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Abstract

Previously, modified release itraconazole in the form of a melt-extruded amorphous solid
dispersion based on a pH dependent enteric polymer combined with hydrophilic additives (HME-
ITZ), exhibited improved /in vitro dissolution properties. These properties agreed with
pharmacokinetic results in rats showing high and sustained itraconazole (1TZ) systemic levels. The
objective of the present study was to better understand the best choice of rodent model for
evaluating the pharmacokinetic and efficacy of this orally administered modified release ITZ
dosage form against invasive Aspergillus fumigatus. A mouse and guinea pig model were
investigated and compared to results previously published. In the mouse model, despite similar
levels as previously reported values, plasma and lung levels were variable and fungal burden was
not statistically different for placebo controls, HME-ITZ and Sporanox ® (ITZ oral solution). This
study demonstrated that the mouse model is a poor choice for studying modified release ITZ
dosage forms based on pH dependent enteric polymers due to low fluid volume available for
dissolution and low intestinal pH. To the contrary, guinea pig was a suitable model to evaluate
modified release ITZ dosage forms. Indeed, a significant decrease in lung fungal burden as a result
of high and sustained ITZ tissue levels was measured. Sufficiently high intestinal pH and fluids
available for dissolution likely facilitated the dissolution process. Despite high ITZ tissue level, the
primary therapeutic agent voriconazole exhibited an even more pronounced decrease in fungal
burden due to its reported higher clinical efficacy specifically against Aspergillus fumigatus.
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Introduction

Invasive fungal infections have emerged as a major cause of morbidity and mortality in
immunosuppressed patients [1, 2, 3, 4]. This has been attributed to the increased number of
patients suffering from inherited immunodeficiency, cancer, HIV, neutropenia or receiving
heart or lung transplantation. Aspergillus spp., specifically Aspergillus fumigatus, are
responsible for the majority of infections caused by filamentous fungi and subsequently are
becoming an important public health concern [5]. Aspergillus fumigatus infection occurs via
spore inhalation and colonization of lung parenchyme. In some cases dissemination to other
organs is detected. For instance, dissemination to the brain has been reported and usually
leads to poor treatment efficacy [3, 6].

ITZ (structure shown in Figure 1) is a broad-spectrum antifungal drug indicated for the
treatment of immunocompromised and non-immunocompromised patients suffering from
blastomycosis, coccidioidomycosis, histoplasmosis and aspergillosis [7]. Itraconazole (ITZ)
is commercially available in the form of capsules, oral solution (Sporanox ®, Janssen
Pharmaceuticals) and tablets manufactured by hot-melt-extrusion processing (Onmel ®,
Merz Pharmaceuticals). Due to its low and erratic oral bioavailability [8, 9], a solution
containing 1TZ and the complexing agent hydroxypropyl-beta-cyclodextrin was introduced,
and it reportedly has better absorption than the capsules [10]. Although ITZ itself has an
excellent safety profile [7], this cyclodextrin based ITZ oral solution is associated with
gastro-intestinal side effects [11, 12]. Furthermore, due to food effect on ITZ absorption, the
oral solution has to be taken on an empty stomach [13]. Consequently, an improved ITZ
dosage form is of great interest. ITZ is a weakly basic (pKa = 3.7), BCS class Il drug
exhibiting low and pH dependent solubility (i.e., 5 pg/ml at pH 1 and 1-4 ng/mL at neutral
pH) [14] and high lipophilicity (log P = 6.2)[15].

Amorphous solid dispersions, defined as a dispersion of an amorphous drug into a carrier
polymer [16], have been gaining increased interest to improve solubility of poorly water
soluble drugs, like ITZ. Generally, an amorphous drug has higher free energy and therefore
provides an increase in dissolution rate, extent of supersaturation, which usually enables
higher bioavailability [17, 18, 19].

Improved solubility and bioavailability of amorphous ITZ in a solid dispersion using enteric
polymers (i.e. polymers dissolving at intestinal pH) as a carrier has been reported [18, 21,
22, 23]. DiNunzio et al. showed that amorphous compositions of ITZ and cellulose acetate
phthalate produced by Thin Film Freezing results in higher bioavailability in rats due to
enhanced intestinal targeting and increased extent and duration of supersaturation [19].

Miller et al. reports that the primary site of ITZ absorption from the rat’s gastro-intestinal
tract is the proximal small intestine [22]. Based on its pKa and the Henderson-Hasselbach
equation, ITZ approaches 99% ionized at pH 1.2, 0.5% ionized at pH 5.5 (dissolution
threshold of HPMCAS-LG) and 0% unionized at pH 6.8. It is commonly accepted that
unionized drug has higher absorption but lower solubility. Thus, solid dispersion
formulations of ITZ and enteric polymers, with the ability to maintain supersaturation in an
approximately neutral pH environment, are of interest. Using the pH dependent enteric

Drug Dev Ind Pharm. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maincent et al.

Materials

Page 3

acrylic polymer, Eudragit L100-55, solid dispersions with high bioavailability in rats were
reported [17]. Furthermore, the addition of Carbopol 934 contributed to stabilizing the
degree of ITZ supersaturation, which resulted in further improved absorption [18].

