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ABSTRACT: In this study, we describe the development of
liposomal bortezomib nanoparticles, which was accomplished
by synthesizing bortezomib prodrugs with reversible boronic
ester bonds and then incorporating the resulting prodrugs into
the nanoparticles via surface conjugation. Initially, several
prodrug candidates were screened based upon boronic ester
stability using isobutylboronic acid as a model boronic acid
compound. The two most stable candidates were then selected
to create surface conjugated bortezomib prodrugs on the
liposomes. Our strategy yielded stable liposomal bortezomib
nanoparticles with a narrow size range of 100 nm and with
high reproducibility. These liposomal bortezomib nano-
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particles demonstrated significant proteasome inhibition and cytotoxicity against multiple myeloma cell lines in vitro and
remarkable tumor growth inhibition with reduced systemic toxicity compared to free bortezomib in vivo. Taken together, this
study demonstrates the incorporation of bortezomib into liposomal nanoparticles via reversible boronic ester bond formation to

enhance the therapeutic index for improved patient outcome.

B INTRODUCTION

To develop more effective treatments for cancer, studies have
focused on the identification of key pathways and proteins
responsible for the survival and progression of malignant cells.
One target that has gained much attention over the past decade
is the proteasome.' > Proteasomes are intracellular proteins
responsible for the degradation of damaged or misfolded
proteins as well as the systematic degradation of regulatory
proteins associated with cell cycle progression, cell growth, cell
survival, gene expression, and stress response.2’4’6_8 Disruption
of this pathway increases the accumulation of pro-apoptotic
proteins, cyclins, and cyclin-dependent kinase inhibitors while
decreasing NF-«B activity within tumor cells, ultimately
resulting in cell cycle arrest and apoptosis."*'* Because
malignant cells exhibit a greater sensitivity to disruptions in
proteasome activity when compared to healthy cells,
proteasomes can be used as a viable therapeutic target for the
treatment of cancers.>”'" Bortezomib, a dipeptide boronic acid
analogue, was the first proteasome inhibitor approved by the
FDA for the treatment of cancers, specifically multiple myeloma
(MM) and mantle cell lymphoma, and remains one of the most
potent proteasome inhibitors available. Bortezomib inhibits
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proteasome activity by binding with high affinity to the catalytic
sites of the 20S proteasome, particularly the chymotrypsin site,
physically blocking the enzymatic activity and preventing
proteolytic cleavage.'” Although bortezomib has proven to be
an effective treatment for several cancers, the dose limiting side
effects, particularly peripheral neuropathy and thrombocytope-
nia, have inhibited it from reaching its true therapeutic potential
in a broader patient population."™

In recent years, nanoparticle-based drug delivery systems
have gained remarkable interest as they have greatly improved
the efficacy of traditional therapeutics while decreasing the
associated systemic toxicities. Nanoparticles with a diameter of
20—200 nm can selectively target and preferentially home at the
tumor site via the enhanced permeability and retention (EPR)
effect, a phenomenon that arises from the angiogenic blood
vessels present in the tumor microenvironment which is not
found in healthy endothelia."”*® Numerous studies have shown
that nanoparticle-based therapies selectively deliver therapeutics
to tumor cells which results in the decreased systemic toxicity
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associated with the off-target activity of the therapeutic
agent.'”™** Therefore, nanoparticles present ideal drug delivery
vehicles for therapeutics such as bortezomib in an attempt to
reduce the associated dose limiting side effects while enhancing
its efficacy to improve the overall patient outcome.

While many nanoparticle formulations exist, poly(ethylene
glycol) (PEG) coated liposomes are an attractive choice for use
as pharmaceutical nanocarriers due to their ability to evade
detection by the immune system, ease of preparation, high drug
loading capabilities, and biocompatibility.>*~>* Various chemo-
therapeutics such as doxorubicin, cisplatin, irinotecan, and
others have previously been incorporated in liposomes,
demonstrating an improved therapeutic index relative to free
drug***%*” In the liposomal drugs developed to date, the
therapeutic agents have been predominately loaded in the
aqueous core exhibiting high drug to lipid ratios.”” However,
due to the relatively poor water solubility of bortezomib,
selective isolation in the aqueous core of the liposomes could
significantly limit the drug loading of the particle. A viable
option for incorporating bortezomib into liposomes is the
direct conjugation of bortezomib to the surface of liposomes via
a reversible boronic ester linkage.

In this study, we describe the development of liposomal
bortezomib nanoparticles, which was accomplished by synthe-
sizing bortezomib prodrugs with reversible boronic ester bonds
and then incorporating the resulting prodrugs into liposomal
nanoparticles via surface conjugation. Our results demonstrated
that the liposomal bortezomib nanoparticles inhibited protea-
some activity, were cytotoxic to cancer cells in vitro, and
showed enhanced tumor growth inhibition with reduced
systemic toxicity in vivo. Taken together, this study
demonstrates the synthesis and incorporation of bortezomib
prodrugs into liposomal nanoparticles to produce first-
generation liposomal bortezomib nanoparticles which have
enhanced therapeutic index with the long-term goal of
improving patient outcome in cancers.

B RESULTS

Synthesis and Evaluation of the Boronic Ester Bond
Stability. Bortezomib contains a boronic acid moiety, which
plays a major role in its ability to inhibit proteasome
activity.n’28 Boronic acids are known to form boronic esters
with alcohols, diols, and carboxylic acid containing molecules
(linkage molecules) through a reversible reaction, which can
yield an unmodified boronic acid upon hydrolysis (Figure
1).>% The stability of these boronic esters is known to be
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Figure 1. Schematic of the formation of boronic esters.

dependent upon the chemical structures present around the
boronic ester bond.***" For example, an unhindered cyclic
boronic ester made from ethylene glycol is less stable and
therefore hydrolyzes more rapidly than a boronic ester made
from a diol with a bulky side group that sterically inhibits
hydrolysis such as pinanediol.**">* Thus, liposomal bortezomib
nanoparticles can be prepared by functionalizing liposomes
with diols or a similarly reactive moiety, which can then be used
to conjugate bortezomib to the liposome surface via a reversible
boronic ester bond to provide controlled drug release.

Moreover, the reversibility of this conjugation strategy ensures
that the therapeutic is not chemically altered and that free
bortezomib is released upon hydrolysis and maintains its
activity.

