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Abstract

Leukemias are challenging diseases to treat due, in part, to interactions between leukemia cells and
the bone marrow microenvironment (BMME) that contribute significantly to disease progression.
Studies have shown that leukemic cells secrete C-chemokine (C-C motif) ligand 3 (CCL3), to
disrupt the BMME resulting in loss of hematopoiesis and support of leukemic cell survival and
proliferation. In this study, a murine model of blast crisis chronic myelogenous leukemia (bcCML)
that expresses the translocation products BCR/ABL and Nup98/HoxA9 was used to determine the
role of CCL3 in BMME regulation. Leukemic cells derived from CCL3™~ mice were shown

to minimally engraft in a normal BMME, thereby demonstrating that CCL3 signaling was
necessary to recapitulate bcCML disease. Further analysis showed disruption in hematopoiesis
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within the BMME in the bcCML model. To rescue the altered BMME, therapeutic inhibition of
CCL3 signaling was investigated using bone-targeted nanoparticles (NP) to deliver Maraviroc, an
inhibitor of C-C chemokine receptor type 5 (CCR5), a CCL3 receptor. NP-mediated Maraviroc
delivery partially restored the BMME, significantly reduced leukemic burden, and improved
survival. Overall, our results demonstrate that inhibiting CCL3 via CCR5 antagonism is a potential
therapeutic approach to restore normal hematopoiesis as well as reduce leukemic burden within
the BMME.
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1| INTRODUCTION

Leukemias are malignancies of the hematopoietic system associated with high risk for
relapse and 5-year survival rates of 63%. The acutely progressing myelogenous leukemias,
acute myeloid leukemia (AML), and blast crisis chronic myelogenous leukemia (bcCML),
have a particularly poor prognosis and are associated with 5-year survival rates of ~28% and
33%, respectively.1:2 Improvements in survival for AML over the past several decades have
been largely driven by advancements in supportive care and stem cell transplantation, while
the discovery of novel treatment strategies has been limited.3 In chronic myeloid leukemia
(CML), the beginning of tyrosine kinase inhibitor treatment in 2000 led to an improvement
in the prognosis of CML patients. However, a sizable minority of patients will still progress
to blast crisis, at which point the prognosis remains dismal.2# Therefore, the identification
of additional therapeutic targets, including within the bone marrow microenvironment
(BMME), are critical to improve leukemia survival rates.

The BMME provides a permissive niche for leukemia cell survival and plays a major role
in patient relapse due to interplay between leukemic cells and the BMME.> In particular,
reduced or dysfunctional mesenchymal stem cells (MSCs) and osteoblasts (OBs) contribute
to disease initiation and progression by creating a BMME that supports the leukemic cell
survival.”11 Furthermore, the disrupted BMME supports leukemic stem cells (LSCs), and
provides a reservoir of therapy-resistant leukemic cells that can give rise to relapse.1?

Recent literature has revealed that leukemic cells secrete C-chemokine (C-C motif) ligand
3 (CCL3) to disrupt the BMME.813-19 CCL3 is elevated in multiple murine leukemic
models and patient samples of AML and bcCML, in myelodysplastic syndrome, B-cell
lymphomas, and multiple myeloma, as well as multiple solid tumors.13-16 In murine
models of myelogenous leukemias and multiple myeloma, elevated CCL3 mRNA and
protein levels correlate with dysfunctional OBs in the BMME, which contributes to disease
progression.8:17.18

To reduce the leukemic burden and restore the BMME, CCL3 signaling via the 7-
transmembrane G protein-coupled receptors C-C chemokine receptor type 1, 4, and 5
(CCR1, CCR4, and CCR5) can be disrupted. To that end, small molecule inhibitors of CCR1
and CCR5, BX471 and Maraviroc (MVC), have been explored to disrupt CCL3 signaling in
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multiple myeloma, acute lymphoblastic leukemia, and AML.19-21 BX471, a CCR1 inhibitor,
was originally developed for multiple sclerosis but failed in clinical trials, likely due to poor
pharmacokinetics (eg, poor aqueous solubility and short circulation half-life).20-22 MVC

is an FDA-approved CCR5 antagonist used in HIV therapy, however, MV C is also known
to have subpar pharmacokinetics, with a half-life in mice of ~0.9 hours.20-23.24 The ligand/
receptor interactions for C-C chemokines are known to be promiscuous. Thus, CCR1 and
CCR5 both have multiple ligands, including CCL3, CCL5, CCL7, and CCL14 for CCR1
and CCL3, CCL4, and CCL5, and CCL14 for CCR5.2° This promiscuity makes targeting
of the receptors appealing, as it has the potential to block signaling of multiple, possibly
redundant ligands, many of which have previously been associated with the formation

of a malignant microenvironment.2% While both drugs are promising inhibitors of CCL3
signaling, poor aqueous solubility and pharmacokinetics limit their therapeutic potential.

Drug delivery systems (DDS) increase drug solubility, stability, and circulation time.2” For
example, polymer-based nanoparticles (NPs) self-assembled from amphiphilic poly(styrene-
alt-maleic anhydride)-&-poly(styrene) (PSMA-4-PS) diblock copolymers improve the overall
bioavailability of poorly soluble drugs.28-30 NPs can enhance drug circulation half-lives
and passively accumulate at sites of leaky vasculature, including the bone marrow, via the
enhanced permeability and retention effect (EPR).3! Furthermore, drug solubility can be
enhanced via loading into hydrophobic cores of polymer-based micelle NPs, protecting
drugs from degradation, rapid clearance, and sequestration by off-target organs. Approaches
to improve NP-based therapeutics for leukemia include introduction of targeting groups to
enhance delivery to the BMME specifically. Here, the tartrate-resistant acid phosphatase
(TRAP) binding peptide (TBP; sequence: TPLSYLKGLVTVG) was used to modify NPs

to further enhance the drug delivery via marrow-targeting.32 TBP-NPs preferentially
accumulate in bone due to osteoclast-specific TRAP deposition within endosteal bone
resorption sites.39:33 |n these studies, we hypothesized that NP-mediated delivery of CCL3
signaling antagonists will restore the disrupted BMME of the bcCML leukemia model. The
bcCML system employed herein is used as a model of primary aggressive myelogenous
leukemia.3* This model was chosen as it allows for the study of the BMME and normal
hematopoiesis in mice without prior myeloablation or compromise of the immune system,
providing an avenue to study the BMME in the presence of leukemia.

