, उनके ट्यूमर के ऊतक में जमा होने के
सांख्यिकीय अवसर में बढ़ोतरी होती है। साथ ही, सम्पुटित दवा परिसं चरण से तुरंत बाहर
होने से बच जाती है एवं स्वस्थ अंगो ं के सं पर्क में नही ं आती, जिससे अन्यथा गं भीर दष्प्र
ु भाव
नही ं होते है।
पूर्व नैदानिक मूल्यांकन

प्रक्रिया में, प्राणि प्रतिरूपो ं में अध्ययन करके दवा उम्मीदवार की
प्रभावकारिता और चिकित्सीय सुरक्षा का अध्ययन किया जाता है। यद्यपि, इन पूर्व नैदानिक 
अध्ययनो ं के आधार पर नैदानिक अनु
 वाद चुनौतीपूर्ण है। इसका आंशिक कारण उचित
प्राणि प्रतिरूप का आभाव है जो कि नैदानिक स्थिति का अनुकरण करने में सक्षम हो। ट्यूमर
का सूक्ष्म पर्यावरण कैं सर कोशिकाओ ं के प्रसार और रोग की प्रगति के लिए महत्वपूर्ण होता
है। अतएव, एक प्राणि प्रतिरूप आवश्यक है जो कि ट्यूमर सूक्ष्म पर्यावरण, और रक्त कैं सर
की अवस्था में अस्थि-मज्जा सूक्ष्म पर्यावरण का अनुकरण कर सके , जो कि अधिकांश रक्त
कैं सर का उत्पत्ति स्थल होता है।
इस शोध-प्रबं ध में प्रस्तुत शोध में, हमने स्तन कैं सर और मल्टीपल मायलोमा के उन्नत प्राणि
प्रतिरूपो ं में लिपोज़ोमित दवा वितरण का अध्ययन किया है।
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अध्याय १ शोध-प्रबं ध का सामान्य परिचय दर्शाता है।