More recently, we reported improved dissolution properties resulting from the addition of
hydrophilic additives to enteric ITZ melt-extruded formulations [24]. In particular, low
levels (10%) of Vitamin E TPGS (D-a-Tocopheryl polyethylene glycol 1000 succinate), a
non-ionic surfactant incorporated into hydroxypropylmethyl-cellulose-acetate-succinate-LG
(HPMCAS-LG) based solid dispersion enables controlled drug release in an acidic
environment. Upon transition to a neutral environment the HPMCAS-LG matrix can
disperse into a colloidal solution and eventually dissolve to supersaturate 1TZ [20].

Moreover the presence of low levels of Vitamin E TPGS enhanced drug supersaturation in
neutral pH media and prolonged the period of drug supersaturation (which was not due to
the solubilization by the surfactant). These dissolution properties, improved over that of
commercial itraconazole capsules, were in agreement with the pharmacokinetic results in
rats in which high and sustained ITZ systemic levels were reported [24]. Vitamin E TPGS,
mainly used as an absorption and bioavailability enhancer [26], has also been reported to
inhibit CYP3A4 [26], the enzyme responsible for metabolizing 1TZ [27, 28]. Therefore,
besides the improved dissolution properties, the presence of Vitamin E TPGS in the
formulation inhibited the enzymatic activity of CYP 3A4 leading to decreased ITZ
metabolism and subsequent higher blood levels of drug [24].

In the present study, following these encouraging pharmacokinetic results in rats [24], we
sought to demonstrate efficacy against fungal infection of this modified release ITZ dosage
(HME-I1TZ). Due to unavailability of rats as an Aspergillus fumigatus disease model in our
facility, mice and guinea pigs were selected as animal models to evaluate efficacy of the
dosage form. VCZ, which is the primary therapy for invasive pulmonary aspergillosis [40],
was used as a positive control in the guinea pig model. In mice, due to extensive metabolism
and high clearance of VCZ, posaconazole was used as the positive control. Differences
between the guinea pig and mouse models were determined by a dose tolerability study that
included an assessment of pharmacokinetic profiles of the formulation at different dosing
regimens and an efficacy study using immunocompromised animals infected with
Aspergillus fumigatus.

ITZ was purchased from Letco (Decatur, AL). HPMCAS-LG was kindly donated by Shin-
Etsu (Totowa, NJ). Vitamin E TPGS was purchased from Antares Health Products, Inc. (St.
Charles, IL) and Triethylcitrate was kindly donated by Vertellus Performance Materials, Inc
(Greensboro, NC).

Sodium phosphate tribasic, sodium phosphate monobasic monohydrate, sodium hydroxide,
diethylamine (DEA) were purchased from Fischer Scientific (Waltham, MA). High-
performance liquid chromatography (HPLC) solvents were HPLC grade. All other
chemicals utilized in this study were ACS grade.
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Hot-Melt Extrusion and Size Reduction of Extrudate

The melt extruded formulation (HME-1TZ) was manufactured with a HAAKE Minilab 11
micro Compounder (Thermo Electron Corporation, Newington, NH) equipped with twin,
co-rotating conical screws (5/14 mm diameter). 29.4% 1TZ, 58.8% HPMCAS-LG
plasticized with 5.9% Vitamin-E TPGS and 5.9% Triethyl Citrate were mixed before
extrusion. The powder blends were fed manually into the extruder barrel. The hot-melt
extruder was run without a die. The cross section of the melt extrudate was shaped into a
1.0x4.0 mm rectangle. The processing temperature and screw rotating speed were set to
160°C and 150 rpm, respectively. After extrusion, the extrudates were cooled to room
temperature and milled with a Fitzmill (Model L1A Comminuting Machine, The Fitzpatrick
Company, EImhurst, IL) using knife mode blades and a rotating speed of 9,000 rpm. The
screen size for the milling chamber screen was 0.020 inches.

Powder extrudate recovered following milling of the extrudate were cryo-milled using a
Spex SamplePrep 6870 Freezer/Mill (Metuchen, NJ, USA). Samples were placed in
polycarbonate vials with a magnetically driven impactor. Samples were immersed in liquid
nitrogen, pre-cooled for 10 min, milled for 2 min. at a frequency of 10 cycles per second
(cps), followed by a pause of 2 min. This cycle was repeated three times.

Particle size fractions analysis

Particle size was measured using sonic sieving (Sonic Sifter Separator, Advantech
Manufacturing New Berlin, W1) during 10 minutes. The sonic sifter was equipped with
sieves of the following opening sizes: 125 pm, 90 pm, 63 um, 45 um, < 45 pum. Particles
below 125 um were used for this study.