To create a bortezomib prodrug with favorable release
kinetics, the stability of the different boronic esters needs to be
evaluated. Using bortezomib to evaluate the stability of the
various boronic esters formed when conjugated to different
linkage molecules is not a practical approach, primarily due to
the large quantities of bortezomib required for each synthesis
and the associated prohibitive cost. Instead, in previous studies,
phenylboronic acid (PBA) was frequently used as a model
compound to investigate boronic ester hydrolysis.>*~>° In these
studies, PBA was conjugated to various diol-like functionalities
to evaluate the stability and pH sensitivity of different PBA
boronic ester bonds.**** It is known that PBA, which is an aryl
boronic acid, forms more stable boronic esters than alkyl
boronic acids such as bortezomib at physiological pH due to
the lack of an electron withdrawing group adjacent to the
boronic acid.***® Therefore, while the studies performed with
PBA have provided insight into conjugation strategies and
hydrolysis trends associated with boronic acid containing
molecules, the information gained from these studies cannot
be directly applied to bortezomib due to the differences in
chemical properties. Instead, isobutylboronic acid (IBBA),
which is an alkyl boronic acid with a similar chemical structure
around the boronic acid as bortezomib, provides a better model
compound to evaluate different boronic ester stabilities for
nanoparticle-based bortezomib drug delivery (Figure 2a). Thus,
we used IBBA as a model boronic acid to identify a linkage
molecule that forms a boronic ester conjugate with optimal
stability for drug delivery applications.

To investigate the stabilities of various boronic esters using
IBBA as a model compound, several different compounds
containing different carboxyl, hydroxyl, and amine function-
alities were selected as linkage molecules to form boronic esters
with IBBA (Figure 2b; 1—6). Iminodiacetic acid (1) was shown
to form very stable boronic esters in several studies and can be
easily modified for nanoparticle functionalization.*”*® Thus, it
was selected as a candidate for this application. One possible
caveat of 1 is that it may form boronic esters that are too stable,
which would not release bortezomib from the nanoparticle and
render the formulation ineffective. In that case, the carboxyl
groups in 1 can be replaced with hydroxyl groups to reduce the
stability of the bond while maintaining the dative bond between
the boron and nitrogen atoms. Thus, linkage molecules 2 and 3
were also chosen as candidates to identify the optimal rate of
hydrolysis for drug delivery. Given that the carboxyl groups
significantly contribute to the stability of boronic esters, other
molecules containing carboxyl groups were also selected for
evaluation. Methyl salicylic acid (4), a derivative of salicylic
acid, contains a carboxyl that is adjacent to a hydroxyl group on
a phenyl ring, which provides a structure that could help
stabilize the boronic ester. In addition, salicylic acid is the
precursor to salicylhydroxamic acid which was shown to form
boronic esters with PBA in a pH sensitive manner.”*
Therefore, methyl salicylhydroxamic acid (5) was also selected
for this study. Lastly, to evaluate the effect of dative bond
formation in stability, citric acid (6) was selected as a candidate
because it can adopt similar boronic ester configurations to 1
without the presence of the dative bond to reduce the stability
and facilitate drug release.
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Figure 2. Linkage molecules screened for the synthesis of bortezomib prodrugs with reversible boronic ester bonds. (a) Structures of bortezomib
(left) and isobutylboronic acid (right). (b) Linkage molecules (1—6) were coupled to IBBA to form the boronic ester conjugates, la—6a, and were
evaluated for the relative boronic ester stability. (c) Linkage molecules 1 and 4 were selected as promising candidates based on relative hydrolysis
rates and were modified with a C,4 aliphatic chain to yield the lipophilic molecules 1b and 4b, respectively. 1b and 4b were then used to synthesize
the bortezomib prodrug conjugates 1c and 4c, respectively. The C,4 aliphatic chain enabled facile insertion to the liposomes.

To evaluate the relative bond stability of the boronic esters,
the model boronic acid, IBBA, was conjugated to linkage
molecules 1—6 in toluene under refluxing conditions to
generate molecules la—6a (Figure 2b), respectively. Excess of
the respective linkage molecule was used to ensure complete
boronic ester formation. Post formation, each conjugate was
monitored via "'B NMR spectroscopy to determine hydrolysis
of the boronic ester in PBS by observing the chemical shift of
the boron atom as the boronic ester (~12 ppm) hydrolyzed to
a boronic acid (~32 ppm) (Supporting Information Figure S1).
The boronic ester formed with iminodiacetic acid (1a) had a
half-life of ¢, = 190 min, which was significantly more stable

than the boronic esters 2a—6a. The exchange of one (2a) or
both (3a) of the carboxyl groups in la with a hydroxyl group
significantly decreased the stability of the boronic ester
conjugate, reducing the half-lives by ~21- and ~118-fold for
2a (t;,, = 8.8 min) and 3a (t;,, = 1.6 min), respectively, when
compared to la. The increased stability of la over its
derivatives (2a and 3a) can be attributed to the strong dative
bond that results from the increased acidity of the boron due to
the two carboxyl groups. Methyl salicylic acid (4) formed the
second most stable boronic ester (4a) with a half-life of ,,, =
10 min. This could be attributed to the stabilizing effects of the
phenyl ring in addition to the carboxyl group. This effect was
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less pronounced with Sa (t;,, = 0.4 min), where the half-life
was almost 30 times shorter than 4a. Comparing the stability of
6a (t;,, = 1.6 min) to that of 1a highlighted the significance of
the dative bond in the stability of the boronic ester as 6a lacks a
central nitrogen atom to form a dative bond. The half-lives for
hydrolysis for molecules la—6a ranged from 0.4 to 190 min,
and are summarized in Table 1.