2| MATERIALS AND METHODS

2.1| Mice

All mouse studies were approved by the Institutional Animal Care and Use Committee at the
University of Rochester School of Medicine and Dentistry. Male 6- to 8-week-old C57BL/6
(CD45.2), C57BL/002014 (CD45.1), and CCL3 knockout mice were purchased from the
mouse breeding core facility at the Wilmot Cancer Institute and used for all studies.

2.2| BCR/ABL Nup98/HoxA9 bcCML and MLL-AF9 AML models

BCR/ABL Nup98/HoxA9 bcCML mice were created using MSCV-BCR/ABL-IRES-green
fluorescent protein (GFP) and MSCV-Nup98/HoxA9-yellow fluorescent protein (YFP)
vectors.8:35 To obtain lineage-negative, Sca-1*, c-Kit* cells (LSK), marrow hematopoietic
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stem, and progenitor cells of 6- to 8-week-old male C57BL/002014 (CD45.1) mice were
enriched via FACS sorting. To create the leukemic cells, LSK cells were infected with
MSCV-BCR/ABL-IRES-GFP and MSCV-Nup98/HoxA9-YFP vectors.23° Six- to 8-week-
old male C57BL/6 (CD45.2) primary recipients sub-lethally irradiated with 6 Gy using a
137Cs radiation source (GAMMACELL-40) were tail-vein injected with 2 x 104 leukemic
cells in 0.1 mL of FACS buffer (1x phosphate-buffered saline (PBS) containing 2% heat-
inactivated fetal bovine serum (FBS)). The spleens of primary recipients were harvested
after 15 days, crushed, strained, re-suspended in CryoStor CS10 (Biolife Solutions, WA)
at a concentration of 2 x 107 cells/mL, and stored in liquid nitrogen.® Cells were

thawed and 2 x 10° cells in 0.1 mL of FACS buffer were injected via tail-vein into

non irradiated 6- to 8-week-old male C57BL/6 (CD45.2) mice to create BCR/ABL and
Nup98/HoxA9 (bcCML) mice. Mixed lineage leukemia-AF9 (MLL-AF9) mice were created
using a retroviral construct encoding the MLL-AF9 fusion protein with a translocation at
t(9;11)(p22;923).36 Prior to injection of MLL-AF9 retroviral constructs, LSK cells from
C57BL/002014 (CD45.1) 6- to 8-week-old male mice were enriched via FACS sorting

and incubated overnight in Roswell Park Memorial Institute (RPMI) 1640 with 20% fetal
calf serum, 20% Walter and Eliza Hall Institute of Medical Research (WEHI)-conditioned
medium (R20/20), 20 ng/mL of stem cell factor (SCF), and 10 of ng/mL interleukin-6
(1L-6).36 MLL-AF9 leukemic cells were tail-vein injected with 2 x 10° leukemic cells in
0.1 mL of FACS buffer into 6- to 8-week-old male C57BL/6 primary recipients sub-lethally
irradiated with 6 Gy using a 13’Cs radiation source.

Flow cytometry

Analysis of spleen and marrow cell populations was performed as previously described813
using FlowJo version 9.6.5 (Tree Star). Further details are provided in the Sl section.

Initiation of CCL3™~ murine AML models

CCL3 knockout (CCL37") LSK cells were established using MSCV-BCR/ABL-IRES-GFP
and MSCV-Nup98/HoxA9-YFP vectors or MLL-AF9 vectors transfected into marrow
hematopoietic stem and progenitor cells of 6- to 8-week-old male CCL3~/~ mice. CCL3
knockout LSK cells were isolated from CCL3™/~ mice via FACS sorting and equal
concentrations of CCL3™~ bcCML and MLL-AF9 LSKs or wild-type (WT) LSKs were
injected via tail-vein into irradiated or non-irradiated WT mice. Survival of injected mice
was monitored daily for up to 50 days for bcCML mice and up to 100 days for MLL-AF9
mice.

Colony forming assays

Following infection of marrow hematopoietic stem and progenitor cells with GFP/YFP
vectors, sorted LSK cells were suspended in 100 pL of IMDM containing 10% FBS and
added to 3 mL of M3534 methylcellulose containing media (Stemcell technologies). Cells
were plated at a volume of 1.1 mL in 35 mm dishes. Following 11 days of culture at 37°C
and 5% CO, the number of colonies that were GFP* and contained more than 35 cells were
counted.
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2.6 | Engraftment of WT and CCL3™~ bcCML cells

The model of bcCML was initiated using LSK cells sorted from the marrow of WT or
CCL3~~ mice. WT or CCL3™/~ bcCML cells were generated and transplanted into non-
irradiated WT recipient mice via tail-vein injection as described above. Bone marrow was
analyzed by flow cytometry at 48 hours and 6 days post-transplantation.

2.7| Leukemia cell and osteoblast co-culture

Murine-derived bcCML leukemic cells were used for the co-culture system with MC3T3-
E1 pre-osteoblastic cells. MC3T3-EL1 cells were differentiated into mature OBs (28 days)
using osteogenic media Minimum Essential Medium Eagle—alpha modification (a.-MEM)
with 10% fetal bovine serum (FBS), 100 U/mL of penicillin, 100 pg/mL of streptomycin
(Invitrogen), 50 pg/mL of L-ascorbic acid (Sigma-Aldrich), and 10 mmol/L of glycerol
2-phosphate disodium salt hydrate (Sigma-Aldrich). On day 28, 1 x 104 bcCML leukemic
cells were added to co-cultures, which were treated with 2 x 10~/ mol/L BX471 and

