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Abstract: Background: Daunorubicin is an anthracycline family chemotherapeutic indi-
cated for the treatment of acute myelogenous and acute lymphoblastic leukemia. Daunoru-
bicin has a narrow therapeutic window.

Objective: To extend circulation time, decrease toxicity and improve the efficacy of daun-
orubicin, we encapsulated the drug in our nanoparticle drug delivery platform.

Method: 1T-143 is a lyophilized formulation of daunorubicin, non-covalently encapsulated T.L. Costich
in the hydrophobic core of a polymer micelle. Hydroxamic acid-containing triblock polymers (ITP-102) sup-
port ferric crosslinking between the polymer chains, increasing stability for improved drug circulation and al-
lowing a tumor targeted pH dependent release of the encapsulated daunorubicin.

Results: Formulation characterization demonstrates a 3.7% weight loading (w/w) of daunorubicin and an av-
erage particle diameter of 58 nm. IT-143 has an in vitro cytotoxicity of 60-100 nM, comparable to free drug
cytotoxicity of 67-114 nM. We compared daunorubicin pharmacokinetics between free drug and IT-143
in vivo and the maximum serum concentration of daunorubicin from IT-143 was increased 50-fold. At equiva-
lent doses IT-143 eliminated in vivo gross toxicity observed at daunorubicin’s maximum tolerated dose of 7.5
mg/kg, and increased the equitoxic dose to 17.5 mg/kg. Furthermore, IT-143 improved anti-tumor efficacy.
Studies in 3 xenograft models (HCT116, HT-1080 and MNNG-HOS) compared intravenous bolus administra-
tion of IT-143 at equivalent and equitoxic doses to daunorubicin treatment. IT-143 increased the inhibition of
tumor volume growth in all models.

Conclusion: These studies indicate that the encapsulation of daunorubicin by IT-143 widens the therapeutic
window of daunorubicin treatment with reduced toxicity and increased antitumor efficacy.

Keywords: Anthracyclines, hydroxamic acid, in vivo efficacy, pharmacokinetics, polymer micelle, thera-
peutic window.

1. INTRODUCTION production of macromolecules [5]. This initiates
the DNA damage checkpoint pathway and inhibits
cell growth. Daunorubicin also causes severe local
tissue necrosis from injection extravasation and is
administered in a rapid intravenous infusion [6].
Dosing is further hindered by low solubility and
drug hydrophobicity [7]. Other physiological bar-
riers daunorubicin faces as a small molecule in-
clude stereochemistry that supports w -stacking,
making it highly reactive and highly toxic. Daun-
*Address (_:orrespondence to these authors at the Intezyne orubicin’s activity is influenced by its aglycone
Technologies, Tampa, FL, USA; Tel/Fax: +1-813-910-2120; moiety and glycosidic linkage generating affinity

E-mails: suzanne.bakewell@intezyne.com; and . cq .- .
brad.sullivan@intezyne.com for hydrolysis, oxidation, and cleavage reactions.

Anthracyclines have been investigated as con-
ventional chemotherapeutics for over 50 years.
Their antitumor potency is paired with chronic
cardiac toxicities and myelosuppression [1-4].
Daunorubicin (or daunomycin) is a DNA interca-
lating agent that affects the action of topoi-
somerase II, thus impeding replication and the
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These small molecule characteristics allow it to
infiltrate all tissue types without tumor selectivity,
causing systemic toxicities. These traits also ac-
count for decreased plasma circulation due to renal
clearance, and protein opsonization via the mono-
nuclear phagocyte system (MPS), thereby requir-
ing higher frequency dosing to achieve tumor ex-
posure effectiveness.

The limitations of anthracyclines make them
ideal candidates for drug delivery technologies.
Formulation strategies have included encapsula-
tion in PEGylated liposomes, polymeric micelles,
polymer conjugates, peptide conjugates, gold and
silica nanoparticles, carbon nanotubes, and cyclo-
dextrin nanoparticles [8]. Doxil, a PEGylated
liposomal formulation of doxorubicin, was ap-
proved by the FDA for clinical use in 1995 for
Karposi’s sarcoma, and later for ovarian cancer
and multiple myeloma [9]. The Doxil formulation
allows doxorubicin to circulate for prolonged peri-
ods of time resulting in slow release of the drug
and allows for accumulation of liposomes in the
tumor environment [10]. Doxil demonstrated re-
duced cardiotoxicity while demonstrating equiva-
lent antitumor efficacy in a phase III clinical trial
in metastatic breast cancer [11, 12].