Table 1. Half-Lives of Different Boronic Esters in PBS

molecule t,/, (min)
la 190 + 45
2a 8.8 £ 02
3a 16 + 04
4a 10+1
Sa 04 +0.1
6a 1.6 £ 0.1

It is noteworthy that although IBBA is a suitable model
compound to evaluate the relative boronic ester bond stability
formed with the linkage molecules (1—6) and provides a means
to rank these molecules, the hydrolysis rates obtained with
IBBA cannot be used as an absolute measure for bortezomib.
The chemical differences between IBBA and bortezomib
including the structural differences adjacent to the boronic
acids between the boro-leucine in bortezomib and IBBA will
alter the hydrolysis rates for bortezomib. Furthermore,
bortezomib, having a phenylalanine and pyrazinoic acid moiety,
possesses a more complex structure than IBBA which could
impede the hydrolysis of the boronic ester, resulting in longer
hydrolysis half-lives than those found using IBBA. Therefore,
on the basis of the ranking information gained from the relative
IBBA conjugate stabilities, linkage molecules 1 and 4 were
selected as promising candidates to synthesize the bortezomib
prodrugs and for their incorporation into the nanoparticles.

Synthesis of the Bortezomib Prodrugs and Formation
of Liposomal Bortezomib Nanoparticles. To incorporate
bortezomib into the liposomes, linkage molecules 1 and 4 were
modified with a C,4 aliphatic chain, yielding lipophilic
molecules 1b and 4b (Figure 2c). These molecules were
synthesized in such a way as not to alter the functional aspects
of the molecules such that boronic esters could still be formed
with bortezomib. The Ci4 tail enables the facile insertion into
the bilayer of the liposomes and has a similar chain length as
the other lipids used to form the liposome to maintain
nanoparticle stability. Once the aliphatic modifications were
made to the linkage molecules, the bortezomib prodrug
conjugates lc and 4c (Figure 2c) were synthesized by
conjugating the lipophilic molecules 1b and 4b, respectively,
to bortezomib via boronic ester formation by reacting in
toluene under refluxing conditions for 2 h. For the formation of
bortezomib prodrug incorporated nanoparticles, liposomes
were first prepared without the prodrugs and extruded through
a 100 nm polycarbonate membrane. Then, the prodrugs 1c and
4c were each postinserted into the particles with >80%
efficiency (Supporting Information Figure S2) at the molar
ratios of 92.5:5:2.5 DSPC:mPEG2000:Prodrug, creating the
liposomal bortezomib nanoparticles NP[1c] and NP[4c],
respectively (Figure 3a). The liposomal bortezomib nano-
particles yielded an average diameter of ~100 nm based on
dynamic light scattering analysis (Figure 3b), which suggested
that the incorporation of the prodrugs did not alter the size of
the liposomes when compared to the nondrug loaded
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Figure 3. Preparation and characterization of liposomal bortezomib
nanoparticles. (a) Ilustration of the preparation of liposomal
bortezomib nanoparticles. (b) Dynamic light scattering analysis
revealed an average size distribution of ~100 nm for all nanoparticles.

liposomes. As an alternative approach, prodrug analogues of
1c and 4c¢ without the aliphatic chains were also synthesized
and incorporated into liposomal bilayer. Their encapsulation
efficiencies, however, were very low with 3.8% and 11.8%,
respectively, providing the rationale for the aliphatic
modification for efficient drug loading.

Liposomal Bortezomib Nanoparticles Inhibit Protea-
some Activity of MM Cells and Induce Apoptosis. Once
the nanoparticles were formed, proteasome inhibition assays
were performed to evaluate the potency of the liposomal
bortezomib nanoparticles, NP[1c] and NP[4c], to arrest
proteasome activity. MM.1S and NCI-H929 MM cell lines
were incubated with 25 nM bortezomib equivalent concen-
trations of NP[1c], NP[4c], and free bortezomib for 1, 4, and 8
h, before assessing proteasome activity (Figure 4a). At 1 h,
NP[1c] had increased proteasome activity compared to free
bortezomib and NP[4c]. However, at 4 and 8 h free
bortezomib, NP[1c], and NP[4c] all effectively inhibited
proteasome activity. The kinetic delay observed with NP[1c]
in inhibition of proteasome activity can be attributed to the
boronic ester bond stability of the 1¢ bortezomib prodrug, and
is in accordance with the expected differences based on
hydrolysis rates obtained with the IBBA model molecule (Table
1).

After assessing proteasome activity, we evaluated if the
proteasome inhibition by the liposomal bortezomib nano-
particles induced apoptosis by observing the early apoptotic
marker, annexin V. MM.1S and NCI-H929 cells were incubated
with 12.5 nM of equivalent bortezomib concentrations of
NP[1c], NP[4c], and free bortezomib for 12 h (Figure 4b).
Both nanoparticles NP[1c], and NP[4c] induced apoptosis
similar to free bortezomib. Taken together, these results
demonstrated that the liposomal nanoparticles NP[1c] and
NP[4c] inhibited proteasome activity and induced apoptosis in
MM cells similar to free bortezomib.

Liposomal Bortezomib Nanoparticles Are Cytotoxic
to MM Cells. Next, we evaluated the cytotoxicity of liposomal
bortezomib nanoparticles against MM cells. For this, MM.1S
and NCI-H929 cells were incubated with NP[1c], NP[4c], or
free bortezomib for 48 h, and cell viability was assayed by Cell
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Figure 4. Liposomal bortezomib nanoparticles inhibit proteasome
activity and induce apoptosis in MM cells. (a) The effect of NP[1c]
and NP[4c] on proteasome inhibition was analyzed by using MM.1S
and NCI-H929 MM cells. Cells were cultured in the presence of the
25 nM bortezomib equivalent concentrations of NP[1c], NP[4c], and
free bortezomib for 1, 4, and 8 h. Proteasome activity was assessed
using 20S Proteasome Activity Assay Kit. (b) Apoptosis was assessed
by flow cytometry following Annexin-V staining at 12 h. (c)
Cytotoxicity of NP[1c], NP[4c],and free bortezomib was assessed at
48 by using Cell Counting Kit-8. All data represents means (+sd) of
triplicate cultures.