1

अध्याय २ में हमने एक स्वतःस्फूर्त स्तन कार्सिनोमा के मूषक प्रतिरूप में लिपोज़ोम-सम्पुटित
प्रेडनिसोलोन फॉस्फे ट की चिकित्सीय प्रभावकारिता का अध्ययन किया है। लिपोज़ोमित
प्रेडनिसोलोन ने इस अधिक प्रासं गिक चिकित्सकीय प्रतिरूप में ट्यूमर के विकास को
विलम्बित किया। लिपोज़ोमित प्रेडनिसोलोन मुक्त दवा कि तुलना में सार्थकतापूर्ण अधिक
सक्रिय पाया गया। लाइपोज़ोम सूत्रीकरण अन्तःक्षेपण के ७२ घं टो ं के पश्च्यात भी ट्यूमर में
दवा का सं चय देखा गया। यह दर्शाता है कि सिन्जीनिक और ज़ीनोग्राफ्ट प्रतिरूपो ं की तुलना
में इस मॉडल में धीमी ट्यूमर विकास गति के उपरांत, “वर्धित पारगम्यता और प्रतिधारण”
प्रभाव दवा लक्षित करने हेतु एक वैध रणनीति है।
अध्याय ३ में हमने विभिन्न प्रकार के रक्त कैं सर हेतु वर्तमान में उपलब्ध उपचारो ं के साथसाथ नैनोमेडिसिन्स के सं भावित लाभो ं एवं सीमाओ ं के बारे में चर्चा की है। साथ ही, हाल
के अनुसंधानात्मक और अनुमोदित नैनोमेडिसिन सूत्रीकरणो ं पर चर्चा की गई है। वास्तव में
रक्त कैं सर भी एं जियोजिनेसिस के परिणाम स्वरूप वर्धित सूक्ष्मवाहिनियो ं के घनत्व से चिन्हित
रहता है जो कि एक इन "तरल ट्यूमर" में नैनोवाहको ं का उपयोग करने हेतु तर्क प्रदान करती
है। रक्त कैं सर हेतु नैनोमेडिसिन्स के सफलतापूर्वक नैदानिक अनु
 वाद के साथ जुड़ी चुनौतियो ं
का भी सं क्षिप्त वर्णन किया गया है।
निस्सं देह, नवीन दवा उम्मीदवारो ं का मूल्यांकन करने हेतु पहला कदम पात्रे (इन विट्रो)
अध्ययन होता है। तथापि, पारंपरिक पात्रे प्रतिरूप ट्यूमर / अस्थि-मज्जा के सूक्ष्म पर्यावरण
की जटिलता का प्रतिनिधित्व नही ं करते है। ट्यूमर कोशिकाओ ं और प्रतिवेश कोशिकाओ ं
के बीच की परस्पर क्रिया महत्वपूर्ण है। अध्याय ४ में हमने मल्टीपल मायलोमा के एक
त्रिआयामी पात्रे प्रतिरूप में लिपोज़ोमित दवा वितरण के उपयोग का प्रमाण प्रदान किया
है। हमने यह दर्शाया है कि यह प्रतिरूप मल्टीपल मायलोमा और समर्थन-कोशिकाओ ं पर
लिपोज़ोमित सूत्रीकरणो ं के अध्ययन का अवसर प्रदान करता है।
अध्याय ५ में डेक्सामेथासोन फॉस्फे ट के लिपोज़ोमित सूत्रीकरण का मल्टीपल मायलोमा के
एक मानवीकृ त मूषक प्रतिरूप में अध्ययन किया गया है। हमने एक उन्नत मानव-मूषक सं कर
पशु प्रतिरूप का उपयोग किया है जो कि मल्टीपल मायलोमा की नैदानिक स्थिति का निकट
सरूप है। मूषक में एक मानव-अस्थि के निर्माण के पश्चात् अस्थि सूक्ष्म पर्यावरण में मायलोमा
कोशिकाओ ं को प्रत्यारोपित किया जाता है। पूर्व में इस प्रतिरूप का महत्व व्यक्तिगत
उपचारात्मकता के सन्दर्भ में दर्शाया जा चुका है। यहाँ हमने दर्शाया है कि विलं बितपरिसं चरित लिपोज़ोम्स ट्यूमर निहित मचान (स्कैफोल्ड्स) में सं चित होते है। डेक्सामेथासोन
के लिपोज़ोम-सम्पुटिकरण ने ट्यूमर के विकास को वलम्बित किया जबकि मुक्त दवा समान
खुराक स्तरो ं पर अप्रभावी पाई गई।
बोर्टेज़ोमिब मौजूदा मायलोमा चिकित्सा-आहार का एक महत्वपूर्ण हिस्सा है। अध्याय ६ में
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हमने बोर्टेज़ोमिब सूत्रीकरणो ं का विकास एवं चरित्र-चित्रण किया है। एं ट्रैपिगं (पकड़ कर
रखने वाले) घटको ं के रूप में विभिन्न पॉलीऑल अणुओ ं का उपयोग करते हुए एक रूरस्थ
लदान (रिमोट लोडिगं ) रणनीति का परीक्षण किया गया। तत्पश्च्यात, युक्ततम सूत्रीकरण का
पात्रे निर्मुति-गतिकी (रिलीज़ कै नेटीक्स) हेतु मूल्यांकन किया गया।
अध्याय ७ में हमने बोर्टेज़ोमिब के लिपोज़ोमित सूत्रीकरण का मल्टीपल मायलोमा के प्रतिरूप
में मूल्यांकन किया है। लिपोज़ोम-सम्पुटिकरण द्वारा इस दवा के फार्माकोकाइनेटिक गुणो ं में
सुधार हुआ। चिकित्सीय प्रभावकारिता का कोशिका-व्युत्पन्न एवं रोगी-व्युत्पन्न ज़ीनोग्राफ्ट्स
में परीक्षण किया गया। दिलचस्प बात यह है कि दोनो ं प्रतिरूपो ं में, लिपोज़ोमित सूत्रीकरण के
द्वारा सं पूर्ण ट्यूमर प्रतिगमन हुआ, एवं बोर्टेज़ोमिब की चिकित्सीय प्रभावकारिता में सार्थक
सुधार हुआ।
अध्याय ८ सामान्य चर्चा और भविष्य का दृष्टिकोण प्रदान करता है।
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