Biodegradable polymeric nanoparticle drug car-
riers hold potential to provide an escape from the
biological barriers that daunorubicin faces.
Nanoparticles developed to overcome delivery ob-
stacles ideally should do so without chemical al-
teration or degradation of the active drug. Solid
nanoparticles and chemical drug conjugates to
nanoparticle moieties are dependent on particle
cleavage that decreases bioavailability or drug
functionality [13]. At the same time, nanoparticle
delivery should allow for adequate shielding and
active drug release that has been attempted in mi-
celles by crosslinking [14]. Polymer or liposomal
self-assembly without crosslinking results in re-
duced stability in circulation and premature drug
release [14]. Peripheral micelle crosslinking may
not provide sufficient stability or alternatively, re-
sults in too much shielding and insufficient drug
release. Furthermore, micelle crosslinking cannot
interfere directly with the drug. Therefore, key re-
quirements of drug delivery include transportation
with protection from reactive blood conjugates and
the ability to dissociate and release the drug in the
targeted tissue with optimal timely release.
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The tumor microenvironment provides the
unique pathophysiology for nanoparticle delivery.
A tumor’s need for metabolic nutrients from the
constant cancer cell proliferation demands angio-
genesis for survival. This vasculature development
is initiated so rapidly by the vascular growth fac-
tors that it has inherit defects: gaps between endo-
thelial cells that increases permeability, anomalous
architecture such as excessive vascular density,
unmanaged branching, and exaggerated lengthen-
ing coupled with the retention of lymphatic mac-
romolecules from inadequate clearance [15-17].
The combination of these peculiarities is termed
the Enhanced Permeability and Retention (EPR)
effect [17-19]. These characteristics create a tumor
microenvironment that is ideal for shielded che-
motherapeutic drug delivery [20-23]. The consti-
tuted lymphatic drainage of normal tissue sur-
rounding the tumor tissue may increase clearance
away from normal tissue allowing for more tumor
exposure and reduced side effects.

Intezyne’s goal is to further widen the therapeu-
tic window for anthracyclines by encapsulating
daunorubicin in a stabilized polymer micelle. The
formulation was designed to not only prolong cir-
culation, but also to actively deliver daunorubicin
to the tumor and tumor microenvironment based
on a pH-dependent release of the drug. In doing
so, our formulation provides a safer, more effec-
tive means for drug delivery without the need for
chemical conjugation or enzymatic activation.

2. MATERIALS AND METHODS
2.1. Synthesis of Polymer I'TP-102

ITP-102, PEG2k-NH-b-p-[L-Glu(NHOH)s-co-
D-Glu(NHOH)s]-b-p-[D-Phe;s-co-L-Tyrs]-Ac, a
novel hydroxamic acid triblock polymer (HATB)
with mixed, nonracemic D- and L-amino acid
stereochemistry in the crosslinking and core
blocks that features a metal-chelating poly-
glutamic hydroxamate crosslinking moiety was
synthesized in two steps as summarized below.
For starting materials, we used mPEG.x-NH; as
the free base (PDI=1.01-1.03, overall yield > 95%)
and highly purified N-carboxyanhydrides (NCAs).
The latter were prepared from dried a-amino acids
by reaction with phosgene or diphosgene in anhy-
drous THF at 50-55°C followed by filtration
through Celite and two precipitations from THF,
heptane mixtures (NCA yields generally 85-97%
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on > (.5 mole scale). Our synthetic route is sum-
marized in Scheme 1.

The key protected triblock intermediate
mPEG 2xk-NH-b-p-[L-Glu(OBn)s-co-D-Glu(OBn)s]-
b-p-[D-Phe;s-co-L-Tyr (OAc)s]-Ac (1) was as-
sembled in a one-pot operation by ring-opening
polymerization of the appropriate N-carboxyan-
hydride (NCA) monomers using mPEG,x-NH; as
the macroinitiator. Thus, vacuum-dried mPEG k-
NH; was dissolved in a mixture of anhydrous di-
chloromethane, N, N-dimethylacetamide (2:1, v/v),
treated with L-Glu(OBn) NCA (5 eq.) and D-
Glu(OBn) NCA (5 eq.), and the reaction mixture
was allowed to stir at room temperature. After 22
hours, GPC analysis (DMF, 0.1% LiBr) indicated
complete consumption of the Glu(OBn) NCAs and
clean formation of the corresponding diblock in-
termediate, mMPEG,x-NH-b-p-[L-Glu(OBn)s-co-
D-Glu(OBn)s]-NH,. Then, D-Phe NCA (15 eq.)
and L-Tyr (OAc) NCA (25 eq.) were added. The
solution was stirred at ambient temperature for two
hours (copious CO, evolution) and then heated to
35°C for 32 hours, at which point the reaction was
deemed complete by GPC. The resultant terminal
amino intermediate was acetylated (Ac,O, 10 eq.,
NMM, 11 eq., DMAP, 1 eq.) and stirring was con-
tinued for seven hours. Dichloromethane was re-
moved in vacuo, the residue was precipitated with

a-e
\<o ~SNH, T
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isopropanol (IPA), filtered, then further purified
by slurrying in IPA. Standard workup and drying
afforded pure intermediate (1) in 93.7% yield.

The second step of the synthesis employs a
global deprotection-hydroxylamination sequence.
Intermediate (1) dissolved in THF was treated with
hydroxylamine solution (50% aqueous, 5.0 eq./
ester moiety) and lithium hydroxide monohydrate
(1.0 eq./ester moiety) as catalyst. The reaction was
stlrred at room temperature for 28 hours, where-
upon 'H-NMR analysis (DMSO-de) indicated only
~3-4% of unreacted benzyl ester signal remained
at 65.01. The reaction mixture was quenched with
acetone (10 eq./NH,OH) and acetic acid (1 eq./
NH,OH), stirred for 14 hours and then the product
was precipitated by addition of excess IPA. Solids
were dried overnight in vacuo to afford ITP-102 in
97.2% yleld as the *3LiOAc complex, as deter-
mined by 'H-NMR analysis. Further purlﬁcatlon
can be effected by slurrying ITP-102 overnight in
absolute ethanol with rapid magnetic stirring.
Standard workup gave 98.7% recovery of ITP-102
as a fine, colorless, nearly odorless solid. 'H-NMR
(DMSO-ds) analysis indicated the presence of ~2.7%
unreacted benzyl ester with no detectable lithium
acetate. GPC (CH3;CN: H,O; 40:60 (v/v), 0.1%
TFA; UV, RI, and MALLS detection) provided an
Mp of 24,180 daltons for the final polymer.
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Scheme (1). Reagents and Conditions:

ITP-102

(a) Toluene, 50-70°C, -H,O; (b) L-Glu(OBn)NCA (5 eq.), D-

Glu(OBn)NCA (5 eq.), DCM:DMAC (2:1, v/v), r.t., 22 h; (c) D-Phe NCA (15 eq.), L-Tyr(OAc)NCA (25 eq.), r.t.
to 35°C, 32 h; (d) Ac,O (10 eq.), NMM (11 eq.), DMAP (1 eq.), r.t., 7 h; (e) IPA precipitations; (f) 50% agq.
NH,OH (5 eq./ester), LIOH*H,O (1 eq./ester), THF, r.t. 28 h; (g) acetone (10 eq./NH,OH), AcOH (1 eq./NH,OH),

reflux to r.t., 16 h.; (h) ethanol washing.
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2.2. Physiochemical Characterization of IT-143

IT-143 is a lyophilized formulation of daunorubi-
cin encapsulated in a micelle composed of ITP-102
polymer. Daunorubicin was purchased from TEVA,
Petach Tikva, Israel (Lot No. 6447A000414R).

The micelles were formed using an oil in water
emulsion formulation technique where the mi-
celles self-assemble as the organic phase evapo-
rates from the aqueous phase. The polymer was
dissolved in water at a concentration of 10 mg/mL.
The daunorubicin was dissolved in a solution of
20% methanol in dichloromethane (v/v). The feed
of daunorubicin for the formulation was 10% of
the polymer weight (w/w). Immediately prior to
formulation, 0.02% (v/v) triethylamine was added
to the organic solvent to convert daunorubicin
from the hydrochloride salt to the free base form.
The polymer solution was mixed using a high-
shear mixer while adding the daunorubicin solu-
tion to form an emulsion. This solution was then
stirred in a fume hood to allow the organic solvent
to evaporate. The formulation was crosslinked by
adding iron(Ill)chloride solution and the pH was
adjusted to 7 with NaOH. The formulation was
stirred for a minimum of 4 hours, and then concen-
trated to 20 mg/mL polymer concentration by ul-
trafiltration using a 10 kD tangential flow filtration
filter. Trehalose was added to the formulation as a
cryoprotectant/bulking agent, and the formulation
was filtered through a 0.2 um sterile filter and ly-
ophilized.

Weight loading of daunorubicin for IT-143 was
determined by HPLC/UV analysis. IT-143 was
reconstituted in methanol at a concentration of
2 mg/mL. A standard curve of daunorubicin was
prepared in methanol at concentrations of 20, 40,
60, 80, and 100 pg/mL. Daunorubicin content in
IT-143 was determined by comparing the peak
area for the 2 mg/mL sample of IT-143 to the
daunorubicin standard curve.

Average particle diameter and average particle
size distribution for IT-143 was determined by dy-
namic light scattering (DLS) using a Woyatt,
Dynapro plate reader. IT-143 was dissolved in
0.9% saline for injection at 1 mg/mL and aliquoted
into a 96-well plate in triplicate. Samples were
analyzed at 37°C with 10 acquisitions per well and
a 30 second acquisition time per sample.
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Encapsulation, crosslinking, and pH-dependent
release of daunorubicin were determined using a
dialysis bag diffusion technique. The reconstituted
formulation was dialyzed against phosphate buffer
(pH 7.4) for 6 hours and the percentage of daun-
orubicin in the bag was determined by HPLC/UV
analysis.

Encapsulation of daunorubicin was determined
by reconstituting IT-143 above the CMC (20 mg/mL)
in phosphate buffer (10 mM, pH 7.4). 3 mL of
IT-143 solution was then added to a dialysis bag
(SpectraPor7, 3500 MWC), placed in a beaker
containing 300 mL phosphate buffer (10 mM,
pH 7.4), and stirred at low speed for 6 hours. The
percentage of daunorubicin remaining in the dialy-
sis bag was determined by comparing the peak ar-
eas from the pre and post dialysis samples by
HPLC/UV.

Stabilization of the micelle formulation by iron
crosslinking was determined by reconstituting IT-
143 and uncrosslinked micelle formulation below
the CMC (0.2 mg/mL) in phosphate buffer (10
mM, pH 7.4). 3 mL of formulation was added to a
dialysis bag (SpectraPor7, 3500 MWC), placed in
a beaker containing 300 mL phosphate buffer (10
mM, pH 7.4), and stirred at low speed for 6 hours.
The percentage of daunorubicin remaining in the
dialysis bag was determined by comparing the
peak areas from the pre and post dialysis samples
by HPLC/UV.

pH-dependent release of daunorubicin was de-
termined by reconstituting IT-143 below the CMC
(0.2 mg/mL) in phosphate buffer (10 mM) at pH 3,
4, 5,6, 7,74, and 8. 3 mL of each solution was
added to a dialysis bag (SpectraPor7, 3500 MWC),
placed in a beaker containing 300 mL phosphate
buffer (10 mM, pH 7.4), and stirred at low speed
for 6 hours. The percentage of daunorubicin re-
maining in the dialysis bag was determined by
comparing the peak areas from the pre and post
dialysis samples by HPLC/UV.