Counting Kit-8 reagent (Figure 4c). For MM.1S and NCI-
H929 cell lines, free bortezomib had ICs, values of ~17 and 20
nM, respectively. The liposomal nanoparticles demonstrated
slightly reduced cytotoxic effects to both MM.1S and NCI-
H929 cells compared to free bortezomib, with NP[1c] having
ICy, values of 25 and 45 nM, respectively, while NP[4c] had
ICs, values of ~20 and 37 nM, respectively. The minor
differences in the ICy, values between free bortezomib and the
nanoparticles could be attributed to the kinetics of bortezomib
release from the nanoparticles. In addition, the differences of
cellular uptake pathways can also contribute to the observed
differences. While free drugs enter the cells via passive diffusion,
nanoparticles are taken up by endocytosis, which can result in
kinetic delays in drug uptake. Taken together, these results
demonstrated that the liposomal bortezomib nanoparticles

were remarkably cytotoxicity against MM cells. Importantly,
although NP[1c] and NP[4c] demonstrated similar cytotox-
icity to free bortezomib in vitro, they have the potential to
further enhance efficacy in vivo due to preferential accumu-
lation in the tumor site via the EPR effect as has been
previously observed for other therapeutics.”>** In addition, the
esterases and acidic conditions present in the tumor micro-
environment could further enhance the antitumor efficacy of
NP[1c] and NP[4c] by facilitating the drug release from the
particles at the tumor site.

Liposomal Nanoparticles Are Taken up by MM Cell
Lines. To evaluate if liposomal nanoparticles were taken up by
MM cells, fluorescein labeled liposomes were prepared and
incubated with MM.1S and NCI-H929 cells for 24 h. The
intracellular endocytic vesicles were stained with LyosTracker
Red, the cells were fixed with 4% paraformaldehyde, and the
nuclei were stained with Hoechst dye, respectively. Confocal
images were collected along the z-axis. Our results demon-
strated that the liposomes were efficiently internalized by MM
cells (Figure S). Moreover, the fluorescein signal colocalized
with the LysoTracker Red signal indicating that the liposomes
resided within endocytic vesicles. Control experiments
performed in the absence of liposomes did not exhibit any
fluorescein fluorescence.

Liposomal Bortezomib Nanoparticles Inhibit Tumor
Growth and Reduce Systemic Toxicity in Vivo. An
important property associated with nanoparticles is the
preferential accumulation in the tumor due to the EPR effect,
which reduces nonspecific toxicities associated with the free
drug. Thus, the cytotoxicity observed in vitro with the
liposomal bortezomib nanoparticles suggests the potential for
improved efficacy in vivo. To evaluate the in vivo therapeutic
potential of the liposomal bortezomib nanoparticles, CB-17
SCID mice were injected subcutaneously with NCI-H929 cells.
When the tumors reached a volume of 100 mm?, mice were
randomized into treatment groups and injected with PBS, free
bortezomib, NP[1c], or NP[4c] at a dose of 1 mg/kg
bortezomib equivalent concentration on days 1, 4, 8, and 11.
Mice were analyzed for tumor growth inhibition and systemic
toxic effects. Our results indicated that both bortezomib
nanoparticles NP[1c] and NP[4c] were very efficacious in
tumor growth inhibition (Figure 6a). In addition, both NP[1c]
and NP[4c] nanoparticles significantly improved the systemic
toxicity profiles. Both nanoparticles resulted in only <10% loss
in body mass during the 2 week study period, whereas the free
bortezomib group demonstrated >20% weight loss and
moribundity on day 7 and was consequently sacrificed due to
clinical decline (Figure 6b). This improved overall systemic
toxicity profile of the liposomal nanoparticles when compared
to the free drug is most likely due to the EPR effect and the
selective release at the tumor site. In a separate experiment, we
injected tumor bearing mice with 1 mg/kg bortezomib
equivalents of NP[1c], NP[4c], or free bortezomib on days 1
and 4 and sacrificed on day 5 for ex vivo analyses. Ex vivo
proteasome inhibition studies demonstrated that both NP[1c]
and NP[4c] demonstrated significant inhibition of proteasome
activity of the tumor (Figure 6¢c) and induced apoptosis via
caspase-3 activation (Figure 6d).

Given the relatively faster hydrolysis rate observed for linkage
molecule 4 used to generate NP[4c] (Table 1), it is surprising
but not unexpected that NP[4c] also demonstrated improved
systemic toxicity. It is noteworthy that serum albumin has been
shown to stabilize ester bonds in different therapeutics in
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Figure 5. Cellular uptake of fluorescein labeled liposomes in MM.1S and NCI-H929 MM cell lines. MM.1S and NCI-H929 cells were incubated with
fluorescein labeled liposomal nanoparticles for 24 h. Nuclei were labeled with Hoechst dye, and endosomes were labeled with LysoTracker Red.
Images were taken with a Nikon AIR confocal microscope with a 40X oil lens. Image acquisition was performed by Nikon Elements Ar software.

serum.*' This effect likely also plays a role in the boronic ester
bond stability. This suggests that despite the relatively rapid
hydrolysis when compared to 1c, 4c is stabilized long enough
to reach the tumor before releasing active drug. Taken together,
these results demonstrate improved efficacy and decreased
systemic toxicity for liposomal bortezomib nanoparticles
NP[1c] and NP[4c] when compared to free bortezomib.

B DISCUSSION AND CONCLUSION

In this study, we describe the synthesis, characterization, and
incorporation of bortezomib prodrug conjugates into liposomes
for optimal drug delivery of bortezomib to tumors and
improved therapeutic efficacy. The boronic acid moiety of
bortezomib plays a major role in the proteasome inhibitory
properties of the therapeutic by forming a complex with the
threonine residue in the chymotrypsin-like site of the 20S
proteasome. Boronic acids are known to form boronic esters
with diols or diol-like moieties which can be used to sequester
therapeutics containing boronic acids through the formation of
reversible boronic ester bonds.>”*° However, boronic esters are
susceptible to hydrolysis and their instability poses a significant
challenge in the synthesis of such prodrugs, particularly with
boronic esters involving alkyl boronic acids such as
bortezomib.**" Therefore, in our approach, by using IBBA
as a model compound, we first performed a thorough screen of
several different linkage molecules with various functional
groups to determine promising candidates that would yield
boronic ester bonds suitable for the synthesis of bortezomib
prodrugs based upon their relative stabilities. Among these,
linkage molecules 1 and 4 yielded the most stable bond with
IBBA with ¢/, of 190 and 10 min, respectively. It is noteworthy
that while the hydrolysis rate of 4 appears relatively fast for a

controlled release application, IBBA was used only as a model
compound to rank the stabilities of the different boronic esters
and the absolute hydrolysis rates using bortezomib will likely be
slower due to its more complex structure. Thus, we chose both
1 and 4 as promising candidates for the synthesis of bortezomib
prodrugs for further evaluation. For nanoparticle preparation,
aliphatically modified linkage molecules 1b and 4b were
conjugated to bortezomib to create the boronic ester prodrugs
which were then incorporated into nanoparticles to generate
NP[1c] and NP[4c].