Dissolution Testing in pH Transition Conditions

Dissolution studies were conducted according to USP 29 apparatus Il (paddle). A VanKel
VK 7000 dissolution system (Varian, Inc., Palo Alto, CA) was used to perform the testing.
The paddle speed and temperature were set to 75 rpm and 37+0.5°C, respectively. 750 mL of
0.1N HCI (pH 1.2) aqueous solution was added in the dissolution vessel to pre-heat the
media before testing. An extrudate aliquot containing 37.5 mg ITZ equivalent was added in
the dissolution vessel. At the 2-hour time point, 250 mL of pre-heated (37°C) basic solution
(0.2M Na3P04) were added into the dissolution media, and the pH of the media was
adjusted to 6.8. Aliquots were taken at the following time points: 30 min, 1 hr, 2 hr, 2 hr 10
min, 2 hr 20 min, 2.5 hr, 3 hr, 4 hr, 6 hr, and 8 hr. Each aliquot was filtered through a 0.2 pm,
13 mm PTFE membrane filter (Wheaton, Millville, NJ) and analyzed by HPLC.

High Pressure Liquid Chromatography (HPLC)

Drug levels were measured using a Dionex HPLC system (Thermo Fisher Scientific Inc.,
Waltham, MA). Specifically, for in vitro measurements, 1TZ was detected using an Inertsil®
ODS-2 column (5 um, 4.6x150 mm). The composition of HPLC mobile phase was
acetonitrile:water:DEA (700:300:0.5). Mobile phase was filtered through a 0.2 um PTFE
filter, degassed under vacuum and sonicated prior to use. The mobile phase flow rate was 1
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mL/min. The column temperature was maintained at 25°C. The retention time of ITZ was
about 5.5 min. The detection wavelength was set to 263 nm.

For /n vivo measurements, ITZ and hydroxy-Itraconazole (OH-1TZ) were detected using a
Phenomenex CAPCELL C18 UG 120 HPLC column (5 um, 4.6 mmx250 mm). A volume of
620 mL of acetonitrile was mixed with 380 mL phosphate buffer solution at pH 6.7. Mobile
phase was filtrated through a 0.2 um PTFE filter to remove any particles and degassed under
vacuum and sonication prior to use. The mobile phase flow rate was 1 mL/min. The column
temperature was maintained at 37°C. The detection wavelength was set to 263 nm.

In Vivo Study

Animal experiments were conducted in full compliance with UT Health Science Center
guidelines in agreement with the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC), the Animal Welfare Act (AWA) and the Guide for the
Care and Use of Laboratory Animals. This institutionally approved study was conducted at
UTHSCSA with male ICR mice and guinea pigs in established models of invasive
pulmonary aspergillosis [41, 42, 43, 44, 45].

Male Guinea pigs and male ICR mice had average body weight of 500 g and 25 g, and were
between 5 to 7 weeks and 3 to 4 weeks old, respectively. A standard neutropenic
immunosuppression regimen was used in each model. Bacterial superinfection and deaths in
the immunosuppressed animals were prevented by antibiotic propyhylaxis with enrofloxacin
administration subcutaneously beginning the day after animals arrived and continuing daily
until the end of the experiment.

Throughout the course of experiments, animals were monitored at least twice daily to
prevent and minimize unnecessary pain and distress. Moribund animals were humanely
euthanized. During the length of the study, animals had access to food and water ad /ibitum.

Dose tolerability experiments were conducted in immunosuppressed and uninfected animals.
Mice were given four oral HME-ITZ doses: 10 mg/kg three times per day (TID), 15 mg/kg
two times a day (BID), 20 mg/kg TID and 30 mg/kg BID. HME-ITZ was suspended in a 2%
hydroxypropy! cellulose solution at the desired concentration such that mice were
administered 0.2 mL by oral gavage while guinea pigs were administered 2.5 mL. Guinea
pigs were investigated only for two different doses of 15 and 30 mg/kg BID for 7 days.
Following the morning dose on day 7, blood was collected from anesthetized animals at
various time points (i.e., 1, 2, 4, 8, 12, and 24 hours), and the plasma was separated. In mice,
0.5 to 1 mL plasma was collected in isoflurane anesthetized animals by exsanguination via
cardiac puncture (as a terminal procedure). In guinea pig, ketamine and xylazine were
administered intramuscularly then 1 to 2 mL was collected from the saphenous vein. Lungs
were also collected following the terminal blood collection (i.e., at time points 8, 12, and 24
hours) for measurement of ITZ concentrations.

After collection, plasma (200 pL) was transferred to a clean 1.5 mL tube. In order to
precipitate plasma proteins, 50 pL of 0.3N barium hydroxide and 50 pL of 0.4N zinc sulfate
heptahydrate were added. The mixture was vortex mixed 30 s. Then 1 mL of internal control
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ketoconazole solution (0.5 pg/mL in acetonitrile) was added into the tube and mixed for
another 1.5 min. The mixture was centrifuged at 8000 rpm for 10 min. The supernatant was
transferred to another 1.5 mL tube. The tube was placed in a metal heating block (70°C)
under a stream of nitrogen. The sample was re-constituted using 250 puL of mobile phase and
mixed for 1 min, followed by a centrifugation at 8000 rpm for 10 min. A 200 uL of the
supernatant was transferred into a 300 uL HPLC vial.

Following euthanasia, the chest cavity was opened under aseptic conditions and the lungs
were removed and weighed. Lungs were cut into approximately 0.4 g portions and added to
a 1.5 mL tube with 1 mL saline, homogenized by sonication for 1 min. 200 pL were
transferred into 1.5 mL tube and 1TZ was extracted following the same procedure as plasma
samples. All samples were analyzed via HPLC following the method outlined above.

