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A B S T R A C T

Carfilzomib-loaded polymeric micelles (CFZ-PM) based on poly(ethylene glycol)-b-poly(N-2-benzoyloxypropyl
methacrylamide) (mPEG-b-p(HPMA-Bz)) were prepared with the aim to improve the maximum tolerated dose of
carfilzomib in a “humanized” bone marrow-like scaffold model. For this, CFZ-PM were prepared and char-
acterized for their size, carfilzomib loading and cytotoxicity towards multiple myeloma cells. Further, circulation
and tumor & tissue distribution of fluorescently labeled micelles were determined. Tolerability of CFZ-PM versus
the clinical approved formulation – Kyprolis® – was assessed. CFZ-PM presented small diameter below 55 nm
and low PDI < 0.1. Cy7-labeled micelles circulated for extended periods of time with over 80% of injected dose
in circulation at 24 h after intravenous injection and 1.3% of the injected dose of Cy7-labeled micelles accu-
mulated in myeloma tumor-bearing scaffolds. Importantly, CFZ-PM were well tolerated whereas Kyprolis®
showed adverse effects. Kyprolis® dosed at the maximum tolerated dose, as well as CFZ-PM, did not show
therapeutic benefit, while multiple myeloma cells showed sensitivity in vitro, underlining the importance of the
bone marrow crosstalk in testing novel formulations. Overall, this work indicates that PM are potential drug
carriers of carfilzomib.

1. Introduction

Multiple Myeloma (MM) is one of the most common types of cancer,
accounting for 1% of all cancers and 13% of blood cancers (Palumbo
and Anderson, 2011). The median age at diagnosis is 70 years. MM is a
hematologic cancer resulting from a clonal expansion of plasma cells in
the bone marrow (BM) (Roodman, 2009) and clinically characterized
by the following symptoms: high Calcium levels, Renal damage, An-
emia and Bone lesions – collectively known as the CRAB features.

Conventional treatments include combination of melphalan and
prednisone or high dose chemotherapy combined with stem cell
transplantation (Azaïs et al., 2010). Although MM remains an incurable
disease, progress has been made with the introduction of novel ther-
apeutic agents that improve the median recurrence free survival. New
targeted treatments such as immunomodulatory agents (e.g.

thalidomide, lenalidomide and pomalidomide) and proteasome in-
hibitors (e.g. bortezomib, carfilzomib and ixazomib) (Gandolfi et al.,
2017; Okazuka and Ishida, 2018) given in combination with classical
chemotherapeutics such as melphalan and cyclophosphamide have
further increased the survival rate and in general improve patients'
quality of life [3,6]. Particularly proteasome inhibitors have shown an
added advantage. This class of agents play a role in the disruption of the
ubiquitin proteasome pathway thereby causing accumulation of da-
maged/misfolded proteins, pro-apoptotic proteins, cyclins and inhibi-
tion of NF-kB signaling among others (Okazuka and Ishida, 2018). This
leads to a cell cycle arrest and eventually apoptosis. Interestingly,
malignant cells were shown to be more sensitive to proteasome in-
hibitors than healthy cells which make them a valuable therapeutic
option (Adams, 2004).

Carfilzomib (structure shown in Fig. 1 A), a second generation
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proteasome inhibitor, is a tetrapeptide bearing an epoxyketone that
covalently and irreversibly binds to the beta- 5 subunit of the protea-
some (Andreu-Vieyra and Berenson, 2014). Clinical studies showed that
relapsed or refractory patients, including those that failed to respond to
the CFZ-analogue bortezomib, would still benefit from treatment with
CFZ (Kumar et al., 2012; Papadopoulos et al., 2015). However, the
administration of proteasome inhibitors is associated with several
limitations as the poor water solubility (FDA, 2012), fast clearance
(Wang et al., 2013a, 2013b) and adverse effects (Harvey, 2014). Due to
its limited solubility in aqueous solutions (FDA, 2012), CFZ depends on
a vehicle to solubilize and enable systemic administration. In 2012, a
formulation of CFZ (Kyprolis®) was approved by the FDA for the
treatment of relapsed or refractory MM patients as single agent
(Herndon et al., 2013). Kyprolis® consists of CFZ complexed in sulfo-
butylether beta-cyclodextrin (Captisol®) to allow systemic administra-
tion (2% in weight CFZ). However, Kyprolis® has a poor pharmacoki-
netic profile with a half-life of 30 min after intravenous (i.v.) injection,
and is also rapidly metabolized mainly via extrahepatic peptidase
cleavage and inactivated by epoxide hydrolysis (Yang et al., 2011;
Papadopoulos et al., 2013; Papadopoulos et al., 2015). As a result, high
dosing and multiple administration are needed to achieve therapeutic
benefits.