In our approach, we used PEGylated liposomes to prepare
bortezomib loaded nanoparticles because of the significant
advantages they provide including biocompatibility, particle size
control, high drug loadin§ capacities, and facile incorporation of
different functionalities.® > In addition, liposomes have been
previously used in other therapeutic applications with
remarkable clinical success.”’” In previous clinical applications
of liposomal drug delivery systems, therapeutics were
commonly encapsulated within the aqueous interior and
exhibited high drug-to-lipid ratios while maintaining particle
stability.”” In our design, given the hydrophobic nature of
bortezomib, we have loaded the bortezomib prodrugs onto the
liposomes via a surface conjugation strategy. Therefore, in our
liposomal nanoparticles, the drug loading of bortezomib
directly correlated to its surface density. While this approach
provided advantages such as controlled release and improved
solubility, it also posed a challenge for drug loading and particle
stability. Although high drug loading is desirable, the increased
bortezomib density could result in the reduction of nano-
particle stealth due to steric disruptions in PEG coating. To
prevent this problem, we used 5 mol % PEG2000 in our
liposome formulations as was previously determined to provide
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Figure 6. In vivo characterization of liposomal bortezomib nanoparticles in a xenograft multiple myeloma model. Tumor bearing SCID mice were
injected, intravenously, on days 1, 4, 8, and 11, with 1 mg/kg bortezomib equivalent doses of NP[1c], NP[4c], and free bortemozib. (a) Tumor
growth inhibition was detected by caliper measurements. All of the mice in the free bortezomib group were sacrificed on day 7 due to high systemic
toxicity (>20% body mass). Data shown are means (+sd) of n = 6—8 mice per treatment group. (b) Percentage of body weight of the animals was
used as an indication of systemic toxicity. The free bortezomib group significantly lost body mass (>20%) and showed moribundity by day 7 and was
therefore sacrificed. Only <10% weight loss was observed with NP[1c] and NP[4c] during this study. (c) Ex vivo proteasome inhibition assay of
excised tumors. Four additional mice per group were injected on days 1 and 4 with a dose of 1 mg/kg bortezomib equivalent concentrations. Mice
were sacrificed 24 h after treatment, and tumors were analyzed for proteasome inhibition. (d) Ex vivo mechanistic analysis of the tumors for
apoptosis. Excised tumors were stained for activated caspase-3. Representative images of the tumor cross sections obtained using a Nikon Eclipse

TS100 microscope at X20 magnification are shown.

optimal stealth and maintained the drug loading below S mol %
to avoid PEG crowding in order to maintain the stability of the
liposomes.*”** Thus, a prodrug loading of 2.5 mol % was
selected for the preparation of liposomal bortezomib nano-
particles, which yielded stable liposomes with high reproduci-
bility and a narrow size range of 100 nm. Ongoing studies in
our lab are investigating methods to further increase the
nanoparticle drug loading without compromising particle
stability.

While this study focuses solely on the synthesis of
bortezomib prodrugs for nanoparticle incorporation, the
strategies developed within this report can also be applied to
other therapeutic or diagnostic molecules containing a boronic
acid moiety including serine protease inhibitors, boron neutron
capture therapeutic agents, and other proteasome inhibitors for
improved targeting and efficacy. Importantly, the strategies
described in this study for the incorporation of bortezomib into
nanoparticles are not limited to liposomes but can be applied to
other types of nanoparticles such as polymeric nanoparticles,
gold nanoparticles, dendrimers, or micelles. Hence, this
methodology establishes a platform that utilizes boronic ester
chemistry to facilitate the incorporation of boronic acid
containing molecules into various nanoparticle-based drug
delivery systems for improved diagnostic and therapeutic
outcomes.

In preclinical evaluation of the liposomal bortezomib
nanoparticles, both NP[1c] and NP[4c] demonstrated
significant proteasome inhibition, induced apoptosis, and
cytotoxicity in MM cells in vitro and dramatically reduced
the nonspecific toxicities associated with free bortezomib while
maintaining significant tumor growth inhibition in vivo. These
studies demonstrated that, despite being an effective chemo-
therapeutic, the therapeutic efficacy of bortezomib can be
further improved by utilizing the enhanced tumor accumulation
properties afforded by nanoparticle-based drug delivery systems
to reduce nonspecific toxicities. In an ongoing study in our lab,
we are developing quantitative analytical methods to accurately
determine bortezomib concentration in tissues in order to
perform a thorough in vivo biodistribution study with liposomal
bortezomib. In this study, we have shown that the improved
therapeutic index and reduced systemic toxicity profile
associated with the liposomal bortezomib nanoparticles
demonstrates their potential to overcome the adverse events
associated with bortezomib in the clinic such that a broader
patient population can benefit from this effective therapeutic.
Taken together, this study provides the preclinical rationale for
the clinical evaluation of liposomal bortezomib nanoparticles
for improved patient outcome in cancers.
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B EXPERIMENTAL SECTION

Reagents. The membranes (0.1 ym), mini-extruder, and all lipid
components were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). Bortezomib was purchased from GenDepot (Barker, TX). All
other chemicals, including molecules 1, 3, 4, and 6, were purchased
from Sigma-Aldrich and were reagent grade or better (St. Louis, MO).
Purity of titled compounds was determined via either HPLC or 'H
NMR and were tested to be >95% pure. High resolution mass
spectrometry (HRMS) analysis was performed on a Bruker Q-TOF
system.

Synthesis of 2-((2-Hydroxyethyl)amino)acetic Acid [2]. First,
2 mmol of ethanolamine and 2 mmol of diisopropylethylamine
(DIPEA) were mixed in 30 mL of methanol in a flame-dried 200 mL
round-bottom flask. Then 2 mmol of methyl bromoacetate was added
dropwise over a period of 1 min into the solution while stirring. The
reaction proceeded under reflux overnight while stirring. The solution
was cooled to room temperature, and the solvent was removed under
vacuum. The solids were dissolved in 1.3 mL of EtOH and diluted into
6 mL of 1 M NaOH. The solution was heated to reflux for 1 h. The
pH of the solution was then adjusted to 7 with 10 M HCI and
evaporated to dryness. '"H NMR (400 MHz, D,0) § 4.24 (s, 1H), 4.00
(s, 1H), 3.87 (s, 2H), 3.81 (t, 2H), 3.13 (t, 2H). ESI HRMS for
CHyNO;: calculated m/z 120.0655 [M + HJ*; found 120.0691.