The efficacy study was conducted in infected animals. Aspergillus fumigatus clinical isolate
293 was the organism utilized to establish infection. To simulate the pathogenesis of invasive
aspergillosis, animals were inoculated using an established whole body aerosol chamber
within a Class 1l A2 biosafety cabinet for a one-hour duration exposure to Aspergillus
fumigatus conidia, as published previously [41, 42, 43]. Treatment with antifungals began 24
hours following inoculation and continued through day 7 post-inoculation. Two dosing
regimens selected during the dose tolerability study were investigated for each animal

model. HME-ITZ suspended in HPC 2% aqueous solution and the positive control, VCZ for
guinea pig and posaconazole for mice, were administered by oral gavage.

Tissue fungal burden were measured using enumeration of colony-forming units (CFU) in
lungs after 48 — 72 hours (until growth of individual colonies large enough to count but not
long enough for them to grow together). One gram of lung tissue from each animal was
weighed and homogenized in sterile saline. Serial dilutions of the homogenate were
prepared and plated onto potato dextrose agar. After a period of incubation, the number of A.
fumigatus colonies were counted and CFU/gram of lung tissue determined. If necessary, a
more accurate measurement by real-time PCR was also used to measure pulmonary fungal
burden. The amount of DNA per sample was measured by gPCR with the use of an ABI
PRISM 7300 sequence detection system (Applied Biosystems) with primers and a dual-
labeled fluorescent hybridization probe specific for the A. fumigatus (1—3)-p-D-glucan
synthase gene (AFKS; GeneBank accession number U79728).

Blood and lungs were collected on day 8 from anesthetized animals via cardiac puncture as a
terminal procedure. The primary outcome criteria were changes in pulmonary fungal burden
as measured by CFU and, if necessary, quantified more accurately by gPCR. Differences in
pulmonary fungal burden were assessed for significance in both animal models by analysis
of variance with Tukey’s post-test for multiple comparisons of parametric data, and the
Kruskal-Wallis test with Dunn’s post-test for multiple comparisons was used for
nonparametric data. A p-value of < 0.05 was considered statistically significant for all
comparisons. ITZ and OH-ITZ concentration in plasma and lung tissues on day 8 were also
evaluated. In the guinea pig model, after observation of a moribund animal, it was
hypothesized that drug could have permeated to the brain, thus drug concentration was
measured on day 8 in the brain of each guinea pig.
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The treatment’s overall efficacy in mice was evaluated in parallel by a survival study in
which mice were followed through day 12 for survival, 5 days after treatment stopped.
Survival was plotted by Kaplan-Meier analysis, and differences in median survival time, and
the percent survival among groups was analyzed by the log-rank test and Fischer’s exact
test, respectively.

Characterization

HME-ITZ samples exhibited a single glass transition temperature at about 45°C and no
crystalline peak confirming the formation of a single-phase amorphous dispersion (data not
shown) by mDSC. For more information on HME-ITZ formulation development and
characterization the reader is referred to Lang et al [24]. The results of HME-ITZ dissolution
in pH transition conditions before and after cryo-milling are shown in Figure 2, while values
of area under dissolution curves (AUDC) are shown in Table 1. Cryo-milled HME-ITZ
exhibited a higher dissolution extent in acidic media and subsequently a considerably greater
AUDCgiq (more than 5-times that of non cryo-milled HME-ITZ). This can be related to the
particle size, which showed smaller particle size after cryo-milling. Particle size fraction
below 45 pm (21.1% cryo-milled vs. 5.6% for non cryo-milled particles) and between 45 um
and 90 um (57.4% vs. 21.1%) were increased thanks to cryo-milling, while the fraction
between 90 and 125 um (21.5% vs. 73.3%) was decreased. In neutral media, AUDCeytral
was similar for both particle sizes confirming that the cryo-milling step did not affect the
polymeric enteric properties or extent of supersaturation.

Pharmacokinetic and pharmacodynamic study in mice

For mice, plots of concentration vs. time in plasma and in lungs for ITZ and its active
metabolite OH-ITZ are shown in Figures 3 and 4. Based on these results and those presented
in Table 2, the highest ITZ and OH-ITZ [46, 47] levels in serum were attained following 30
mg/kg BID dosing (Cpax at 2.06 ug/mL and 0.93 pg/mL, respectively). However, in lungs, a
lower dose, 15 mg/kg BID led to the highest ITZ and OH-ITZ levels (AUCyg_g of 22.36
pg.h / mL and a Cp,x 0f 4.98 pg/g and 3.02 pg/g for ITZ and OH-1TZ, respectively). Despite
the linear pharmacokinetic data previously reported for ITZ, no correlation was found
between the dose and tissue concentrations in mice (n= 3 mice per time point).

Similarly, the lowest levels in plasma and lungs were achieved following dosing with two
different dosing regimens. A dose of 10 mg/kg TID led to the lowest ITZ and OH-ITZ levels
in plasma. More surprisingly, at 20 mg/kg TID dosing, despite its high dose per day, led to
the lowest lung levels.