These issues highlight the need of developing delivery systems for
proteasome inhibitors to expedite their use in a clinical setting. Several
recent studies report the development of delivery systems for protea-
some inhibitors that increase their therapeutic value (Park et al., 2017;
Gu et al., 2018). We have previously identified π-π stacked polymeric
micelles based on poly(ethylene glycol)-b-poly(N-2-benzoyloxypropyl
methacrylamide) (mPEG-b-p(HPMA-Bz) (structure shown in Fig. 1B)
that allow long-circulation of paclitaxel and showed tumor regression
in two solid tumor models (Shi et al., 2015). This micellar system has
also shown therapeutic advantages over liposomes and lipoprotein-
based nanoparticles in a mouse model of atherosclerosis, leading to a
decrease of macrophage burden within atherosclerotic plaques (Alaarg
et al., 2017). Similar to paclitaxel, CFZ contains aromatic moieties and
we therefore hypothesized that CFZ can be efficiently accommodated
and retained in π-π stacked polymeric micelles.

Importantly, a suitable MM model is needed to evaluate the ther-
apeutic potential of CFZ-loaded micelles (CFZ-PM). In MM, the BM
microenvironment is of utmost importance for the support and main-
tenance of myeloma cells (Manier et al., 2012). Malignant plasma cells
interact with cellular and non-cellular components of the BM micro-
environment, which leads to the release of soluble factors that in turn
result in survival and/or proliferation of these cells. Taking this into

account, the development of suitable mouse models that review the
alliance of tumor cells and supporting/surrounding cells for drug
testing is key.

Here, we used a “humanized” BM-like scaffold (huBMsc) model, an
advanced mouse model of MM dependent on tissue-engineering of bone
on ceramic material in immunodeficient RAG2−/−γc−/− mice (Prins
et al., 2009; Groen et al., 2012). In short, calcium phosphate scaffolds
are seeded with human mesenchymal stem cells (hMSCs), which after in
vitro osteogenic differentiation and subcutaneous implantation develop
into a BM-like environment that is well vascularized and has shown to
support MM outgrowth. This human-mouse hybrid animal model has
shown to closely resemble the actual disease and accurately predict
individual patient response in a personalized medicine set-up (Groen
et al., 2012). In the present work, we investigated loading and retention
of carfilzomib in π-π stacked polymeric micelles and compared it to the
clinical approved formulation - Kyprolis®. Subsequently, circulation
time and tissue disposition profile of labeled polymeric micelles was
assessed. Finally, the therapeutic potential and tolerability of CFZ-PM
were evaluated.

2. Materials and methods

2.1. Preparation and characterization of carfilzomib-loaded polymeric
micelles

CFZ-PM were prepared by nanoprecipitation. In brief, mPEG-b-p
(HPMA-Bz) copolymer (total Mn of 22 kDa, mPEG of 5 kDa) prepared
with HPMA-Bz as monomer and mPEG2-ABCPA as initiator (Bagheri
et al., 2018) and carfilzomib (LC laboratories; Woburn, USA) were
dissolved in THF (Biosolve BV, Valkenswaard, the Netherlands). Briefly,
30 mg of copolymer and 1 mg of carfilzomib were dissolved in 1 mL of
THF and subsequently added dropwise to 1 mL of water while stirring.
The sample was placed in the fume hood overnight to allow organic
solvent evaporation. After 16 h, the volume of the micellar dispersion
was adjusted to 1 mL with a concentrated solution of HEPES Buffered
Saline (HBS), 200 mM HEPES, 1500 mM NaCl, pH 7.4, in order to
obtain a micellar dispersion with a final concentration of 20 mM
HEPES, 150 mM NaCl, pH 7.4. Subsequently, the micelles were filtered
through a 0.45 μm pore size filter (Phenomenex Inc., USA) to remove
non-entrapped/precipitated drug. Cy7-labeled micelles (Cy7-PM) were
prepared as described above by blending Cy7-labeled mPEG-b-p
(HPMA-Bz) (1.5% in weight) (Shi et al., 2015) with non-labeled mPEG-
b-p(HPMA-Bz). Size of CFZ-PM was determined by Dynamic Light
Scattering after 10× dilution in water at 25 °C (ZetaSizer Nano ZS 90,