2.3. Pharmacokinetics

2.3.1. Pharmacokinetic Sampling in a Cannu-
lated Rat Model

Rats surgically modified with jugular vein
catheters were obtained from Envigo. Test articles
were reconstituted in 0.9% saline for injection, and
3 rats per group were dosed with either 10 mg/kg
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daunorubicin free drug, or 10 and 20 mg/kg daun-
orubicin equivalent of IT-143 by fast bolus into
the jugular vein catheter. 0.2 mL of blood was col-
lected into K2-EDTA tubes at time points of 1
minute, 5 minutes, 15 minutes, 1 hour, 4 hours, 24
hours, and 48 hours post test article administration.
Plasma was isolated by centrifugation at 2000
RPM for 5 minutes, aliquoted into 1.5 mL centri-
fuge tubes, and frozen until processed for HPLC/
FLD analysis.

2.3.2. Pharmacokinetic Sampling in a Cannu-
lated Rabbit Model

QTest Laboratories (Columbus, Ohio) was con-
tracted for the rabbit study. Groups were com-
posed of 4 New Zealand White rabbits for daun-
orubicin free drug at 3 mg/kg, and IT-143 at 1, 3,
and 6 mg/kg. Test articles were reconstituted in
0.9% saline and administered by 30-minute infu-
sion via jugular vein catheter. Blood was collected
at time points of 1 hour, 4 hours, 8 hours, 24
hours, 48 hours, and 96 hours. Rabbits treated with
3 and 6 mg/kg IT-143 included an additional blood
sampling 15 minutes post infusion. Plasma was
isolated by centrifugation, frozen, and sent to In-
tezyne for processing by HPLC/FLD.

2.3.3. Bioanalytical Sample Preparation for
HPLC/FLD Analysis

Plasma sampled from cannulated rats and rab-
bits were prepared for HPLC/FLD analysis using a
protein precipitation method with acidified metha-
nol. Plasma was thawed on ice and 50 puL of each
sample was added to 150 puL of cold acidified (1%
perchloric acid) methanol. Samples were vortexed
for 5 minutes and centrifuged at 13,000 RPM for

Pharmaceutical Nanotechnology, 2016, Vol. 4, No. 1 7

10 minutes at 4°C. The supernatant was aliquoted
into HPLC vials and assayed for daunorubicin
content. Standard curves were prepared in stock
rat or rabbit plasma to determine the concentration
of daunorubicin for the samples.

2.3.4. HPLC Method for Daunorubicin

HPLC analysis of daunorubicin was done using
a Waters Alliance 2695 HPLC with a Waters 2998
photodiode array detector (PDA), and a Waters
2475 fluorescence detector (FLD). The separations
unit was equipped with a Waters NovaPak C18
(4 pm, 150 x 3.9 mm) column. Daunorubicin was
detected by PDA at a wavelength of 485 nm, and
was detected by FLD at excitation of 350 nm and
emission at 533 nm. The mobile phases consisted
of the following: MP A = methanol; MP B = 10
mM phosphate buffer, pH 2; MP C = acetonitrile.
The run consisted of a 12-minute gradient with a
flow rate of 1.0 mL/minute. The gradient is shown
in Table 1.

2.3.5. Pharmacokinetics and Statistical Analysis

Pharmacokinetic parameters for the noncom-
partmental analysis of rat and rabbit studies were
determined using Phoenix WinNonlin version 6.3.

2.4.1T-143 In vitro
2.4.1. Cell Lines

HCT116 colorectal carcinoma (no. CCL-247),
HT1080 fibrosarcoma (no. CCL-121), MNNG
cells (no. CRL-1547), MG-63 osteosarcoma (no.
CRL-1427), A549 lung carcinoma (no. CCL-185),
and A375 malignant melanoma (CRL-1619) were
all purchased from ATCC. McCoy’s Minimum

Table 1. Mobile Phase Gradient for HPLC Analysis of Daunorubicin.

Time % A

% B

% C Curve

10

70

20

10

70

20

40

50

10 10

40

50

11 10

70

20

12 10

70

20
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Essential Medium, MEM with Earle's Balanced
Salt Solution (EBSS), F-12K media, Dulbecco's
Modified Eagle's Medium (DMEM) media, Peni-
cillin/Streptomycin, Non-Essential Amino Acid,
(NEAA) Solution, 100X, Phosphate Buffered Sa-
line were purchased from Thermo Fisher. Fetal
Bovine Serum was purchased from Hyclone.
Trypsin was purchased from Corning. All cell
lines were cultured in vitro with 1% Penicillin/
Streptomycin in a humidified atmosphere at 37°C
with 5% CO,. HCT116 were cultured in McCoy’s
media with 10% FBS. HT1080, MNNG, and MG-
63 were cultured with MEM media including 1X
NEAA and 1% sodium pyruvate. A375 were cul-
tured with DMEM. A549 were cultured with
F-12K media.