Fungal burden was evaluated in mice as an indication of antifungal efficacy; results are
presented in Figure 5. None of the HME-ITZ dosing regimen resulted in a statistically
different decrease in fungal burden in mice. The ITZ oral solution Sporanox® did not
decrease fungal burden, either. To the contrary, the positive control posaconazole
significantly decreased fungal burden from 4.19 + 0.4 CFU/g in the control group to 1.81
+1.0 CFU/g (p<0.0001).
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The outcomes of the survival study are presented in Figure 6. The HME-1TZ and Sporanox®
dosed animals died or were euthanized before day 7 (median survival of 5, 7 and 6.5 days
for HME 1TZ 15 mg/kg BID, HME-1TZ 30 mg/kg BID and Sporanox 15 mg/kg,
respectively). Owing to a decreased fungal burden in mice treated with posaconazole, 70%
survival (p=0.0010) was observed in this group on day 12, the survival arm endpoint.

Following the pharmacodynamic study on day 8, 24 hours after the end of treatment, ITZ
and OH-ITZ levels were below quantification limits in mice plasma and lungs. The limit of
detection and quantification reported for this method are 10 ng/mL and 30 ng/mL,
respectively [48].

Pharmacokinetic and pharmacodynamic study in guinea pig

In the guinea pig model, concentration vs. time profiles for ITZ and OH-1TZ in lungs and
plasma, shown in Figures 7 and 8, were quite different from the results found in the mouse
model. Plasma and lung Cp,ax Were as high as 2.54 pg/mL and 42.02 ug/g, respectively, for
the 30mg/kg BID dose; whereas the 15 mg/kg BID dose had an ITZ Cy5 of 1.38 pg/mL and
19.35 pg/g in plasma and lung, respectively. These results indicate a relationship between
doses administered and Cpax. This relationship was also found for the AUCg.gp, with levels
at 5.92 pg. h/mL and 12.94 ug. h/mL in plasma, and 77.68 pg. h/mL and 148.84 pg. h/mL in
lungs. Doubling of the administered dose led to about a 2-fold increase in ITZ Cp,ax and
AUCo.gh.

OH-ITZ concentrations were less than ITZ levels, but generally exhibited the same plasma
concentration profile; Cynax Of approximately 0.73 pg/mL and 4.38 pg/g in plasma and lungs,
respectively, for the 30 mg/kg BID dose were found.

ITZ and OH-ITZ concentration profiles were similar in plasma as well as in lungs. However,
even though the T,y Of the two dosing regimens was similar in plasma, in lungs, dosed at
15 mg/kg BID, had a shorter Tmax (Tmax = 2h) than 30 mg/kg BID (Tmax = 5h). This was
found for both ITZ and OH-ITZ.

In the guinea pig model, as shown in Figure 9, HME-1TZ 30 mg/kg BID dosing led to a
significant decrease in fungal burden while 15 mg/kg dosing regimen was not statistically
different from placebo. A more precise quantification of the fungal burden was conducted
via qPCR measurement, which showed significantly decreased fungal burden for HME-ITZ
15 mg/kg BID and 30 mg/kg BID, respectively 21.6 ng/mL (p=0.0094) and 15.5 ng/mL
(p=0.0086). In comparison, a mean of 652 ng/mL was measured for guinea pigs receiving
the placebo (i.e., the suspension vehicle, 2% HPC solution). These results demonstrated the
efficacy of this formulation against Aspergillus fumigatus. However VCZ positive controls
exhibited an even more pronounced and significant efficacy with fungal DNA levels as low
as 0.54 ng/mL (p=0.0069). As expected, no fungal burden was present in uninfected
controls.

Following the pharmacodynamic study on day 8, guinea pig plasma and brain samples were
collected to measure drug concentration (Table 3). In plasma, high ITZ levels for the two
dosing regimens investigated were found 24 hours after the last dose (1.04 ug/mL for 15
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mg/kg BID and 2.49 pug/mL for 30 mg/kg BID). In brain, ITZ levels were surprisingly high;
levels up to 9.39 pg/g were measured (30 mg/kg BID dosing regimen). To the contrary, OH-
ITZ brain levels were relatively low as compared to plasma levels.

Discussion

Cryo-milled HME-ITZ showed an increased dissolution in acidic media without affecting
the degree of supersaturation obtained in neutral pH media. The increased dissolution rate in
acidic media was likely due to the smaller particle size of the cryo-milled extrudates. In fact,
this can be explained by the Nernst-Brunner equation, which demonstrates the impact of
surface area, and therefore particle size on dissolution rate [49].

Interestingly, higher supersaturation levels in acidic media did not lead to faster precipitation
in neutral pH, contrary to higher supersaturation obtained by increasing the amount of
vitamin E TPGS [24]. This result demonstrated that supersaturation and re-crystallization in
neutral media were driven by the formulation and essentially by the stabilization and re-
crystallization inhibition effect provided by HPMCAS-LG [20].