Fig. 1. Chemical structure of (A) carfilzomib and (B) mPEG-b-p(HPMA-Bz) copolymer (Total Mn = 22 kDa, mPEG of 5 kDa) prepared with HPMA-Bz as monomer
and mPEG2-ABCPA as initiator.
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Malvern Analytical, UK). Mean Z-averaged particle size and poly-
dispersity index (PDI) were obtained from analysis of supplier's soft-
ware. To assess CFZ content, micelles were diluted 10× in acetonitrile
and briefly vortexed. CFZ content was determined by ultra-high-per-
formance liquid chromatography (UPLC) using a Waters ACQUITY
system (Waters Associates Inc., Milford, MA, USA) equipped with a C18
column (ACQUITY UPLC BEHC18 1.7 μm, 2.1 × 50 mm). In brief, a
gradient was run starting with 35% of eluent B and 65% of eluent A and
increasing to 70% B and 30% A in 3 min. This fraction was kept until
4.7 min. Then, the volume fraction of eluent B decreased again to 35%
from 4.7 to 6.2 min. Eluent A was 2 mM ammonium formate in water
and eluent B acetonitrile (Sestak et al., 2016). Run time was 7 min,
injection volume was of 7.5 μL and wavelength for detection was
220 nm. Flow rate was set to 0.4 mL/min and column temperature was
30 °C. CFZ calibration was done in water/acetonitrile (1:1, v/v) at
concentrations ranging from 0.25–250 μg/mL. Chromatograms were
analyzed using Empower Software.

2.2. Retention of carfilzomib in polymeric micelles

CFZ-PM samples (1 mL) were transferred inside a dialysis cassette
(Float-a-Lyzer G2 100 kDa MWCO, Repligen Corporation, Boston, MA,
USA). Dialysis was performed against a 30 mL solution of 2% (v/v) of
Triton X-100 (Sigma-Aldrich Zwijndrecht, the Netherlands) in PBS at 4
or 37 °C for 24 h (Naksuriya et al., 2015). As control, release was also
conducted only in PBS at 37 °C for 24 h. Dialysis samples were treated
the same as the micelles, and diluted 10× with acetonitrile. Release of
CFZ-PM in bovine serum albumin (Sigma-Aldrich Zwijndrecht, the
Netherlands) (40 mg/mL) was conducted similarly, but with a Float-al-
Lyzer of 300 kDa MWCO (Repligen Corporation, Boston, MA, USA). An
excess of albumin compared to CFZ was used, at a molar ratio of
1300:1, albumin:CFZ. The collected samples were diluted 10× with
acetonitrile and centrifuged at 12,000g for 10 min to precipitate and
separate albumin from CFZ. The supernatant was collected, and water

added to have a final concentration of 50% acetonitrile in the sample
for injection in UPLC.

2.3. Effect of carfilzomib (free and formulations) on multiple myeloma cells
viability in vitro

Cytotoxic effect of CFZ-PM, CFZ-CD and CFZ free was assessed on
different MM cell lines. Luciferase transduced MM cell lines were
generated as described previously (Groen et al., 2012). MM1.S, L363
and UM-9 were cultured in Greiner CELLSTAR® T75 flasks with RPMI-
1640 medium supplemented with 20% fetal bovine serum (FBS) and
1% antibiotics (penicillin/streptomycin). Cells were kept in culture at
37 °C in a humidified atmosphere containing 5% CO2. Cells were seeded
in Greiner CELLSTAR® 96-well plates at a density of 6250 cells per well.
On the same day, cells were incubated with solutions of increasing
concentrations (0.8–20 nM) of carfilzomib in DMSO (CFZ free), in
sulfobutylether β-cyclodextrin (CFZ-CD), prepared likewise Kyprolis®,
or in polymeric micelles (CFZ-PM) for 48 h at 37 °C in a humidified
atmosphere containing 5% CO2. As control, empty PM prepared at
polymer concentrations ranging from 1 to 100 μg/mL were also added
to cells. After incubation, beetle luciferin (Promega, US) was added to
each well at final concentration of 3 mM. After 10 min, luminescence
was detected (SpectraMax M2e, Molecular Devices, Canada). The per-
centage of viable cells was calculated and compared to control (un-
treated) wells. All products, otherwise mentioned, were supplied by
Sigma-Aldrich (Zwijndrecht, the Netherlands).