2.4.2. In vitro Cytotoxicity

Five types of cell lines were seeded in 96-well
white walled plates. Cells were plated so that 96
hr. after seeding, untreated control wells would not
exceed 90% confluence. HCT116 were seeded at
2.0 x 10° cells/well, A549 at 950 cells/well, A375
at 1.1 x 10° cells/well, MG-63 at 2x10° cells/well,
and HT1080 at 7.5 x 107 cells/well. All plates were
also dosed with Cisplatin (ACROS organics) as an
internal positive control and cells treated with me-
dia alone as a negative control. Empty unseeded
wells were used as a background control for cyto-
toxicity assay reagents. Four plates per cell line
were plated in order to duplicate dilutions with
Cell Titer Blue (Promega) an intracellular adeno-
sine triphosphate assay and Cell Titer Glo
(Promega) a resazurin reduction assay. Plates were
seeded in 50 pL of designated cell media and
dosed with 50 pL of treatment diluted in media in
an escalating dilution scheme 24 hr. after seeding
for a total well volume of 100 pL. Plates were in-
cubated for 72 hr. with treatment dilutions and
metabolic assays applied according to manufac-
tures’ protocols and read on Perkin Elmer Enspire
Multimode plate reader.

2.5.1T-143 In vivo
2.5.1. Animals

Mice were 6-week old female athymic nudes
obtained from Charles River Laboratories (MA,
USA) and maintained in pathogen-limited condi-
tions. Mice were given food and water ad libitum.
Efficacy dose response was achieved by adjusting
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the volume of treatment injection calculated based
on animal’s weight. Mice were humanely eutha-
nized if tumors ulcerated, impeded mobility, or
affected general health. This study was conducted
under IACUC Approved Animal Use Protocol
#0624R.

2.5.2. HCT116 Xenograft Model

Cells were thawed from liquid nitrogen storage
reconstituted in warmed media. As cells reached
80% confluency they were split into T-150 flasks
until the required number of cells was ready for
harvest. On the day of inoculation, HCT116 cells
at passage 16 were trypsinized, counted, resus-
pended in PBS, and kept on ice. 45 female,
athymic nude mice were inoculated with 1 million
cells in a 100 pL bolus injection. Cells were im-
planted subcutaneously on the right flank of each
mouse.

2.5.3. HT1080 Xenograft Model

On the day of inoculation, HT1080 cells at pas-
sage 8 were trypsinized, counted, resuspended in
PBS, and kept on ice. 50 female, athymic nude
mice were inoculated with 5 x 10 cells in a 100 uL
bolus injection. Cells were implanted subcutane-
ously on the right flank of each mouse.

2.5.4. MNNG Xenograft Model

On the day of inoculation MNNG cells at pas-
sage 7 were trypsinized, counted, resuspended in
basal MEM media, and kept on ice. 70 female,
athymic nude mice were inoculated with 2 million
cells suspended in a 100 pl injection of media/
matrigel 50/50 (v/v) injection. Cells were implanted
subcutaneously on the right hindquarter of each
mouse.

3. RESULTS

3.1. IT-143 — Micelle Encapsulation of Daun-
orubicin

IT-143 is a lyophilized formulation of daunoru-
bicin encapsulated in a polymer micelle (ITP-102
(Scheme 1)). The specialized formulation charac-
teristics of IT-143 improve drug solubility, phar-
macokinetics, and efficacy of daunorubicin without
modifying the drug structure. The PEGylated outer
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structure allows for steric shielding of the nanopar-
ticle while the inner core contains encapsulated
daunorubicin (Fig. 1). This “stealth” outer layer
prevents nanoparticle aggregation and absorption
by opsonin proteins and phagocytic cells that
would sequester non-protected nanoparticles and
free daunorubicin to the liver and spleen [24-26].
Further iron crosslinking of the core stabilizes the
micelle. When below the critical micelle concen-
tration (CMC) the nanoparticles do not quickly
degrade nor aggregate. This stabilization suitably
prolongs plasma half-life and increases nanoparti-
cle drug retention. Paired with EPR exploitation
and MPS evasion the proposed acidic tumor condi-
tions, in contrast to the surrounding normal tissue,
provides favorable conditions for the degradation
of the drug delivering nanoparticle [27]. The
physical characteristics of IT-143 result an average
particle diameter of 58 nm allowing it to utilize
tumor specific characteristics for drug delivery and
tissue targeting.

Formulation control was prepared by mimick-
ing the encapsulation and subsequent micelle sta-
bilization process described above, but without
daunorubicin. Formulation control is comprised of
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ITP-102, iron, and trehalose and is utilized as a
control for in vivo experiments.

3.2. IT-143 Formulation Physiochemical Char-
acterization

The formulation of 1T-143 resulted in an 82%
efficient process, and the total yield of the formu-
lation was 88%. Daunorubicin weight loading for
IT-143 was 3.8% of the total formulation weight.
For example, 100 mg of IT-143 contains 3.8 mg of
daunorubicin. The average particle diameter for
IT-143 was 58 nm. Encapsulation of daunorubicin
and iron-mediated micelle stabilization of the for-
mulation was demonstrated by dialysis of IT-143
reconstituted above (20 mg/mL) and below (0.2
mg/mL) the CMC compared to unstabilized for-
mulation diluted below the CMC in phosphate
buffer (10 mM, pH 7.4). Dialysis of IT-143 recon-
stituted above the CMC resulted in 95% retention
of daunorubicin inside the dialysis bag. Dialysis of
IT-143 when diluted below the CMC resulted in
61% retention of daunorubicin, while dialysis of
the uncrosslinked formulation below the CMC re-
sulted in 10% retention of daunorubicin. pH-
dependent release of daunorubicin from IT-143
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x N\[(\N N N NT(\N - 5
IVECT 0 “O o H o " oo
Copolymers o ’O\,n’fo NH om0 N
o FR S o on -
{0 0--Fel” T NH
Og”“ yo © Daunorubicin
J NSRS
\ ITP-102 o o T
=0, | = = jo,
/ HN\O_ Feo _NH HN\o ----- I;:e‘ ‘O/NH
//'/ £l o
IVECT Copolymers
in Solution