2 x 1078 mol/L MVC and cultured for 6 days. On the day of analysis, non-adherent
bcCML cells were removed by washing the plates four times with 1x PBS and MC3T3-E1,
then OBs were analyzed for osteocalcin gene expression using qRT-PCR as previously
described,8 with B-actin as the housekeeping/control gene. Total MRNA was extracted using
the RNeasy kit (QIAGEN) according to the manufacturer’s instructions. The Quantitect
Reverse Transcription kit (QIAGEN) was used to transcribe cDNA, which was then diluted
1:50 in dH,0, combined with SYBR Green PCR master mix (Bio-Rad), and amplified using
MyiQ Single-Color PCR detection systems and software under the following conditions:
95°C for 3 minutes followed by 40 cycles of 95°C for 15 seconds and 58°C (osteocalcin)
or 60°C (CCL-3) for 30 seconds. Data were analyzed using a relative standard curve
method, normalized to B-actin: murine B-actin 5" primer: GCCACTGCCGCATCCTCTT;
3’ primer: GGAACCGCTCGTTGCCAATAG; murine osteocalcin 5" primer:
CCGCCTACAAACGCATCTACG; 3’ primer: GAGAGAGGACAGGGAGGATCAAG;
and murine CCL3 5" primer: AAGGATACAAGCAGCAGCGAGTA,; 3 primer:
TGCAGAGTGTCATGGTACAGAGAA.

2.8 | Treatment of bcCML model with CCL3 signaling antagonists

MVC (Selleck Chemicals) was prepared in 100% ethanol and diluted to a 5 mg/mL working
solution in sterile PBS immediately prior to injection. Mice were treated with a 20 mg/kg
dose of MVC by intraperitoneal injection twice daily with injections given 6 hours apart for
9 days, 1 day after bcCML initiation. BX471 (Sigma) was prepared in 40% w/v cyclodextrin
and diluted to a 2.5 mg/mL working solution in sterile saline immediately prior to injection.
Mice were treated with a 10 mg/kg dose of BX471 by intraperitoneal injection twice daily
with injections given 6 hours apart for 9 days, 1 day after bcCML initiation. Mice were
sacrificed on day 11 for flow cytometry analysis.

29| Complete blood counts

To determine complete blood counts, blood was collected in EDTA-coated tubes via
the submandibular plexus and the hematology analyzer, scil Vet abc Plus+ was used as
previously described.37
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Diblock synthesis and NP self-assembly and characterization

One-step reversible addition-fragmentation chain transfer agent (RAFT) polymerization was
used to synthesize amphiphilic diblock PSMA-b-PS copolymers whereby excess styrene was
used to achieve a poly(styrene) chain upon exhaustion of maleic anhydride monomers.28:30
Briefly, distilled styrene (99%, ACS grade) and maleic anhydride recrystallized from
chloroform ([STY]:[MA] = 5:1) were added to chain transfer agent, 4-cyano-4-dodecyl
sulfanyltrithiocarbonyl sulfanyl pentanoic acid (DCT) ([STY]:[CTA] = 100:1) and the
radical initiator, 2,2’-Azo-bis(isobutylnitrile) (AIBN), recrystallized from methanol ([CTA]:
[AIBN] = 5:1) in dioxane (50% wi/w). After an initial sample was taken for proton nuclear
magnetic resonance (*H NMR) analysis, the polymer solution was purged with nitrogen (N,)
for 45 minutes and placed in a 60°C oil bath. After 72 hours, the reaction was terminated by
exposing the polymer solution to air and the polymerized PSMA-£-PS diblock copolymers
were diluted in acetone and precipitated using petroleum ether.28 Precipitated PSMA-6-PS
diblock copolymers were dried in vacuum and stored at room temperature. Gel permeation
chromatography (GPC) was used to determine the molecular weights by dissolving 2 mg of
diblock copolymers into 1 mL of dimethylformide (DMF) + 0.05% lithium chloride (LiCl).
GPC was performed using a Shimadzu LC-20AD equipped with a differential refractometer
(Shimadzu RID-10A) and a light scattering detector (Wyatt Technology DAWN TREOS)
with a 3 um linear gel column (Tosoh TSK-Gel Super HM-N, 6.0 mm inner diameter

x 15 cm) operating in a 60°C column oven. TH-NMR was used to assess the complete
conversion of maleic anhydride monomers by comparing pre- and post-polymerization
samples dissolved in deuterated dimethyl sulfoxide (DMSO). To self-assemble diblock
copolymers into NPs, diblock copolymers (200 mg) were dissolved in DMF (20 mL) and a
syringe pump set at 24.4 uL/min was used to add ddH,O (31 mL). Self-assembled NPs were
dialyzed against ddH,O for 72 hours using 6-8 kDa MW cutoff dialysis tubing (Spectrum
Laboratories). NPs were filtered using 0.2 um cellulose acetate filters (VWR international)
prior to storage in 4°C. Gravimetric determination of NP concentrations was performed by
weighing empty Eppendorf tubes, adding 0.5 mL of NP solution, lyophilizing, and weighing
freeze dried product in tubes. NP physiochemical properties such as size and surface charge
were analyzed using dynamic light scattering (DLS) and a Malvern Zetasizer at 0.2 mg
NP/mL of 0.1 mol/L phosphate buffered solution (PBS), pH 7.4.

Peptide synthesis and conjugation

Microwave-assisted solid-phase peptide synthesis (CEM Corp, Libertyl synthesizer) was
used to generate tartrate-resistant acid phosphatase (TRAP) binding peptide (TBP)
(sequence: TPLSYLKGLVTVG) using fluorenylmethyloxycarbonyl chloride (FMOC)-
protected amino acids (AAPPTec and Peptides International).