In vivo relationship between the dose administered and the ITZ pharmacokinetic parameters
has previously been reported in rats and mice [50, 51, 52]. Indeed, an increased 1TZ dose led
to an increase in AUCqq.gh and Cpayx. In some studies, it has been reported that the increase
in pharmacokinetic parameters is even greater than the proportional dose increase. In the
present study in mice, the absence of relationship between dose and pharmacokinetic
parameters is likely explained by the inability of mice Gl tract to dissolve or disperse
entirely the enteric polymer particles. Indeed, as previously described by McConnell et al
[31] the gastro-intestinal tract pH values in mice are different from those in man and other
commonly used animal models such as rats, guinea pigs or beagle dogs. Table 4 compares
the characteristics of the Gl tract in mice, rats and guinea pigs. In mice, relatively high
stomach pH (pH 4 in fasted state) and low intestinal pH (pH 5 or 4.8 in the fasted and fed
state, respectively) are reported. These values, below the pH dissolution/dispersion threshold
of the pH dependent polymer, HPMCAS-LG, likely hindered the complete dispersion of the
polymer and therefore prevented complete release of ITZ. Besides the differences in pH, the
low volume of fluid available in the GI tract of mice is also a concern and may have
impacted polymer and drug dissolution; fluid volumes of 0.6 to 0.8 g have been reported in
the mouse intestine [31]. For comparison rats have fluid volumes of 3.0-4.6 g and intestinal
pH up to 7.5, which could explain, in theory, the satisfactory results obtained previously in
rats. Additionally, the reported length of mice intestine is approximately two times shorter
than in rats, decreasing thereby the absorption window.

To our knowledge, /in vivo assessment of modified release 1TZ amorphous solid dispersions
based on a pH dependent enteric polymer has not been reported in mice. Based on our
pharmacokinetic results and the values reported in the literature for mice, we conclude that
the GI tract of mice is not suitable to evaluate these types of formulations that contain a pH
dependent polymer, in which high pH and sufficient fluid volumes are necessary to disperse
and dissolve the polymer and drug.
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A study conducted by our group, following the same protocol as the present study, allowed
comparison with our results. Cpay 0f 0.99 ug/mL and 1.5 ug/g were reported in lungs
following 30 mg/kg TID Sporanox® solution administered over 8 days to ICR mice [54].
Both plasma and lung levels with HME-ITZ administration were higher for each dosing
regimen (except for the 20 mg/kg dose administered TID) compared to Sporanox ® solution.
This demonstrated improved pharmacokinetic parameters of the HME-ITZ formulation even
at lower administered doses compared to Sporanox ® solution, despite the impediment of
complete polymer dispersion in mice Gl tract This can be explained by the increased
solubility of amorphous ITZ but also by the lower permeability obtained with formulations
containing cyclodextrin (e.g. Sporanox ® solution), compared to amorphous solid
dispersions [55]. This phenomenon is explained by a decreased apparent permeability due to
the increased apparent solubility.

In another recent study in ICR mice, oral ITZ was compared to pulmonary administration of
ITZ by nebulization [48]. Plasma and lung levels were assessed following 8 days of
treatment and 12 hours after the last dose. HME-ITZ had better pharmacokinetic results than
pulmonary administration of ITZ (at this specific time point). Indeed, after 12 hours, ITZ
trough level was slightly higher for HME-ITZ in plasma (0.5 ug/mL compared to 0.35
ug/mL) and in lungs (2.5 pg/mL compared to 2.25 pug/mL). Even though these differences
cannot be considered significant, they demonstrate that HME-1TZ enables, at least, similar
levels as a pulmonary administration of 1TZ: that being moderate plasma levels (enabling
decreased side effects) and high lung levels (permitting high efficacy against fungal
infections in the lungs). Plasma levels for ITZ and OH-1TZ were higher than previously
reported results in rats. However, because the protocol and dosing regimen were different
(single dose in rats), the two animal species could not be directly compared.

Even though a dose/concentration relationship was not found in the present mouse study,
plasma and lung levels were sufficiently high to expect a clinical effect. However, despite
these high levels exhibited by HME-ITZ, no clinical efficacy was observed, which
highlighted another issue encountered with ITZ studies in mice. Indeed, besides the
variability in pharmacokinetics, mice present a paradox due to low success of ITZ therapy in
spite of high tissue levels [33, 34]. Papers previously published on ITZ efficacy in mice
following oral dosing demonstrated that high doses were usually necessary to observe an
improvement in efficacy against invasive fungal infections. These doses were dependent on
the mouse model used for each study. Van’t Wout et al. needed 40 mg/kg doses in order to
observe a modest antifungal effect in Swiss mice [34]. This dose being higher than the one
used in previous studies was explained by differences in cellular host defense animals and
the time elapsed between infection and treatment. Similarly, 80% of ICR mice treated with
ITZ 100 mg/kg/day died by day 30 [33]. Doses higher than 320 mg/kg (single dose) were
reported necessary to have a 50% effect in mice species [56]. It is important to note here that
the outcome of therapy is not only dependent on intensive antifungal therapy, but also on
recovering host defense defects, which can explain the efficacy differences between different
species [3].
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On the other hand, efficacy experiments in guinea pigs led to clinical improvements at a
lower dose and tissue concentrations [35, 36]. This paradox and low efficacy of ITZ against
fungal infections in mice remains unexplained but corroborates our results.