Synthesis of N,2-Dihydroxy-4-methylbenzamide [5]. First,
252.5 mg of 4-methylsalicylic acid (1.66 mmol) was dissolved with 20
mL of MeOH in a 50 mL round-bottom flask. Then 0.5 mL of 18 M
sulfuric acid was added while stirring. The reaction proceeded under
reflux for 24 h while stirring. The reaction was quenched by adding
100 mL of water to the solution. The intermediate was extracted with
ethyl ether (3 X 30 mL). The organic phases were combined and
washed with a saturated sodium bicarbonate solution (2 X 100 mL).
The ether was evaporated in vacuo, and the intermediate was dissolved
in 0.5 mL of THF. The intermediate solution was added dropwise to a
NaOH/NH,OH solution (6.72 mL of 1.64 M NH,OH in water was
added to 8.38 mL of 3 M NaOH) while stirring. The reaction was
allowed to proceed at room temperature for 24 h. After 24 h, the
reaction was cooled to 0 °C using an ice bath, and the pH was adjusted
to 5 with 10 M HCL. The solution was allowed to warm to room
temperature before extracting the product with ethyl acetate (3 X 15
mL). The organic layers were combined, and the solvent was
evaporated. "H NMR (400 MHz, DMSO-d;) 612.30 (s, 1H), 11.39 (s,
1H), 9.28 (s, 1H), 7.56 (d, ] = 8.28 Hz, 1H), 6.71 (s, 1H), 6.67 (d, ] =
7.89 Hz, 1H), 2.54 (s, 1H), 2.25 (s, 3H). ESI HRMS for CgHyNO;:
calculated m/z 168.0655 [M + H]*; found 168.0711.

Synthesis of 2,2’-(Hexadecylazanediyl)diacetic Acid [1b].
First, 1.81 g of hexadecylamine (7.5 mmol) was dissolved in 75 mL of
MeOH in a flame-dried 250 mL round-bottom flask. Then 3.92 mL of
DIPEA (30 mmol) and 2.29 g of methyl bromoacetate (15 mmol)
were added to the flask while stirring. The reaction proceeded under
reflux for 96 h while stirring. Next, the solvent was removed under
vacuum and the solids were dissolved in chloroform. The intermediate
product was purified via flash chromatography using 5% methanol in
chloroform solution. The solution was concentrated by rotary
evaporation then diluted into 400 mL of 0.5 M NaOH. The solution
was refluxed until it became clear (~2 h). The solution was then
cooled to room temperature and the pH adjusted to 2 using 10 M HCI
causing a white precipitate to form. The product was filtered, washed,
and dried in vacuo overnight. '"H NMR (500 MHz, DMSO-d) & 3.41
(s, 4H), 2.62 (t, 2H), 1.23 (s, 28H), 0.85 (t, 3H). ESI HRMS for
CyoH3oNO,;: calculated m/z 358.2952 [M + H]*; found 358.2899.

Synthesis of 4-((Hexadecylamino)methyl)-2-hydroxybenzoic
Acid [4b]. First, 1.521 g of methyl salicylic acid (10 mmol) was
dissolved in 50 mL of MeOH in a 200 mL round-bottom flask. Then 3
mL of sulfuric acid was added to the solution. The flask was connected
to a condenser (T = 5 °C) and heated to reflux for 24 h. The reaction
was quenched by adding 100 mL of water to the solution. The
intermediate was extracted with ethyl ether (3 X 50 mL). The organic
phases were combined and washed with a saturated sodium
bicarbonate solution (2 X 100 mL). The ether was evaporated in

vacuo and the intermediate was dissolved in 40 mL of carbon
tetrachloride. Then 2.225 g of N-bromosuccinimide (12.5 mmol) and
0.726 g of benzoyl peroxide (3 mmol) were added to the solution. The
solution was refluxed while stirring for 4 h. The brominated
intermediate was purified via flash chromatography using 2% methanol
in chloroform solution and concentrated by rotary evaporation to a
volume of S mL. To the concentrate solution, 2.4 g of hexadecylamine
(10 mmol) and 2.5 g of DIPEA (20 mmol) in 70 mL of MeOH were
added. The reaction proceeded under reflux for 24 h while stirring.
After the 24 h, the solvent was removed via rotary evaporation and the
solids were dissolved in chloroform. The intermediate product was
purified via flash chromatography using 3% methanol in chloroform
solution. The solution was concentrated by rotary evaporation then
diluted into 400 mL of 0.5 M NaOH. The solution was boiled for 2 h.
A white precipitate formed and the product was filtered, washed, and
dried in vacuo overnight. '"H NMR (400 MHz, CDCl;) § 7.42—7.81
(m, 1H), 6.57—7.01 (m, 2H), 3.67—4.16 (m, 2H), 2.76—3.20 (m, 2H),
1.53—1.88 (m, 2H), 0.97—1.44 (m, 26H), 0.87 (t, ] = 6.69 Hz, 3H).
ESI HRMS for C,,H,;NOs: calculated m/z 392.3159 [M + H]*; found
392.3116.

Synthesis of the Boronic Acid Conjugates [1a—6a, 1c, and
4c]. The linkage molecule and the boronic acid (IBBA or bortezomib)
at a molar ratio of 1:1 were placed in a flame-dried 25 mL flask with 7
mL of toluene. The solution was allowed to reflux for 2 h while stirring
before being removed from the heat. The solvent was then evaporated
in vacuo. Conjugation was verified using 'H NMR and '"B NMR
spectroscopy to observe the peak shift of the boron from ~32 ppm
(boronic acid) to ~9 ppm (boronic ester) via Bruker AVANCE III
HD 400 MHz spectrometer (Bruker, Billerica, MA).