Amino acid coupling was achieved with an activator mix of 0.5 mol/L O-(benzotriazole-1-
yD-N, N, N’, N’-tetramethyluronium hexafluorophosphate (HBTU) in DMF and activator
base mix of 2 mol/L N, N-Diisopropylethylamine (DIEA) in 1-methyl-2-pyrrolidinone
(NMP). Deprotection of individual amino acids during coupling was achieved with 5%
piperazine in DMF. Synthesized TBP was cleaved from Fmoc-Gly-Wang resin (Millipore,
MA) using 92.5% trifluoroacetic acid (TFA), 2.5% H,0, 2.5% 3, 6-dioxa-1,8-ocatanedithiol
(DODT), and 2.5% triisopropylsilane (TIPS) for 2.5 hours and precipitated in ice-cold
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diethyl ether. TBP was dried in vacuum and validated using matrix-assisted laser desorption
ionization time-of-light mass spectrometry (MALDI-TOF) (Briker Autoflex I11) whereby
equal volumes of 10 mg TBP in 1 mL of 30:70 [v/v] acetonitrile: 0.1% TFA in

H,0 and 10 mg/mL a-cyano-4-hydroxycinnamic acid were spotted on a MALDI plate.
Conjugation of TBP to NPs was performed via carbodiimide chemistry using 1-ethyl-3-(3-
dimethylamino)propyl carbodiimide (EDC, Thermo Fisher) ([EDC]:[polymer] = 10:1), 5
mmol/L hydroxysulfosuccinimide (sulfo-NHS, Thermo Fisher), and TBP ([TBP]:[polymer]
=10:1in 0.1 mol/L sodium phosphate buffer (pH 7.4)). The reaction was mixed overnight
and dialyzed against ddH,O for 72 hours (MWCO 6-8 kDa) and conjugation efficiency was
determined using fluoraldehyde o-phthaldialdehyde (OPA, Thermo Fisher, EX/EM = 360
nm/455 nm) and nanoparticle tracking analysis (NTA, Nanosight NS300). For nanoparticle
tracking analysis (NTA), five videos of 30 seconds recordings of the particle concentration
within the 20-100 particles/frame range was collected. The measurement was performed

at 25°C and a detection threshold of 3 was used to collect the sample data. Nanosight

NTA software version 3.2 Dev Build 3.2.16 (Malvern Instruments Ltd.) was used for data
collection and processing.

loading and release characterization

To load PSMA-56-PS NPs, 23 mg of MVC was dissolved in a 1:5 vol/vol DMSO:chloroform
mixture. TBP-NPs (90 mg/mL in ddH,0) were then added and the scintillation vial was
covered with foil and stirred overnight. TBP-NPyc were purified via two rounds of
centrifugation to remove any aggregated-free drug (10 minutess at 4000 rpm) and two
rounds of centrifugal filtrations using 100 000 kDa MW cutoff filters (Millipore, MA) to
remove soluble-free drug (10 minutes at 2000 rpm). Release of MV C was performed using
dialysis tubing with MWCO of 6-8 kDa (Spectrum Laboratories) and 0.1 mol/L PBS, pH
7.4 to emulate physiological conditions. For release, dialysis tubing filled with TBP-NPyvc
or free MVVC was submerged in PBS at 37°C and 100 puL samples were taken up to 72 hours.
The PBS sink was replaced at t = 2, 8, 24, and 48 hours. Final solutions of purified drug-
loaded peptide-conjugated NPs and release samples were analyzed via high-performance
liquid chromatography (HPLC). Final solutions of purified TBP-NPyc were dissolved in
9:1 methanol :ddH,0 and analyzed via HPLC with a mobile phase consisting of A) HPLC
grade water +0.05% formic acid and B) HPLC grade acetonitrile +0.05% formic acid. HPLC
analysis was performed on a Kromasil C18 column (50 mm x 4.6 mm, 5 um particle size,
100 A pore size). Drug elution was monitored at 197 nm (Shimadzu). Flow conditions were
set at 0.5 mL/min with a gradient elution (0-0.01 minutes 20%, 0.01-4 minutes 40% B,
4-7.50 minutes 70% B, 8.10-15 minutes 95% B, and 15.1-20 minutes 20% B). Loading
capacity was calculated as mg of MVVC/mg of NP. Release samples were analyzed via HPLC
using the aforementioned procedure after dissolving sample in 9:1 methanol: ddH,0.

2.13| Treatment of bcCML model with TBP-NPwyc

TBP-NPMvc Were reconstituted in PBS prior to injections whereby 150 mg/kg NPs (30
mg/kg MVC) were injected intraperitoneally every other day for six doses in bcCML mice
the day after injection of leukemic cells.
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2.14| Flow cytometry

Spleen cells were isolated by crushing the spleen using a 40 um pore size strainer and PBS

+ 2% FBS + 10 U/mL DNase. Bone marrow cells were liberated by flushing with PBS +

2% FBS (FACS buffer) using a 25 gauge needle. Liberated marrow cells were resuspended
in 1 mg/mL collagenase type IV, 2 mg/mL dispase, and 10 U/mL DNase dissolved in Hank’s
Balanced Salt Solution (HBSS). Red blood cell (RBC) lysis buffer (156 mmol/L NH4CI, 127
pmol/L EDTA, and 12 mmol/L NaHCO3) was used to lyse RBCs for 5 minutes at room
temperature. Samples were suspended in 100 puL of FACS buffer and analyzed on an LSRI|I
flow cytometer: three lasers, 355, 488, and 633 nm (BD Biosciences) by collecting 1 x 10°
events.

2.15| Treatment of ST2 cells with MVC

MSC surrogate, ST2 cells, were grown in alpha-minimum essential medium (a-MEM)
supplemented with 10% of FBS, 100 U/mL of penicillin, and 100 pug/mL of streptomycin
(Invitrogen). After reaching 80% confluency, cells were treated with MVC at— 0.1-100
pmol/L—for 24 hours. Cell number and viability were analyzed using the alamarBlue®
assay (Thermo Fisher) as per the manufacturer’s protocol.

2.16| Statistical analysis

For all quantitative results, groups are reported as mean + standard error mean (SEM) unless
otherwise noted. Comparisons between two groups were performed using student’s unpaired
two-tailed #test for normally distributed data. Multiple group comparisons were performed
using a one-way ANOVA test with Dunnett’s multiple comparison. For Kaplan-Meier
survival curves, comparisons were performed using log-rank (Mantel-Cox) test. Statistical
significance was set as P< .05.