2.4. Humanized BM-like scaffold (huBMsc) xenograft model

Female RAG2−/−γc−/− mice were kept in standard housing on a
12 h light/dark cycle with free access to water and food. Human bone-
like scaffolds (four per mice) of 2- to 3-mm biphasic calcium phosphate
particles were prepared as previously described (Yuan et al., 2002;
Prins et al., 2009). Scaffolds were implanted subcutaneously into the

Fig. 2. Schematic representation of “humanized” BM-like scaffold (huBMsc) xenograft model and treatment schedule. Eight weeks after implantation of bone-like
scaffolds (4 per mouse) seeded with hMSCs, MM.1S cells were inoculated into the scaffolds. Treatments started twelve days after MM.1S cells inoculation.
Formulations were i.v. administered twice a week, with a total of five injections per mouse. Bioluminescence imaging was performed every week up to four weeks
from start of the treatment.
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back side of RAG2−/−γc−/− mice (Groen et al., 2012) and loaded with
hMSCs injected directly into the bone structures (Fig. 2). After at least
eight weeks of implantation, mice were intraperitoneally injected with
Busilvex® (18 mg/kg) to prevent rejection of cell transplantation. Next
day, scaffolds were injected with luciferase expressing MM.1S cells
(1 × 106 cells/scaffold). Treatment started 12 days after tumor cells
inoculation. The animal experiments were performed with permission
from the local ethical committee for animal experimentation and were
following the Dutch Animal Experimentation Act.

2.4.1. In vivo circulation kinetics and biodistribution of Cy7-labeled
polymeric micelles

For circulation and biodistribution studies, mice were i.v. injected
with 100 μL of empty Cy7-PM (30 mg/mL of mPEG-b-p(HPMA-Bz)
containing 1.5 wt% of Cy7-labeled polymer) via the tail vein. Blood was
withdrawn at 1 min, 1 and 2 h after injection, by puncture of the
submandibular vein and at 4 and 24 h via cardiac puncture when mice
were sacrificed via CO2 asphyxiation. Blood collected in heparinized
tubes was centrifuged at 2000 g, 20 °C for 5 min. Plasma was collected
and stored at −80 °C until further analysis. Tumor-bearing scaffolds
and organs (liver, spleen, kidneys, heart, lungs, femurs, sternum and
brain) were excised, and imaged for fluorescence (Biospace Lab Photon
Imager, Meyer instrument, USA), snap-frozen in liquid nitrogen and
stored at −80 °C until further use. Fluorescence of Cy7-PM was de-
tected in plasma and tissue homogenates by a fluorescence scanner
Odyssey® (LI-COR Westburg, the Netherlands). Plasma was diluted with
PBS prior to fluorescence detection. Frozen tissues were transferred to
tubes with ceramic beads, weighed and homogenized in RIPA lysis
buffer (20–188, Merck Millipore) (100 μL of buffer per 100 mg of
tissue) using a Precellys 24 bead mill homogenizer (Bertin Instruments,
France) for 60 s at 6000 rotation per minute (rpm). Homogenates were
then centrifuged at 12,000 xg for 10 min and supernatants were ana-
lyzed for fluorescence. A calibration curve was prepared with Cy7-la-
beled polymer dissolved in DMSO and subsequently diluted in PBS or
RIPA buffer at concentrations between 0.01 and 100 μg/mL.

2.4.2. Therapeutic efficacy of carfilzomib formulations
RAG2−/−γc−/− mice bearing human bone-like scaffolds, described

in section 2.4, were treated with CFZ formulations. Bioluminescence
imaging (BLI) (Biospace Lab Photon Imager, Meyer instrument, USA)
was performed before start of the treatment (day 0). Based on BLI
signals, mice were randomized into the following groups: phosphate
buffered saline (PBS) (n = 4), CFZ-CD 4 mg/kg (n = 4) and CFZ-PM
4 mg/kg (n = 4). All treatments were administered i.v. via tail vein
twice a week for a total of five injections. BLI was performed once
weekly up to four weeks from start of the treatment. Body weight was
monitored throughout the study. Animals were sacrificed when humane
endpoint was reached, i.e. 20% decrease in body weight compared to
the start of treatment, or when cumulative tumor volume > 10% of
body weight (measured by digital caliper, Mitutoyo, Japan).