\xl/'
F \\

Self Assembly

Daunorubicin
Encapsulation

Fig. (1). Schematic illustration depicting the IT-143 formulation process. Inset image shows iron ligation with

hydroxamic acid moieties on the polymer chains.
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was determined by dialysis of the formulation be-
low the CMC in phosphate buffer at pH 3, 4, 5, 6,
7, 7.4, and 8 (Fig. 2).

3.3. In vitro Characterization

IT-143 and free daunorubicin were screened in
5 human cancer cell lines to compare the half
maximal inhibitory concentrations in vitro.

100

% Daunorubicin Remaining Post Dialysis

3 4 5 6 7 8 9
Buffer pH

Fig. (2). Results of IT-143 dialysis experiment demon-
strating pH dependent release. Percent remaining is
calculated as the percentage of daunorubicin remaining
in the dialysis bag after 6 hours.

3.3.1. IC50

Five cell lines were seeded in individual 96-
well plates and treated with a range of 1T-143 or
daunorubicin concentrations. At 72 hours, cell
numbers in each well were quantitated with a plate
reader using cell-titer glo or cell-titer blue assays.
The concentration that inhibited cell growth by
50% was determined. Daunorubicin free drug had
an ICso ranging between 67-114 nM in the cell
lines compared to 60-110 nM for IT-143 (Table 2).
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3.4. In vivo Characterization

All dosing of IT-143 is represented herein as
the dose equivalent of daunorubicin (e.g. 10 mg/kg
IT-143 described below represents 263.2 mg/kg of
total IT-143 formulation which is the equivalent of
10 mg/kg total daunorubicin.) We characterized
the pharmacokinetics (PK), the maximum toler-
ated dose (MTD) and the anti-tumor efficacy of
IT-143 in vivo and compared the results to free
daunorubicin. Notably, for the MTD and anti-
tumor efficacy studies, IT-143 and daunorubicin
were administered intravenously via the lateral tail
vein. In the clinic, the protocol for daunorubicin
injection is a rapidly flowing intravenous infusion.
Extravasation results in severe local tissue necro-
sis. In our studies some animals in the daunorubi-
cin groups did suffer from some tail tissue necro-
sis. However, no mice in the IT-143 administered
groups were fated due to tail tissue necrosis.

3.4.1. Rat Plasma Pharmacokinetics

Plasma pharmacokinetics of daunorubicin from
intravenous administration of the free drug at 10
mg/kg was compared to daunorubicin from IT-143
at 10 and 20 mg/kg equivalent using a cannulated
rat model (Fig. 3a). Test article administration was
by fast bolus to the jugular vein catheter followed
by blood collection at time points of 1 minute, 5
minutes, 15 minutes, 1 hour, 4 hours, 24 hours,
and 48 hours. Daunorubicin from IT-143 at 10 and
20 mg/kg was detectable in the plasma at concen-
trations above 1 pug/mL to the 48-hour time point,
whereas daunorubicin from free drug administra-
tion at 10 mg/kg dropped below 1 pg/mL at the
5-minute time point and was below limit of detec-
tion at the 48-hour time point. The maximum con-
centration (Cmax) of daunorubicin in the plasma
from IT-143 administration at 10 and 20 mg/kg
was 166.3 and 323.8 ug/mL compared to 3.3 pg/mL
from free drug administration. The area under the
time versus concentration curve (AUCq.iy) from

Table 2. Summary of ICsy values for IT-143 versus daunorubicin in a panel of human cancer cell lines.

HT-1080 MG-63 HCT116 A549 A375
1T-143 50 nM 139 nM 79 nM 110 nM 60 nM
Daunorubicin 50 nM 206 nM 88 nM 115 nM 67 nM
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Fig. (3). Pharmacokinetic curves of IT-143 and free daunorubicin in (a) rats and (b) rabbits.

IT-143 administration at 10 and 20 mg/kg was 783.5
and 1480.4 h*pg/mL compared to 1.4 h*ug/mL
from the free drug at 10 mg/kg.

3.4.2. Rabbit Plasma Pharmacokinetics

Plasma pharmacokinetics of daunorubicin from
intravenous administration of the free drug at 3
mg/kg was compared to daunorubicin from IT-143
at 1, 3, and 6 mg/kg equivalent using a cannulated
rabbit model (Fig. 3b). Test articles were adminis-
tered via 30-minute infusion to the jugular vein
catheter, and blood was collected at time points of
1 hour, 4 hours, 8 hours, 24 hours, 48 hours, and
96 hours. Animals treated with 3 and 6 mg/kg IT-
143 included an additional blood sampling 15
minutes post infusion. Treatment with the 3 mg/kg
dose of the free drug yielded only one plasma
sample with daunorubicin above limit of quantita-
tion at the 1-hour time point resulting in a concen-
tration of 0.1 pg/mL. Treatment with 1, 3, and
6 mg/kg daunorubicin from IT-143 resulted in
Cmax concentrations of 8.5, 22.7, and 49.4 ng/mL,
respectively. The AUCy.ins values for the 1, 3, and
6 mg/kg doses were 62.4, 215.7, and 486.9 h*ug/mL,
respectively.