3| RESULTS

3.1| Loss of CCL3 signaling improves survival in bcCML leukemia models

CCL3 signaling, which is elevated in myelogenous leukemias both in animal models and
humans, has been shown to modify the BMME, and contribute to leukemia initiation

and progression.8:17:38 \We have previously shown that CCL3 signaling is elevated in the
bcCML model, which contributes directly to a disrupted BMME.8 To further investigate
the importance of CCL3 in bcCML mice, leukemic cells that were initiated in LSK cells
isolated from CCL3™~ or WT control mice were transplanted via tail-vein injections into
non-irradiated WT recipients (Figure 1A). At 48 hours and 6 days, post-transplant no
difference was observed in the number of leukemic cells in the marrow of recipient mice
that were transplanted with WT or CCL3~/~ leukemic cells (Figure S1). Engraftment in
the spleen was also analyzed indicating that CCL3™/~ leukemic cells had increased homing
at 48 hours and comparable levels of leukemic cells with WT at day 6 (Figure S1). This
indicates that there is no defect in the homing or engraftment of CCL3~/~ leukemic cells,
and, combined with the colony forming assay results (Figure 1B), suggests that the defect
in leukemogenic activity in CCL3™/~ leukemic cells is perpetuated by interactions with the
marrow microenvironment following engraftment. Though CCL3~/~ leukemic cells form
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colonies to a similar extent as WT controls (Figure 1B, the percent of live GFP* cells

in spleen and marrow of CCL3~/~ bcCML mice at day 10 were decreased by ~3.5-fold

and ~20-fold (Figure 1C,D), showing that CCL3~/~ bcCML cells did not cause disease

in non-irradiated mice. Statistically significant and prolonged survival of >45 days was
observed in CCL3™/~ leukemic cells established in non-irradiated WT recipients compared
to 23 days for WT bcCML initiated mice (Figure 1E). When CCL3~/~ bcCML cells were
implanted into irradiated recipients, engraftment in the bone marrow was achieved likely
due to a radiation-induced disrupted BMME (Figure S2). To test the repopulation potential
of CCL37~ bcCML cells isolated from CCL3™~ bcCML mice, 3 x 10* FACS sorted GFP
and YFP double positive cells (GFP+/YFP + bcCML cells) were serially transplanted from
irradiated primary recipients of WT or CCL3™~ bcCML cells into non-irradiated recipient
mice (Figure 1F). CCL3™/~ bcCML cells did not engraft in non-irradiated recipient mice,
resulting in no detectable GFP* cells in the spleen and the marrow (Figure 1G,H). CCL3
expression levels in MLL-AF9 mice are similarly elevated, therefore, the contribution of
CCL3 signaling to survival was also investigated.1® WT and CCL3™~ MLL-AF9 AML
models were initiated using FACS-sorted WT and CCL3™/~ LSK cells transplanted into
irradiated mice (Figure 11). Note that irradiated mice were used for MLL-AF9 studies
because primary recipients of this model cannot reliably be established without irradiation.36
CCL3™~ MLL-AF9 mice exhibited statistically significant and prolonged survival of ~14
days compared to WT MLL-AF9 mice, although MLL-AF9 mice in both groups eventually
succumbed to disease at days 82 and 96 (Figure 1J). Based on these findings, the bcCML
model was the focus for additional experiments, as data suggest that CCL3 signaling is
critical for leukemia progression in this model, similar to human disease.

3.2| The marrow hematopoietic system and microenvironment is disrupted in bcCML

mice

To investigate the phenotype of bcCML mice for subsequent studies, splenic cells from
primary recipients of GFP+/YFP + transfected LSKs were harvested and transplanted

into non-irradiated recipient mice and phenotypic populations were analyzed in the bone
marrow, spleen, and peripheral blood 10 days after transplantation of bcCML cells (Figure
2A,B). In the peripheral blood, white blood cells were increased >2-fold, platelets were
decreased by 2-fold, and mature RBCs were unchanged, suggesting a dysfunctional
hematopoietic system (Figure S3). In the marrow, GFP™ cells were significantly increased,
indicating successful leukemia progression (Figure 2C). Flow cytometric analysis of

HSPC and MPP populations were completed according to previously established markers
on GFP~ cells (Figure 2B). Data are presented as the percent of live GFP™ cells,

normalized to GFP~ cells isolated from nonleukemic WT mice. The frequency of long-
term HSCs (GFP~/LSK/FIt37/CD48~/CD150%), short-term HSCs (GFP~/LSK/FIt37/CD48~/
CD1507), myeloid-hiased MPP subsets, MPP2 (GFP~/LSK/FIt37/CD48*/CD150™"), and
MPP3 (GFP~/LSK/FIt3=/CD48*/CD1507), and lymphoid-primed MPP4 cells (GFP~/LSK/
FIt3*/CD48*/CD1507) were significantly increased in bcCML mice compared to WT
controls, again demonstrating a disruption in normal hematopoiesis (Figure 2D-H).
Specifically, LT-HSCs were increased by 20-fold, ST-HSCs were increased by ~10-fold,
MPP2s were increased by >20-fold, MPP3s were increased by >5000-fold, and MPP4s were
increased by 4-fold in bcCML mice. However, no difference in HSPC populations were
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observed between mice transplanted with CCL3™~ bcCML cells and non-leukemic mice
(Figure S4). Marrow microenvironmental cells including MSCs were defined according to
literature.?:37:39.40 MSCs, defined as CD457/Lin"/CD317/CD51*/ Scal* (MSC)? (Figure
S5), CD457/Lin~/CD140a*/Scal* (Pa.S)3? (Figure S5), or CD457/Lin~/CD317/CD51%/
140a* (PaaV)* (Figure 2J), were significantly increased in bcCML mice compared to
WT controls (Figure 2J-L). Altogether, the HSC, MPP, and MSC increases and platelet cell
decreases suggest that the BMME is disrupted in bcCML mice.