2.5. Statistical analysis

Data of in vitro cytotoxicity experiments were analyzed with
GraphPad Prism 7.04 non-linear regression (GraphPad Software, Inc.,
La Jolla, CA, USA).

3. Results and discussion

3.1. Micelles characteristics: loading and release

CFZ was loaded at feed concentration of 1 mg/mL in 30 mg/mL PM
using a nanoprecipitation method. CFZ-PM had an average diameter of
55 nm and polydispersity index (PDI) below 0.1, (Table 1). Bagheri
et al. also reported average diameter of 55 nm for empty PM based on
mPEG-b-p(HPMA-Bz) at the same polymer concentration (Bagheri

et al., 2018). A similar size range was reported by Park et al. for mi-
celles based on poly(ethylene glycol)-poly(caprolactone) (PEG-PCL)
copolymers (Park et al., 2017). The small diameter of CFZ-PM is ben-
eficial for long circulation in the blood stream (Wang et al., 2013a,
2013b), as well as for tumor penetration (Cabral et al., 2011; Sun et al.,
2017). Further, the PEG shell creates a protective layer able to delay
opsonization by plasma proteins and as a result can evade recognition
by the mononuclear phagocytic system. Importantly, the size of CFZ-PM
described here is reported to be advantageous for BM targeting
(Deshantri et al., 2018). The reticuloendothelial sinusoidal blood ca-
pillaries contain pores with diameters of 60 nm, indicating that nano-
medicines below this size can permeate into the BM interstitium.

CFZ was efficiently loaded in PM at feed concentration of 1 mg/mL
of CFZ, the encapsulation efficiency was close to 90% and the loading
content was around 3% in weight (Table 1). Ao et al. prepared CFZ
micelles with a PEG-PCL block copolymer of different molecular weight
of PCL block (2.3 or 5.5 kDa) and a fixed molecular weight of PEG
(5 kDa). The best loading content (4% in weight) was achieved with the
small PCL block (2.3 kDa) at 1: 10 feed weight ratio of drug and
polymer, respectively (Ao et al., 2015). In this work, best loading
content found for CFZ-PM was of 4% (data not shown) in weight at a
feed ratio 1.5:30 between drug and polymer. CFZ loaded in PM presents
improved water solubility (2.4 mg/mL) over free CFZ (near insoluble)
and shows similar solubility in Captisol® (2 mg/mL).

Loading of CFZ in PM improves its solubility over free CFZ as it is
near insoluble (FDA 2012).

The in vitro retention of CFZ in the core of PM was assessed with a
method previously reported (Naksuriya et al., 2015). A dispersion of
CFZ-PM was placed inside a dialysis cassette and dialyzed against PBS
containing 2% (v/v) Triton™ X-100. This surfactant forms micelles in
water which solubilize hydrophobic molecules and thus acting as a sink
for the released drug (Naksuriya et al., 2015). Furthermore, Triton™ X-
100 micelles did not mix with polymeric micelles (Naksuriya et al.,
2015). At 24 h after incubation with Triton™ X-100 at 4 and 37 °C, 67
and 40% of CFZ retained in the micelles, respectively (Table 2). The
highest release was observed at 37 °C which can be attributed to higher
solubility of CFZ molecules in water at higher temperatures which aids
to the transfer of CFZ molecules from the hydrophobic core of the mi-
celles to the aqueous environment containing the Triton™ X-100 mi-
celles. Curiously, retention in PBS at 37 °C (without the presence of any
acceptor for hydrophobic compounds in the aqueous medium) revealed
that only 50% of the micellar content was retained in the micelles.

Table 1
- Characteristics of polymeric micelles loaded with carfilzomib.

Size (d.nm)a PDIa Encapsulation
efficiency (%)b

Loading
Content (%)b

carfilzomib
micelles

54.7 ± 1.4 0.08 ± 0.02 88.4 ± 16.7 2.9 ± 0.5

Characteristics presented for CFZ-PM prepared at feed concentration of 1 mg/
mL of carfilzomib.
Data are presented as mean ± SD, n ≥ 3.
a Determined by DLS.
b Determined by UPLC.