2-Isobutyl-1,3,6,2-dioxazaborocane-4,8-dione (1a). 'H NMR
(400 MHz, DMSO-d,) & 3.90—4.09 (m, 4H), 1.63—1.74 (m, 1H),
0.90 (d, J = 6.69 Hz, 6H), 0.45 (d, J = 7.08 Hz, 2H). ESI HRMS m/z
calculated for CgH,,BNO,: calculated m/z 200.1090 [M + H]*, found
200.1077.

N-((S)-1-(((R)-1-(6-Hexadecyl-4,8-dioxo-1,3,6,2-dioxazaborocan-
2-yl)-3-methylbutyl)amino)-1-oxo-3-phenylpropan-2-yl)pyrazine-2-
carboxamide (1c). "H NMR (500 MHz, DMSO-d,) & 9.05—9.08 (m,
1H), 8.85—8.92 (m, 3H), 8.71-8.75 (m, 1H), 7.21-7.29 (m, SH),
4.66—4.69 (m, 1H), 3.36 (s, 4H), 3.06—3.08 (m, 2H), 2.63 (t, 1H),
1.41-1.43 (m, 1H), 1.39—1.41 (m, 1H), 1.36—1.38 (m, 1H), 1.16—
1.32 (m, 28H), 0.82—0.82 (m, 0H), 0.84 (t, 6H), 0.81 (t, 3H). ESI
HRMS for C3HgBN;Og: calculated m/z 706.4735 [M + H]*; found
706.4709.

2-Isobutyl-1,3,6,2-dioxazaborocan-4-one (2a). '"H NMR (400
MHz, DMSO-d,) & 3.86 (s, 1H), 3.61-3.69 (m, 2H), 3.55 (t, ] = 5.31
Hz, 2H), 2.80 (t, 2H) & 1.74 (m, 1H), 0.78 (d, 6H), 0.48 (d, 2H). ESI
HRMS for CgH,(BNO;: calculated m/z 186.1298 [M + H]*; found
186.1300.

2-Isobutyl-1,3,6,2-dioxazaborocane (3a). '"H NMR (400 MHz,
DMSO-dy) § 6.44 (s, 1H), 3.62—3.72 (m, 2H), 3.55 (d, J = 3.54 Hz,
2H), 2.89-3.01 (m, 2H), 2.60-2.70 (m, 2H), 1.50—1.66 (m, 1H),
0.83 (d, J = 6.29 Hz, 6H), 0.18 (d, J = 6.69 Hz, 2H). ESI HRMS for
CgH,{BNO,: calculated m/z 172.1503 [M + H]*; found 172.1500.

2-Isobutyl-7-methyl-4H-benzo[d][1,3,2]dioxaborinin-4-one (4a).
'H NMR (500 MHz, DMSO-dg) 6 7.59 (d, 1H), 6.64—6.71 (m,
2H), 2.26 (s, 3H), 1.57—1.71 (m, 1H), 0.85 (d, 6H), 0.38 (d, 4H). ESI
HRMS for C;,H;sBO;: calculated m/z 219.1187 [M + H]*; found
219.1179.

N-((5)-1-(((R)-1-(7-((Hexadecylamino)methyl)-4-oxo-4H-benzo-
[d][1,3,2]dioxaborinin-2-yl)-3-methylbutyl)amino)-1-oxo-3-phenyl-
propan-2-yl)pyrazine-2-carboxamide (4c). '"H NMR (400 MHz,
DMSO-dg) 9.09-9.14 (m, 1H), 8.86—8.93 (m, 2H), 8.71—8.78 (m,
2H), 7.73—7.87 (m, SH), § 7.19—7.32 (m, 1H), 6.84—7.10 (m, 2H),
5.00—5.14 (m, 2H), 4.06—4.21 (m, 2H), 3.12—3.18 (m, 2H), 2.85—
2.94 (m, 2H), 2.53—2.55 (m, 1H), 1.45—1.65 (m, 2H), 1.39 (none,
2H), 1.23 (s, 26H), 0.78—0.88 (m, 9H). ESI HRMS for C,;H,BNOq:
calculated m/z 740.4917 [M + H]*; found 740.4927.

3-Hydroxy-2-isobutyl-7-methyl-2,3-dihydro-4H-benzo[e][1,3,2]-
oxazaborinin-4-one (5a). '"H NMR (300 MHz, DMSO-d;) & 11.38
(s, 1H), 7.56 (d, J = 8.01 Hz, 1H), 6.71 (s, 1H), 6.67 (d, 1H), 2.25 (s,
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3H), 1.69—1.86 (m, 1H), 0.85 (d, ] = 6.63 Hz, 6H), 0.53 (d, ] = 7.46
Hz, 2H). ESI HRMS for C;,H,;(BNOj: calculated m/z 234.1299 [M +
H]*; found 234.1335.

4-(Carboxymethyl)-2-isobutyl-6-oxo-1,3,2-dioxaborinane-4-car-
boxylic Acid (6a). '"H NMR (400 MHz, DMSO-d,) & 2.57—2.65 (m,
4H), 1.58—1.72 (m, 1H), 0.84 (d, ] = 6.69 Hz, 6H), 0.37 (d, J = 6.69
Hz, 2H). ESI HRMS for C;oH,;BO;: calculated m/z 257.0829 [M —
H]~; found 257.0821.

Hydrolysis of Boronic Esters. 0.2 mmol of the boronic ester
conjugates, la—6a, were dissolved in 0.4 mL of DMSO-dy and divided
into two 0.2 mL vials. One solution was diluted with 0.2 mL of PBS,
while the other was diluted with 0.2 mL of DMSO-dj as a control. ''B
spectra were obtained at ¢ = 0, S, 10, and 30 min for each solution at
128 MHz using the Bruker AVANCE III HD 400 MHz spectrometer
equipped with a standard S mm broadband probe (Bruker, Billerica,
MA). The following experimental parameters were used: acquisition
time 1.42 s, relaxation delay 2.0 s, 256 scans. Hydrolysis of the boronic
ester was measured by observing the reduction of the peak at ~12
ppm.

Liposome Preparation. Liposomes were prepared by dry film
hydration as described previously.** Briefly, lipids were mixed at the
indicated ratio in chloroform, dried to form a thin film using nitrogen
gas, and then placed under vacuum overnight to remove residual
solvent. The lipid films were hydrated at 65 °C in PBS pH 7.4 with
gently agitated and extruded at 65 °C through a 0.1 ym polycarbonate
filter. Liposomes all adhered to the following formula 92.5:5:2.5
DSPC:mPEG2000:Prodrug.