3.3| MVC decreases bcCML tumor burden in the spleen but not in the marrow

Elevated CCL3 signaling inhibits osteogenic differentiation in multiple malignancies,
which may directly or indirectly exacerbate disease progression.13-16 As a measure

of osteoblast function, in vitro osteocalcin gene expression was evaluated for 28-day
differentiated osteoblast cells alone, osteoblast cells cultured in the presence of bcCML
cells, and osteoblast cells cultured in the presence of bcCML cells and the CCL3 signaling
inhibitors BX471 and MVC, which antagonize CCR1 and CCR5, respectively (Figure 3A).
Osteoblasts cultured with bcCML cells exhibited significantly decreased osteocalcin gene
expression (<20% vs no leukemic cells) (Figure 3B). Treatment with inhibitors rescued
osteocalcin gene expression of OBs in the presence of bcCML cell to 50% of osteoblast
cells alone. To test the therapeutic efficacy of blocking CCR1 and CCRS5 receptors in

vivo, bcCML models were treated with BX471 or MVC (Figure 3C). MVC only showed
significantly decreased splenic leukemic cells from 14% to 7% GFP* cells (Figure 3D).

In the bone marrow, however, there was no decrease in leukemic cells following treatment
with either BX471 or MVC (Figure 3E), potentially owing to poor pharmacokinetics of
both drugs in rodents. Based on the observed reduction of splenic leukemic burden in

the MV C-treated groups and the success of MVC as an FDA approved drug for other
indications, MVC was selected for further studies. However, due to the lack of an effect on
the marrow, a targeted nanoparticle approach for the delivery of MVVC was used to increase
its marrow accumulation. 30

3.4 | Bone-targeted NPs load and release MVC

Polymer diblocks were synthesized via one-step RAFT polymerizations using maleic
anhydride (MA) and styrene (STY) monomers to produce diblock copolymers, PSMAg3- 6
PS310 (Figure 4A).28-30 |n the presence of water, PSMAgs-5-PS310 diblocks self-assembled
into micelle NPs with 51 + 1 nm overall sizes and —43 + 2 mV surface charge.28 We

have previously shown that PSMA-£-PS NPs functionalized with a targeting ligand specific
to TRAP deposited by osteoclasts dramatically increase bone biodistribution of drugs.3°
Therefore, PSMA-6-PS NPs were conjugated with ~4000 TRAP binding peptide (TBP) per
NP (Figure 4B). Loading of MVC indicated 0.24 + 1 mg of MVC per mg of NP and release
of MVC from TBP-NPs indicated slower release rate of 0.1 h™! compared to 0.3 h™1 of free
drug (Figure 4C).

3.5| Nanoparticle-mediated delivery of MVC reduces leukemic burden and partially
restores HSCs and BMME

To determine whether CCL3 inhibition would have an effect on leukemic burden and the
BMME, MVC was delivered via TBP-NPs. Based on the release profile of MVVC from TBP-
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NPs, namely that >75% of loaded drug releases by 48 minutes, bcCML mice were treated
every other day for six doses (Figure 5A). Based on previously established understanding

in the field that HSCs home to the BMME and establish at the endosteal surface within

12 hours of injections, treatments were initiated 24 hours after bcCML cell injections.*!
The percentage of GFP* cells in the bone marrow were reduced via NP-mediated delivery
of MVC as analyzed by flow cytometry whereby MVC alone did not reduce GFP* cells
without a carrier (Figure 5B). Trends toward normalization of HSPC subsets were observed
in both free MVC and TBP-NP-mediated delivery of MVC with no statistical differences
noted between the treatment groups (Figure 5C-G). Specifically, LT-HSCs were unaffected
by free MVC and TBP-NPyc treatment, however, there was rescue of ST-HSCs (>5-fold),
MPP2 (~10-fold), and MPP3 (>50-fold) populations in the marrow upon treatment and

no differences in MPP4 populations (Figure 5C-G). Interestingly, there was a significant
reduction in the HSC supportive, PaaV mesenchymal stem cell population®? via TBP-NP-
mediated delivery of MVC, which was not observed in groups treated with free MVC
(Figure 5H, Figure S6), and which was not attributable to cytotoxic effects of MVC on
MSCs, as indicated by in vitro data (Figure S6). Most importantly, there was prolonged
survival of bcCML mice treated with TBP-NPyc compared to free drug and vehicle-
treated mice, thereby demonstrating the effectiveness of hanoparticle delivery of MVC to the
bone marrow (Figure 5I).

4| DISCUSSION

Leukemias represent a diverse group of marrow malignancies. Interaction with the bone
marrow is postulated to confer resistance to therapy and enhance leukemia cell self-renewal.
Therefore, to identify novel therapeutic targets that are associated with leukemic-BMME
interactions, mechanisms that lead to BMME dysfunction were investigated. Furthermore,
the combination of a mechanistic approach and unique drug delivery platform that enhances
drug accumulation in the BMME allowed for greater specificity of delivery and sustained
the release of small molecules that specifically target the BMME.

We have previously reported that mature osteoblastic cells are lost in a murine model

of bcCML and that the chemokine CCL3, a known mediator of microenvironmental
dysfunction in several malignancies, was elevated both in the murine model and in ~75% of
primary AML samples. In the current studies, the bcCML model was used to characterize
a dysfunctional BMME and loss of normal hematopoiesis. In this model, hematopoietic
stem cells (HSCs) and MSCs, that under normal conditions support hematopoiesis, are
elevated while terminally differentiated platelets are lost. This shows that though ample
HSCs are present, differentiation is lost, demonstrating hematologic dysfunction. These
findings are significant as they support previous studies that show leukemia disrupts
normal hematopoiesis and damages the BMME.8 Leukemia cells have been shown to
produce CCL3 to decouple osteoblast/osteoclast processes leading to overall loss of bone
volume.8 Additionally, elevated CCL3 disrupts normal erythropoiesis,1® while CCL3~/~
mice retain functional HSCs and hematopoiesis, though myeloid differentiation is partially
blocked in the absence of CCL3.42 CCL3 is also elevated in the majority of AML patient
RNA and protein samples.817 Therefore, inhibiting CCL3 signaling was hypothesized to
be an effective therapeutic strategy for reducing leukemic burden without compromising
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remaining functional hematopoiesis.1819:38 To this end, CCL3 signaling was shown to

be necessary for leukemia progression in the bcCML model. Though loss of CCL3
prolonged survival in the murine MLL-AF9 model of AML, all of the mice ultimately
succumbed to disease, indicating that individual leukemias may have different levels of
dependence on CCL3 signaling. These findings are similar to observations in chronic
myeloid leukemia (CML) and juvenile myelomonocytic leukemia (JMML) models18:38
whereby CCL3 signaling was implicated as a requirement for disease initiation, rather than
progression, further supporting the hypothesis that inhibiting CCL3 pharmacologically is a
viable therapeutic strategy.