3.4.3. Maximum Tolerated Dose

IT-143 as a stably encapsulated crosslinked
nanoparticle of daunorubicin allows increased dos-

ing of the drug with decreased toxicities. Dosing in
mice reached two and a third times that of the free
daunorubicin maximum tolerated dose (MTD) be-
fore observed toxicities were reported. Gross tox-
icities observed at doses over the MTD include
ascites, above normal weight gain from the edema,
and lethargy. Weight gain was recorded for all
groups comparable to control.

MTD studies were run in CD-1 immunocompe-
tent mice and in immunocompromised athymic
nude mice. The CD-1 mice 3 groups were dosed at
15, 20, and 25 mg/kg to assess a range of toxicities
once weekly for 3 weeks (qwx3). On D13, the
25 mg/kg IT-143 group saw an average weight
loss of 9%, but recovery weight gain was seen by
D18. The IT-143 20 mg/kg and 15 mg/kg groups
saw no weight effect. The maximum weight loss
of an individual animal was 17.6%, recorded in the
25 mg/kg IT-143 group on D13. The maximum
weight gain of an individual animal was 23.4%
and 10.5% on D20, recorded in the 20 mg/kg IT-143.
An individual animal weight gain of 10.3% was
recorded in the 15 mg/kg IT-143 group on D20.
No other animals changed more than 10% of
weight from DO weight. Two animals were found
dead on D20 in the 25 mg/kg IT-143 group. Gross
observations recorded fluid-filled abdomen and
necropsies were carried out on the remaining ani-
mals. Results noted an enlarged abdomen with
significantly decreased body fat, friable intestines,
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discolored liver, and discolored kidneys. The
20 mg/kg IT-143 group demonstrated fluid filled
abdomens with the decreased body fat and abnor-
mally enlarged multi-lobed, clear gelatinous pan-
creases. The maximum tolerated dose was deter-
mined to be between 20 mg/kg and 15 mg/kg for
IT-143.

As weight gain or weight loss was not a robust
marker for daunorubicin toxicity, gross observa-
tions and necropsies were performed to determine
the MTD. Athymic nude mice were grouped into 4
and treated qwx3 at 17.5 or 20 mg/kg with IT-143
and compared to 7.5 or 10 mg/kg free daunorubi-
cin treated groups. On D14 both the 20 mg/kg IT-
143 and the 10 mg/kg free daunorubicin groups
were euthanized and necropsied due to poor health
and edema. On D18 and D20 the 17.5 mg/kg IT-
143 group and the 7.5 mg/kg daunorubicin groups
were euthanized and necropsied respectively. The
dose limiting toxicities for 20 mg/kg IT-143 and
10 mg/kg free daunorubicin were comparable with
fluid filled abdomens, reduced body fat, small
spleens, occasional liver discoloration, and abnor-
mal pancreas. These side effects were only mildly
noted in one animal of both the 17.5 mg/kg IT-143
group and the 7.5 mg/kg free daunorubicin group.
The maximum tolerated dose of IT-143 on a qwx3
dose schedule was therefore determined to be 17.5
mg/kg and 7.5 mg/kg for free daunorubicin.

3.4.4. Tumor Efficacy

A decrease in relative tumor volume over the
course of the treatment was achieved higher than
that of free drug administration in three tumor
xenograft efficacies (Fig. 4). Dosing of IT-143
with 7.5 mg/kg of equivalent daunorubicin com-
pared to free daunorubicin demonstrated equal or
less change over time in relative tumor volume in
two out of the three models. Free daunorubicin
treated at the MTD for this dosing schedule was
not effective above control in two out of the three
models. Free daunorubicin demonstrated minimal
efficacy in the MNNG model. The MNNG model
was noted to invade muscle tissue, which com-
pounded the ability to accurately measure tumor
volume externally with calipers.

HCT116 tumors were established on the right
flank of nude athymic mice. The average tumor
volume on DO was 177 mm’. Mice were random-
ized into five groups of eight. Tumor volume de-
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viation for each group was less than 10%. The av-
erage weight of animals on DO was 23.2 g. Formu-
lation Control, daunorubicin, and IT-143 were
administered intravenously via the lateral tail vein
on a dosing schedule of qwx3. Tumor volume
measurements and animal weights were recorded
three times a week. Throughout the study no group
had weight change greater than 3% from starting
weight (Fig. 4d). Relative tumor volume inhibition
for both IT-143 treatment groups showed efficacy
over free daunorubicin and control. In this model
the relative tumor volume fold change for 7.5 mg/kg
free daunorubicin treatment was 10-fold compared
to a 4.7-fold change for the 7.5 mg/kg IT-143 and
a 3.4-fold change for the 17.5 mg/kg IT-143
groups. (Fig. 4a) Tumor growth inhibition (%TGI)
for IT-143 was 41% for the 7.5 mg/kg group and
88% for the 17.5 mg/kg group (Table 3).