Table 2
In vitro retention of carfilzomib in polymeric micelles after incubation in dif-
ferent media for 24 h.

PBS
37 °C

2% (v/v)
TritonX 4 °C

2% (v/v)
TritonX 37 °C

4% (w/v)
albumin 37 °C

Carfilzomib
micelles

50 ± 13 67 ± 11 40 ± 17 22 ± 1

Data are presented as mean ± SD, n= 3 for Triton™ X-100, n= 2 for albumin
and PBS.
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Release (based on dialysis) was also performed in the presence of al-
bumin since this is the most abundant protein in plasma and has hy-
drophobic pockets to accommodate hydrophobic drugs (Kim et al.,
2010; Rehman and Khan, 2015). In contrast with Triton™ X-100, CFZ
was faster released when incubated with albumin, with only 40% of
CFZ in PM (data not shown) after 2 h of incubation. Upon 24 h in-
cubation with albumin at 37 °C, 22% of the initial CFZ loading was
retained by micelles (Table 2) which is half of the percentage found
after incubation with Triton™ X-100 at the same temperature. These
figures suggest that albumin is expected to better predict the release
profile after i.v. injection of these formulations.

3.2. In vitro cytotoxicity of carfilzomib-loaded polymeric micelles

The effect of CFZ-PM on the cellular viability of MM cell lines
(MM1.S, L363 and UM-9) was evaluated. CFZ-CD and CFZ free (solu-
bilized in DMSO) were also tested. CFZ-PM, CFZ-CD and CFZ free
showed a dose dependent cytotoxic effect towards MM cell lines at the
nanomolar range, which indicates the potency of CFZ (Fig. 3 A, B and
C). The IC50 of CFZ-PM was of 5.3, 6.8 and 6.1 nM in MM1.S, L363 and
UM-9 cells, respectively. For CFZ-CD and free CFZ, IC50 values were
slightly lower (Table 3). The higher IC50 of CFZ-PM, compared to CFZ-
CD and free CFZ, can be attributed to CFZ retention in the core of the
PM and thus leads to a delayed/minor cytotoxic effect of the formula-
tion. As a control, the effect of empty PM on the viability of MM cells
was also determined (Fig. 3D). For the concentrations tested, close to
100% of cells remained viable which is in line with the observed

cytocompatibility of empty micelles upon incubation with adherent cell
lines (Shi et al., 2015).

3.3. In vivo circulation and biodistribution of Cy7-labeled PM

To investigate the potential of PM as a delivery system with ex-
tended circulation time after systemic administration and targeted
tissue distribution, huBMsc mice xenografted with MM.1S cells were
i.v. injected with empty Cy7-PM. Blood concentrations of Cy7-PM were
assessed at 1, 2, 4 and 24 h after injection whereas the tissue dis-
tribution of the labeled micelles was quantified 4 and 24 h post-injec-
tion. Cy7-PM showed a long circulation time with 80% of the injected
dose (ID) in circulation 24 h after injection (Fig. 4 A). With the same
micellar system, Shi et al. reported around 20% ID in a solid tumor
mouse model (CD-1 mice) (Shi et al., 2015) and Alaarg et al. reported
10%ID/g of tissue on a mouse model of advanced atherosclerosis
(Apoe−/− mice) (Alaarg et al., 2017), at the same time point post-in-
jection. These differences in circulation times can be attributed to the
different mouse strains used in the different models applied in the

Fig. 3. Viability of MM cell lines after incubation with free carfilzomib, carfilzomib formulations and empty formulations for 48 h at 37°C and 5% CO2. (A) MM.1S,
(B) L363 and (C) UM-9 cells were treated in triplicates with increasing concentrations of carfilzomib solubilized in DMSO (CFZ free), in sulfobutylether β-cyclodextrin
(CFZ-CD) or in polymeric micelles (CFZ-PM); (D) MM.1S, L363 and UM-9 cells incubated with empty polymeric micelles, at polymer concentrations between 0 and
100 µg/mL. After incubation, beetle luciferin was added to the wells at a final concentration of 3 mM. Ten minutes later, luminescence was detected. Percentage of
viable cells was calculated compared to control (untreated) wells. Data is expressed as mean ± SD, n≥3.