To block CCL3 signaling and recapitulate the effects observed in CCL3 knockout studies,
the CCR1 antagonist, BX471, and CCR5 antagonist, MVC, were investigated. BX471 is a
safe, selective CCR1 inhibitor that was previously developed to treat chronic inflammatory
diseases by blocking CCL3-CCR1 binding.22 MVC is a well-tolerated FDA approved CCR5
inhibitor for HIV patients, that can bind to CCR5 with nanomolar affinity.24 Combination
BX471 and MVC treatment restores expression of the osteoblast specific marker osteocalcin
in in vitro co-cultures of OBs and leukemic cells, suggesting antagonism of both CCR1

and CCR5 can effectively reverse leukemic cell alteration of BMME cells, validating the
role of CCL3 in BMME dysfunction. The efficacy of each drug individually in vivo was
determined and only MV C resulted in significant reduction of splenic leukemic burden

due to more efficient delivery of small molecule drugs to the spleen. Similarly, a previous
study showed that MV C-induced apoptosis in leukemia cells in a xenograft model of acute
lymphocytic leukemia (ALL).23 Interestingly, MVC treatment did not reduce leukemic load
in the BMME, likely due to poor marrow accumulation of MVC.

NP DDS improve drug circulation half-lives, resulting in enhanced therapeutic efficacy in
a variety of leukemias.*3 Indeed, a liposomal formulation of cytarabine and daunorubicin
was approved for AML treatment due to increased residence time in bone marrow owing to
the EPR effect.#4:45 To further enhance the marrow residence time of MVVC beyond EPR, a
bone targeting NP DDS was employed. The targeted NP employed here specifically binds
to TRAP deposited by osteoclasts during bone resorption30:32 and enhances marrow drug
accumulation by twofold compared to untargeted NP controls.3? Thus, TBP-NP-mediated
delivery of MVC was hypothesized to facilitate greater accumulation of MVC to cells of
the BM to restore the damaged BMME. TBP-NP-mediated delivery of MVC resulted in a
reduction in leukemic burden, likely due to prolonged marrow accumulation, as previously
documented for other polymeric DDS.48 Along with the leaky vasculature of marrow and
binding to TRAP, upon systemic injection of TBP-NP entrapping MV C, albumin and other
proteins adsorb onto the NP surface to reduce nonspecific uptake by the mononuclear
phagocytic system (MPS), which further promotes marrow accumulation of MVC and
overall therapeutic efficacy.*” In the bcCML model, increased frequency of aberrant
mesenchymal populations was observed, similar to what has previously been described as
a feature of BMME dysfunction, and a myelofibrotic phenotype in myeloid malignancies
such as CML.? The data presented here suggest that TBP-NP-mediated delivery of MVC
is required to reduce the level of HSC supportive PaaVV MSCs, likely due to increased
MVC concentrations in the BMME, which modulates a high degree of inhibitor binding
that is necessary to block chemokine receptor signaling.*8 In particular, TBP-NP-mediated
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delivery of MVC results in lower data variability (coefficient of variation (CV) of 71%

for free MVC vs CV of 23% for TBP-NPpyc), and most strikingly results in a 7-day
prolonged survival likely due to sustained release of MVC within the marrow. Despite the
improvement in survival of leukemic mice treated with TBP-NPpvc, treatment was not
as effective for prolonging survival as genetic loss of CCL3 in the leukemic cells. One
possibility to explain this disparity is the fact that start of treatment with MV C is 2 days
post-transplant of leukemic cells allowing time for engraftment in the marrow, with genetic
loss there is no CCL3 signaling from the leukemic cells at any timepoint. Furthermore,

in murine models of CML, CCL3 is required for the maintenance of a leukemic stem

cell populations.38 Our results highlight a potentially similar phenomenon as secondary
transplants demonstrate no engraftment of CCL3~/~ leukemic cells (Figure 1G-H). These
results suggest that combining TBP-NPyc therapy with conventional chemotherapeutics
could be more effective than either therapy alone.

While our results strongly suggest CCL3 as a major ligand for CCR5 in the leukemic
BMME, CCR5 is a promiscuous receptor with multiple ligands.2> Therefore, our data
does not rule out the possibility that by pharmacologically inhibiting CCR5 we are not, in
fact, disrupting signaling from a separate CCR5 ligand. This could be a profound strength
of the receptor-centric approach as blockade of the receptor will also block signaling

of any additional ligands that could prove redundant. Additionally, the promiscuity of
CCRS broadens the potential of this approach. Multiple hematologic malignancies have
been demonstrated to produce additional CCRS5 ligands such as CCR4 and CCR5.49:50
This suggests that pharmacologic inhibition of CCRS5 has therapeutic potential in multiple
malignancies that involve multiple ligands.