HT-1080 inoculated mice were randomized into
5 groups of 10. Tumor volume deviation for each
group was less than 13%. The average tumor
volume nine days after inoculation on DO was
111 mm’. The average weight of animals on DO
was 23.2 g. Throughout the study no group re-
corded weight change greater then 5% (Fig. 4e).
The relative tumor volume fold change for control
group was 19.9 from DO to D19 (Fig. 4b). The free
daunorubicin treatment group saw a 14.4-fold
change compared to an 11.4-fold change observed
in the IT-143 7.5 mg/kg equivalent dose group.
The 17.5 mg/kg IT-143 group had only a 1.59-fold
change from DO to D19. %TGTI for free daunorubi-
cin was 28% compared to 43% in the 7.5 mg/kg
and 92% in the 17.5 mg/kg group (Table 3). Tu-
mor volume deviation for each group was less than
13%.

MNNG-HOS inoculated mice were randomized
into 5 groups of 12. Tumor volume deviation for
each group on study DO for each group was less
than 13%. The average tumor volume 15 days af-
ter inoculation on DO was 114 mm’. The average
weight of animals on DO was 22.8 g. The free
daunorubicin group experienced an increase in
weight towards the end of the study due to ascites
(Fig. 4f). No other groups in the study experienced
a weight change greater the 5%. All treatment
groups demonstrated relative tumor volume effi-
cacy compared to control group (Fig. 4¢). The
relative tumor fold-change for control group was
7.8 from DO to study end on D19. Free daunorubi-
cin treatment group had a 4.4-fold growth rate
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IT-143 (7.5 mg/kg) 202.70 7.5
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Fig. (4). Xenograft efficacy models following dosing of IT-143 and daunorubicin are depicted. Panels A. through
C. represent tumor growth curves for HCT116, HT1080, and MNNG models, respectively. Panels D. through E.
represent group average body weight throughout the experiment. Panel G. describes dose levels for each group.

Table 3. Summary of tumor growth data for xenograft efficacy experiments comparing IT-143 to free daunorubicin.

HCT116 HT1080 MNNG
Formulation Control - 8.1 - 19.9 - 7.8
Daunorubicin (7.5 mg/kg) 0% 10 28% 14.4 43% 4.4
IT-143 (7.5 mg/kg) 41% 4.7 43% 114 44% 43
IT-143 (17.5 mg/kg) 88% 34 92% 1.59 67% 2.6

compared to a 4.3-fold change in the IT-143 7.5
mg/kg group. The 17.5 mg/kg IT-143 recorded a
2.6-fold change from DO to D19. %TGI was 43%
for free daunorubicin compared to 44% for IT-143
and 67% for the 17.5 mg/kg IT-143 group (Table 3).

4. DISCUSSION

We have shown herein that IT-143 significantly
improves the pharmacokinetic parameters, effi-
cacy, and toxicity of daunorubicin. The Cmax of
daunorubicin was increased in excess of 50-fold
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for IT-143 using equivalent doses in rat models.
The plasma exposure was increased several hun-
dred-fold in both rats and rabbits leading to a wid-
ened therapeutic window for daunorubicin, both in
terms of increased efficacy at equivalent doses and
in terms of the maximum tolerated dose.

Based upon the significant changes in the
pharmacokinetic parameters, we infer that the
iron-mediated stability sequesters the daunorubicin
in the core of intact micelles in the bloodstream.
The increased circulation time is not seen with un-
crosslinked micelles and the PK of uncrosslinked
micelles is comparable to the PK results of free
drug (data not shown). The stability from the
crosslinking not only improves the pharmacokinet-
ics and circulation time, but also leads to increased
accumulation at the tumor site from the EPR ef-
fect. The EPR effect is based on Maeda’s theory
that vessels in tumors are defective and therefore
the improved circulation time allow more micelles
to escape and accumulate in the tumor milieu.
Biodistribution studies with our drug delivery plat-
form demonstrate improved accumulation in
healthy tissue too, but we suggest the pH change
in the tumor environment results in targeted drug
delivery, reduced non-targeted toxicity, and im-
proved efficacy.

The polymeric make-up of IT-143 promises
escape from immune responses seen with PEGy-
lated liposome nanoparticles [28]. Additionally,
the iron crosslinking of IT-143 was not notably
observed to potentiate the gross cardiotoxic effects
of daunorubicin. However, additional studies are
required to further investigate these observations,
specifically with regard to the combination of iron
with anthracyclines [1]. Measurements of germane
cardiotoxicity parameters will be needed to deter-
mine whether IT-143 is able to decrease the daun-
orubicin-related toxicities. The known difficulties
of conducting cardiotoxicity studies in rabbit mod-
els, [29, 30] promotes the use of a more robust
model such as dogs. These studies will be required
to ultimately determine the potential benefit of IT-
143 over free daunorubicin for long-term car-
diotoxicity protection.

Although the micelle encapsulation of daun-
orubicin has been utilized here to elicit tumor re-
sponse and show potential for increased patient
survival, there are known inherit limitations to
nanoparticle delivery. Heterogeneity of EPR in
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different tumor types and variable activity of the
MPS can influence targeting of tumor tissue. The
need for future studies in different tumor models
such as orthotopic models or primary explants
could aid in predictive patient tumor response.
Contrast agents with nanoparticles and magnetic
resonance imaging (MRI) could provide opportu-
nity to measure enhanced permeability of tumor
tissue with drug delivery.
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