Particle Sizing. Dynamic light scattering analysis was performed
using the 90Plus nanoparticle size analyzer (Brookhaven Instruments,
Holtsville, NY) as previously described."

Cell Culture. MM.1S and NCI-H929 cell lines were obtained from
American Type Culture Collection (Rockville, MD). Both cell lines
were supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine (Gibco, Carlsbad, CA), 100 pug/mL penicillin, and 100 pug/
mL streptomycin (Gibco). NCI-H929 cells were further supplemented
with 55 #M 2-mercaptoethanol.

Cytotoxicity Assays. Cell Counting Kit-8 (Dojindo Molecular
Technologies, Rockville, MD) was used as previously described."

In Vitro Proteasome Inhibition Assays. 20S Proteasome
Activity Assay Kit (EMD Millipore, Billerica, MA) was used to
measure proteasome activity. Briefly, 6 X 10° cells/well were plated in
a 6 well dish. NP[1c], NP[4c], or free bortezomib were added at 25
nM bortezomib equivalent concentrations to their respective wells and
incubated for 1, 4, or 8 h at 37 °C. Cells were washed twice with cold
PBS and lysed in 60 uL of lysis buffer (50 mM HEPES, S mM EDTA,
150 mM NaCl, 1% Triton X-100, pH 7.5) on ice for 30 min by
periodic vortexing. The lysate was centrifuged at 21130g for 15 min at
4 °C. Then 10 uL of the lysate, along with 10 uL of proteasome
substrate (Suc-LLVY-AMC) and 80 L of the assay buffer (25 mM
HEPES, pH 7.5, 0.5 mM EDTA, 0.05% NP-40, and 0.001% SDS (w/
v)), was placed into a 96 well plate and incubated at 37 °C for 1 h.
Proteasome activity was assessed via fluorescence spectroscopy (ex
380 nm/em 460 nm).

Flow Cytometry. Apoptotic cells were detected with Annexin-V
(FITC) antibody (BD Pharmigen, Sandiego, CA). Cells were analyzed
with Guava EasyCyte flow cytometer (EMD Millipore) as previously
described."

Confocal Microscopy. Confocal experiments were performes as
previously described.** Briefly, 1 X 10° cells/well were plated 24 h
prior to each experiment in a 24 well dish. Liposomes were added at
100 uM phospholipid concentration and incubated for 24 h at 37 °C.
1% DOPE-CF was added as a fluorescent marker to each liposomal
formulation. Cells were washed 3 times with PBS and incubated in 50
nM LysoTracker Red (Molecular Probes, Carlsbad, CA) in culture
media for 30 min at 37 °C to allow internalization. After 30 min, cells
were washed 3 times with PBS and spun onto slides, using a Cytospin
(Thermo Fisher Scientific, Waltham, MA) before being fixed with 4%
paraformaldehyde. Slides were rinsed with PBS then incubated with 2
ug/mL Hoechst dye (Sigma-Aldrich) in PBS for 15 min to stain the
nucleus. Coverslips were mounted on microscope slides with Prolong

Gold Antifade (Molecular Probes). Cells were visualized with a Nikon
AIR confocal microscope using a 40X oil lens (Nikon Instruments,
Melville, NY). Image acquisition was performed by Nikon Elements Ar
software (Nikon).

MM Xenograft Mouse Model. CB-17 SCID mice (Harlan
Laboratories, Indianapolis, IN) were irradiated with 150 rad and were
inoculated subcutaneously with 5 X 10° NCI-H929 cells. When
tumors reached a volume of 100 mm?, mice were distributed into four
groups of 6—8 mice and were treated intravenously with NP[1c],
NP[4c], free bortezomib, or vehicle (PBS), on days 1, 4, 8, and 11 at a
dose of 1 mg/kg bortezomib equivalents. Animals were monitored for
body weight and tumor volume. Tumor volume was measured via
calipers (volume = 0.5 X length X (width)?). Mice were treated
humanely and in accordance with the protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at the
Freimann Life Science Center (Notre Dame, IN).

Ex Vivo Proteasome Inhibition and Apoptosis Assays. CB-17
SCID mice were irradiated with 150 rad and were inoculated
subcutaneously with 5 X 10° NCI-H929 cells. When tumors were
palpable, mice were distributed into four groups of 4 mice and were
treated intravenously with NP[1c], NP[4c], free bortezomib, or PBS,
on days 1 and 4 at a dose of 1 mg/kg bortezomib equivalents. The
mice were sacrificed on day five, and the tumors were excised and
divided in half. For detection of apoptosis, one-half was fixed in
formalin solution and immunohistochemical staining for caspase-3 was
performed as previously described.'” The other half was used for the
proteasome inhibition assay. Tumors were homogenized in 0.2 mL of
lysis buffer (100 mM Tris, pH 7.8, 150 mM NaCl, 1% Triton-X100)
per 50 mg tissue. The homogenate was centrifuged at 18400g for 10
min at 4 °C. The supernatant was removed and centrifuged again to
ensure complete removal of any precipitate. The protein concentration
of each sample was determined using Bradford assay, and samples
were diluted to a protein concentration of 15 pg/mL. 20S Proteasome
Activity Assay Kit (EMD Millipore) was used to measure proteasome
activity. Then 10 uL of the respective homogenate, along with 10 uL
of proteasome substrate (Suc-LLVY-AMC) and 80 uL of the assay
buffer (25 mM HEPES, pH 7.5, 0.5 mM EDTA, 0.05% NP-40, and
0.001% SDS (w/v)), was placed into a 96 well plate and incubated at
37 °C for 1 h. Proteasome activity was assessed via fluorescence
spectroscopy (ex 380 nm/em 460 nm).
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B ABBREVIATIONS USED

DIPEA, diisopropylethylamine; DOPE-CF, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(carboxyfluorescein);
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; EPR, en-
hanced permeability and retention; IBBA, isobutylboronic acid;
mPEG2000, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(poly(ethylene glycol))-2000]; MM, multi-
ple myleoma; PBA, phenylboronic acid
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