Table 3
IC50 (in nM) of carfilzomib formulations upon 48 h incubation with MM cells.

MM1.S L363 UM-9

CFZ-PM 5.3 6.8 6.1
CFZ-CD 3.1 3.8 3.7
CFZ free 2.8 3.5 3.4
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different studies. Moreover, PM prepared here present average hydro-
dynamic diameter of 50 nm whereas in the above mentioned studies,
mPEG-b-p(HPMA-Bz) based micelles had sizes of 100 (Shi et al., 2015)
or 80 nm (Alaarg et al., 2017). Additionally, the RAG2−/−γc−/− mice
used in the present work have an almost absent immune system
(Mazurier et al., 1999) – i.e. no T, B or NK cells and only tissue mac-
rophages were present in this model. The absence of these immune cells
likely limits recognition and subsequent clearance of the polymeric
micelles by the mononuclear phagocyte system. Similarly, we recently
reported prolonged circulation times of liposomes in RAG2−/−γc−/−

mice compared to other mouse models (involving different mouse
strains) (Deshantri et al., 2019) indicating that this phenomenon also
applies to other nanoparticle types.

Scaffolds and organs were imaged for fluorescence analysis (Fig. 4
B). Tumor-bearing scaffolds showed accumulation of Cy7-PM at both
time points evaluated (4 and 24 h) with around 1% of the ID in the
tumors (Fig. 4C). In kidneys and lungs, Cy7-PM were also detected,
however, in these organs the signal might indicate that the localization
can be ascribed to circulating PM still present in blood. Highest accu-
mulation of Cy7-PM was found in liver and spleen (10 and 11% ID,
respectively) which are macrophage-rich organs, responsible for the

clearance of nanosized particles (Ernsting et al., 2013). Besides this,
liver is a highly vascularized organ and thus part of the PM's disposition
can be attributed to micelles still in blood circulation inside the liver.
Although the spleen is not the primary target organ in MM, spleen in-
volvement is observed in 30% of MM patients (Saboo et al., 2012).
Therefore, one can take advantage of high accumulation of Cy7-PM in
the spleen. The presence of fluorescence from Cy7-PM in the kidney can
be due to accumulation of polymer chain unimers with which micelles
are in equilibrium (Etrych et al., 2012; Shi et al., 2015). An alternative
explanation is that renal damage occurred in this model, a typical
complication also in clinical MM, due to the accumulation of light
chains of antibodies leading to local inflammation (Davenport and
Merlini, 2012).

3.4. Tolerability and therapeutic potential of carfilzomib-loaded polymeric
micelles

The tolerability and therapeutic potential of CFZ-PM were evaluated
in the huBMsc model xenografted with MM1.S cells. Twelve days after
myeloma tumor cells inoculation into the huBMsc, treatment was
started. Each mouse received two injections per week for a total of five

Fig. 4. Blood circulation kinetics and distribution in tumor-bearing scaffolds & tissues of Cy7-labeled polymeric micelles on a "humanized" bone marrow-like scaffold
model. (A) Circulation of Cy7-PM in blood at different timepoints after injection (1, 2, 4 and 24 h), expressed as % of Injected dose (ID) present in circulation. Blood
collected immediately after injection was considered as 100% ID. Fluorescence intensity in plasma samples was measured in Odyssey® imager; (B) Images of scaffolds
and tissues 4 and 24 h after i.v. injection of Cy7-PM. Tissues were excised and imaged using BiospaceLab Photon Imager; (C) Scaffolds and tissue distribution of Cy7-
PM at 4 and 24 h after i.v. injection. Cy7-PM accumulation was determined after homogenization of the scaffolds and tissues. Fluorescence present in the homo-
genates was measured with Odyssey® imager. Data is expressed as mean ± SD, n=3 per time point, n(scaffolds) > 5 per time point.
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injections. In this study, CFZ-PM was compared with the clinically ap-
proved formulation of carfilzomib - which is CFZ loaded in sulfobuty-
lether β-cyclodextrin, i.e. Kyprolis® - at a dose close (and below) to
previously reported MTD for CFZ in mice (Nooka et al., 2013). To
evaluate peripheral toxicity due to the administered treatments, we
monitored the body weight of the treated mice throughout the study
(Fig. 5 A). The PM-treated group showed a moderate reduction in body
weight (<5%) during the first week after which no further weight re-
duction was observed during the remainder of the experiment. On the
other hand, Kyprolis® was not well tolerated and resulted in half of the
mice in this group with more than 20% weight loss after one week of
treatment (2 injections). These mice needed to be humanely killed since
the humane end point was reached. This indicates that the maximum
tolerated dose for Kyprolis® was met in this huBMsc mouse model
whereas CFZ-PM formulation might have been administered in a higher
dose than the one applied. Tumor growth was followed by weekly
bioluminescence imaging (BLI) and showed growth in all treatment
groups (Fig. 5 B and C). For BLI of all scaffolds and percentage of tumor
growth of individual scaffolds we refer to Fig. S1 and S2, respectively.
As in the present study, Park et al. did not find superior antitumor
activity of CFZ loaded in PEG-PCL polymeric micelles over CFZ-CD in a