The findings of these studies define the BMME in the bcCML model and highlight the
role of leukemic cell CCL3 signaling on disease progression. A significant reduction in
leukemic burden and partial restoration of the BMME and hematopoietic cells in marrow
was observed via NP delivery of a CCL3 signaling inhibitor, thus validating our approach
of focusing on mechanisms of BMME dysfunction in a leukemic microenvironment.
Additional investigation is warranted to understand how inhibiting additional CCL3
signaling receptors will affect the AML BMME.
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Refer to Web version on PubMed Central for supplementary material.
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FMOC
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JMML
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LSK
LT/ST-HSCs
MA
MLL-AF9
MPP
MPS

M SCV-BCR/ABL-IRES

acute lymphocytic leukemia

acute myeloid leukemia

blast crisis chronic myelogenous leukemia
bone marrow microenvironment

C-chemokine (C-C motif) ligand 3CCL3~/~, C-chemokine
(C-C motif) ligand 3 knockout

4, 5, C-C chemokine receptor type 1, 4, 5
chronic myeloid leukemia

drug delivery system

enhanced permeability and retention effect
fluorenylmethyloxycarbonyl chloride
hematopoietic stem cells

hematopoietic stem progenitor cells
juvenile myelomonocytic leukemia
leukemic stem cells

lineage-negative, sca-1*, c-kit* cells
long-term/short-term hematopoietic stem cells
maleic anhydride

Mixed lineage leukemia-AF9

multi-potent progenitor cells

mononuclear phagocytic system

recombinant murine stem cell virus retroviral expression
of breakpoint cluster region-abelson murine leukemia —
internal ribosome entry site
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M SCV-Nup98/HoxA9 recombinant murine stem cell virus retroviral expression
of nucleoporin 98/homeodomain-containing transcription
factor

MVC Maraviroc

NP nanoparticle

PSMA-b-PS poly(styrene-alt-maleic anhydride)-4-poly(styrene)

RAFT reversible addition-fragmentation chain transfer agent

STY styrene

TBP tartrate-resistant acid phosphatase binding peptide

TRAP tartrate-resistant acid phosphatase

YFP/GFP yellow/green fluorescent proteins
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FIGURE 1.

Loss of CCL3 signaling improves survival of bcCML mice. A, Schematic showing initiation
of CCL3~/~ bcCML model in non-irradiated mice. B, Colony forming assays. C and D,
Percent live GFP* cells in spleen and marrow from CCL3~/~ bcCML mice at day 10. Data
represents mean = SEM (n = 4-5). Significance tested via unpaired two-tailed #tests. **P
< .01 and ***P< .001. E, Percent survival of mice injected with CCL3~/~ leukemic cells
and wild-type leukemic cells (n = 25). F, Schematic illustrating serial transplantation of
CCL37~ becCML in non-irradiated mice. G and H, Percent of live GFP* cells in spleen and
marrow from serially transplanted CCL3™~ bcCML mice. I, Schematic showing initiation
of CCL3™~ MLL-AF9 model. J, Percent survival of MLL-AF9 murine model injected with
CCL37~ leukemic cells and wild-type leukemic cells (n = 15). Log-rank (Mantel-Cox) test
indicates significant differences with **P< .01 and *** P < .001 vs wild-type leukemic cell
injections
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FIGURE 2.

The hematopoietic system and BMME in bcCML mice are disrupted. A, Schematic of
bcCML initiation and sample processing. B, Flow cytometry plots defining HSC and MPP
populations. Flow cytometry analysis of marrow derived HSPCs demonstrates increases in
LT-HSCs, ST-HSCs, MPP2, MPP3, and MPP4 populations at Day 10 post-engraftment. C,
GFP* marrow cells (D) GFP-LT-HSCs (E) GFP-ST-HSCs (F) GFP-MPP2 (G) GFP-MPP3.
H, GFP-MPPA4. |, Flow cytometry plots defining MSC populations. J, MSC population
defined as CD457/Lin"/CD317/CD51%/140a*. Data represents mean + SEM (n = 5-9).
Unpaired two-tailed #tests were performed. *P< .05 and ****P< .0001
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FIGURE 3.

BX471/MVC treatment restores osteocalcin in vitro but is unable to reduce leukemic burden
in vivo. A, Schematic showing co-culture system used to measure osteoblast function in
the presence of leukemic cells. B, Osteocalcin gene expression levels using gRT-PCR after
treatment with combination BX471 and MVC. Data represents mean + standard deviation
(std) (n = 3-5). Significant difference noted between groups as determined via one-way
ANOVA followed by Tukey’s multiple comparisons test. #2< .01 compared to control of
no treatment and no leukemic cells, % P < .01 compared to no treatment in the presence of
leukemic cells. C, Treatment paradigm used in the in vivo assessment of BX471 and MVC.
D, Flow cytometry analysis of leukemic cells in the spleen and (E) bone marrow of bcCML
mice via flow cytometry. Data represents mean + std (n = 5). Significant difference noted
between treatment groups and saline control as determined via one-way ANOVA followed
by Dunnett’s multiple comparisons. *£< .05 and ns = not significant
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FIGURE 4.
MVC loading and release in synthesized PSMA-6-PS NPs. A, One-step RAFT

polymerizations were used to synthesize amphiphilic diblock copolymers using maleic
anhydride (MA) and styrene (STY) monomers. In the presence of water, the diblock
copolymers self-assemble into micelle NPs with a hydrophilic corona and a hydrophobic
core. B, PSMA-5-PS NPs are functionalized with TRAP-binding peptide (TBP) via
carbodiimide chemistry and loaded with MV C to produce TBP-NPyc. C, Release of free
MVC and MVC from TBP-NPs in 0.1 mol/L PBS pH 7.4, 37°C show sustained release
from TBP-NPs. Data represents mean + std. (n = 3). Statistical differences were tested via a
paired two-way ANOVA followed by Sidak’s multiple comparisons test for free MVC and
TBP-NPpvc at each time point. *P< .05, ****P< 0001, ns = not significant
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FIGURE 5.

NP delivery of MVC decreases leukemic burden in the marrow and partially restores HSC
populations in the marrow. A, Treatment paradigm used in experiments. B, GFP* cells

in the bone marrow. C, GFP-LT-HSC. D, GFP-ST-HSCs. E, GFP-MPP2. F, GFP-MPP3.

G, GFP-MPP4. H, PaaV cells as defined as CD45 Lin"CD31~CD51*140a*. Data were
pooled from two independent experiments, n = 3—4 per group (mean + SEM). One-way
ANOVA was used to assess the differences between groups followed by Dunnett’s multiple
comparisons to bcCML control without treatment. *P< .05, **P< .01, ****P< 0001

ns = not significant. I, Percent survival of WT, bcCML injected with saline, and bcCML
mice after treatment with free MVC and TBP-NPpyc (n = 10). Log-rank (Mantel-Cox) test
indicates significant differences with **~ < .01 vs bcCML injected with saline
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