In guinea pigs, the pharmacokinetic profile of ITZ following oral administration is also
different from mice. Using this model, our results demonstrated the pharmacokinetic
relationship between the two ITZ doses investigated, the AUCq_gh and the Cax. A two-fold
increase in the administered dose led to a two-fold increase in the AUCg_gh and Cpax. These
results are in agreement with the relationship previously discussed between 1TZ dose and
pharmacokinetic parameters /in7 vivo. Previous reports testing ITZ in guinea pigs led to lower
Cmax compared to the results reported in this present study. For instance, a single oral dose
at 20 mg/kg of ITZ gave Cpax Values of 0.70 pg/mL [57] and Cpax Of 1.17 pg/mL (after a 20
mg/kg dose) was reported following ITZ-cyclodextrin complex administration [39]. Even
though these levels are lower than the one we report for HME-ITZ (1.38 pg/mL and 2.54
ug/mL for 15 mg/kg and 30 mg/kg), no conclusion can be drawn due to the difference in
dosing regimen. Importantly, it has also been demonstrated that grapefruit juice increased
ITZ levels following oral dosing only in the guinea pig model, thereby confirming the effect
of grapefruit juice in the Gl tract as described for humans [39]. Therefore, we hypothesize
that upon its release from the pH dependent enteric polymer, Vitamin E TPGS, which is a
reported CYP3A4 inhibitor, eventually contributed to decreasing the rate of metabolism of
ITZ.

The relationship between dose and pharmacokinetic results reported with HME-1TZ
formulation in guinea pigs suggested that potentially, the drug was completely dissolved and
absorbed. This agrees with the guinea pig Gl tract description detailed by Merchant et al.
[32] and included in Table 4. Indeed, upon transition from the stomach to the intestine, the
pH increases from 2.9 to ~ 6 — 7.4 in the fed state. These pH values in the intestine are
sufficiently high to dissolve and/or disperse the enteric polymer and the high volumes of
fluid available (~ 38 g) also aid the dissolution process. The authors reported that pH
changes along the Gl tract are closer to man. Due to higher pH values, larger fluid volume,
and longer length of the small intestine, it appears that the guinea pig is a more suitable
model than mice to evaluate enteric polymer-based formulations.

The guinea pig model exhibited high and sustained ITZ and OH-ITZ levels in plasma and
lungs. The high pH in guinea pig intestine and the large volumes available enable the
dissolution and dispersion of the polymer matrix into a colloidal solution permitting drug
release [20]. Furthermore, as explained previously the amorphous state of the drug and the
presence of HPMCAS-LG enables supersaturated concentration /in7 vivo in guinea pig
intestine and enhanced absorption. The presence of vitamin E TPGS likely contributed to
enhanced permeation of ITZ. The high extent of drug release and its permeation to the lungs
enable a significant decrease in the fungal burden as demonstrated with the fungal DNA
gPCR levels. However, the differences between the two doses are not statistically significant.

All guinea pigs treated with HME-1TZ survived after 8 days whereas in the VCZ treatment
group, one animal died at the end of the study. Nevertheless, 10 mg/kg VCZ positive control
was significantly more effective at decreasing the fungal burden than HME-ITZ
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formulations. This is likely explained by the higher efficacy of VCZ specifically against
Aspergillus fumigatus [58]. Indeed, VCZ is the reference treatment against Aspergillus
fumigatus [40], and this justifies the selection of VCZ as the reference treatment allowing
the HME-ITZ formulation to be challenged.

Interestingly, at the end of the pharmacodynamic study, 24 hours after the last dose, we
found high plasma ITZ levels that were likely due to the extent of supersaturation provided
by HPMCAS-LG and Vitamin E TPGS, and also probably to the inhibiting action of the
latter on ITZ CYP3A4 metabolism and P-glycoprotein [59].

After observation of one moribund guinea pig, the brain of all guinea pigs were collected for
ITZ assay. Central nervous systems (CNS) infections by Aspergillus fumigatus have been
reported in humans. These CNS infections usually result in poor clinical outcomes even with
therapy, as only 6% of patients having disseminated Aspergillus fumigatus to the CNS had
complete responses when treated [3]. This was significantly lower than dissemination to
other organs. The low penetration of 1TZ into the CSF may partly explain this lack of
efficacy [6]. However, in the present study, high levels of ITZ were measured in the brain,
which would likely help decrease fungal infections if dissemination to the CNS occurred.
High and sustained levels of 1TZ provided by the HME-ITZ formulation and the benefit of
vitamin E TPGS as an absorption enhancer and CYP450 inhibitor can also explain these
high levels found in guinea pig brain.