human lung cancer xenograft mouse model (Park et al., 2017). Fur-
thermore, they also reported systemic toxicity in mice treated with
6 mg/kg of CFZ-CD, where 4 out of 6 mice died, whereas no toxicity
was found for mice treated with CFZ-PM at the same dose.

The improvement of the tolerability is an important step in the
treatment of MM as it may allow the use of higher doses that can be
expected to be more efficacious. The micellar stability and drug re-
tention in PM after intravenous administration are also critical aspects
in the development of successful drug delivery systems. Long circula-
tion and adequate drug retention in PM are key to ensure that sufficient
drug levels reach tumor/target site. PM showed good colloidal stability
with long circulation times in blood (80% ID 24 h after injection). In
this study, the pharmacokinetic profile of CFZ when loaded in PM was
not evaluated. Still, the in vitro release of CFZ from PM when in contact
with albumin suggests a fast clearance of CFZ. The presumed fast
clearance of CFZ in vivo is expected to cause the lack of therapeutic
efficacy observed. Importantly, whereas the in vitro experiments in-
dicate sensitivity of the MM cell line, this sensitivity is apparently lost in
vivo. This underlines the importance of drug screening in advanced
models that resemble the complexity of human tumors to fully ap-
preciate the complexity of treatment.

Fig. 5. Effect of carfilzomib loaded polymeric mi-
celles versus carfilzomib in sulfobutylether β-cyclo-
dextrin on tumor growth of a "humanized" bone
marrow-like scaffold model. Mice bearing four
human bone containing scaffolds were inoculated
with luciferase labeled MM1.S cells into the scaf-
folds. Twelve days after inoculation of tumor cells,
animals were treated with PBS, CFZ-CD or CFZ-PM,
both at 4 mg/kg. Arrows represent i.v. injections.
Bioluminescence imaging (BLI) was performed
weekly. (A) Relative body weight of the mice
throughout the experiment. ɣ - body weight of 3 out
of 4 mice and α – body weight of 2 out of 4 mice; (B)
Percentage of tumor growth compared to the day
when treatment started. Tumor growth % was de-
termined through analysis of BLI of each scaffold as
counts per minute (cpm), and 100% tumor growth
considered on day 0 – start of the treatment; (C) BLI
images of representative mice 7 days (top panels), 14
days (middle panels) and 21 days (bottom panels)
after treatment initiation. Fifty percent of animals
treated with CFZ-CD needed to be culled from the
experiment due to toxicity. Data are presented as
mean ± SEM, n=4 per group.
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4. Conclusions

In the present work, CFZ was efficiently loaded in the core of
polymeric micelles. The micelles have a favorable size (55 nm) for long
circulation upon systemic injection and for passive targeting of tissues
with increased capillary permeability. This was confirmed by evalua-
tion of the circulation times of labeled micelles, with more than 80% of
ID still present in the circulation after 24 h, which might partly be
explained by the immune status of the RAG2−/−γc−/− mouse strain
used in this study. Increase in PM accumulation over time was observed
in tumor-bearing scaffolds as well as in macrophage-rich organs such as
the liver and spleen. The effects on tumor growth delay in a “huma-
nized” BM-like scaffold model were absent, but similar to what was
found for the clinically approved formulation - Kyprolis® - dosed at the
MTD. In addition, and importantly, the tolerability of the formulation
presented in this work was substantially better than that of Kyprolis®,
which indicates that higher doses and/or more frequent treatment
could be pursued.
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