Conclusion

To our knowledge this is the first study reported for modified release dosage forms based on
a pH dependent enteric polymer in mice. Due to high variability in ITZ efficacy, low
intestinal pH and fluid volumes, the mouse model was not a suitable model to evaluate a
dosage form containing HPMCAS-LG. To the contrary, guinea pigs, which present Gl
properties closer to that of humans, allowed a better dissolution and dispersion of the enteric
matrix as demonstrated by high and sustained ITZ levels and the relationship between the
two HME-ITZ dose and ITZ pharmacokinetic parameters (Cpmax and AUCqq.gp). Clinically,
in guinea pigs, these high levels permitted a decrease in Aspergillus fumigatus fungal
burden, which allowed their survival. Therefore, guinea pigs appeared as a more suitable
model to assess performance of 1TZ enteric-based solid dispersion formulations in
comparison to mice.
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Figure 1.
Chemical structure of itraconazole.
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Supersaturation dissolution testing of HME-1TZ before and after cryo-milling (pH transition
conditions). USP 29 apparatus Il (paddle), 75 rpm, 37°C. Each dissolution vessel contained
the equivalent of 37.5 mg ITZ. Testing was conducted at pH 1.2 followed by transition to pH

6.8 after 2 hours (n =3).
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Figure 3.
(A) ITZ and (B) OH-ITZ plasma levels in mice after 7 days of treatment by hot-melt-

extrusion processed ITZ (HME-ITZ). Doses were administered by oral gavage in the amount
of 10 mg/kg TID, 15 mg/kg BID, 20 mg/kg TID and 30 mg/kg BID per subject (n =3 £
SD).
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Figure 4.
(A) ITZ and (B) OH-1TZ lungs levels in mice after 7 days of treatment by hot-melt-extrusion

processed 1TZ (HME-1TZ). Doses were administered by oral gavage in the amount of 10
mg/kg TID, 15 mg/kg BID, 20 mg/kg TID and 30 mg/kg BID per subject (n = 3 + SD).
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Figure5.
Pulmonary fungal burden at day 8 in mice treated by HME-ITZ, ITZ cyclodextrin solution

and posaconazole (n=10). Pulmonary fungal burden is given in terms of Aspergillus
fumigatus DNA concentration measured by colony forming units.
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Figure 6.
Survival curves in mice treated by hot-melt-extrusion processed ITZ (HME-ITZ), ITZ

cyclodextrin solution (SOL) and posaconazole (POS). Therapy was administered during 7
days and mice were followed off therapy until day 12 (n=10).
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Figure7.

(A) ITZ and (B) OH-ITZ plasma levels in guinea pig after 7 days of treatment by hot-melt-
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extrusion processed ITZ (HME-ITZ). Doses were administered by oral gavage in the amount
of 15 mg/kg BID and 30 mg/kg BID (n = 3 = SD).
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Figure8.

(A) ITZ and (B) OH-ITZ lung levels in guinea pig after 7 days of treatment by hot-melt-
extrusion processed ITZ (HME-ITZ). Doses were administered by oral gavage in the amount
of 15 mg/kg BID and 30 mg/kg BID (n = 3 = SD).
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Figure9.

Pulmonary fungal burden at day 8 in guinea pigs treated by HME-ITZ and voriconazole
(VOR) as compared to untreated animals (infected and uninfected) (n=8). Pulmonary fungal
burden is given in terms of (A) Aspergillus fumigatus CFUs and (B) Aspergillus fumigatus
DNA concentration measured by real time quantitative PCR.
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Table 1

Area Under the Dissolution Curve (AUDC) Values for pH transition dissolution testing of HME-ITZ before
and after cryo-milling.

Formulation AUDC,q (mg.min)  AUDCpgyra (Mg.Min)  AUDCqiq (Mg.min)
HME-ITZ Milled 113.4 £ 10.0 3,559.6 +80.9 3,673.0+65.2
HME-ITZ Cryo-milled 608.7 + 27.0 3,786.8 £103.5 4,3955+84.1
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ITZ and OH-ITZ concentrations in mice and guinea pig tissues on day 8 following the efficacy study (n=8).

Table 3

ITZ conc. OH-ITZ conc.
Mice - Plasma 15 mg/kg BID nd n.d
30 mg/kg BID n.d n.d
Guinea Pig - Plasma  15mg/kg BID  1.04 £0.83 ug/mL  0.23 + 0.31 pg/mL
30mg/kg BID  2.49+0.91 ug/mL  0.91 + 0.40 pg/mL
Guinea Pig - Brain 15mg/kg BID ~ 2.59 +1.85 ug/g 0.08 + 0.059 pg/g
30mg/kg BID  9.39 +3.43 pg/g 0.57 £ 0.32 ug/g

n.d : not detectable
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Table 4

Mice, guinea pigs, rats and human gastro-intestinal tract characteristics

Mice[31] Guinea Pig[32]

Rats[31, 60, 61]

Human([62, 63, 64, 65]

Stomach pH fasted 4.0 na 4-5 1-35
Stomach pH fed 3.0 2.9 65-7.1 3.0-6.0
Stomach water volumes  0.37-0.71g ~15¢9 ~249 ~118¢g
Stomach capacity 0.4 mL na 3.4mL n.a
Intestine pH fasted 5.0 na 45-75 55-8
Intestine pH fed 4.8 60-74 50-71 50-6.5
Intestinal water volumes 06-08¢g ~38¢g 3.0-46g¢g ~206g
Intestinal tract length 32-54cm 236 - 260 cm 82-115cm ~8.6m
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