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Abstract

Purpose—Amphotericin B (AmB) and 5-fluorocytosine (5-FC) exhibit additive to synergistic
activity against systemic mycoses. Incompatibility of prescribed formulations precludes
concomitant IV administration, a route with distinct advantages. Previously, we used PEG-DSPE
micelles to produce a reformulation of Fungizone (AmB-SD), AmB solubilized by sodium
deoxycholate, called mAmB-90. Herein, we describe a second reformulation that facilitates co-
delivery of mAmB-90 and 5-FC, and evaluate the effect of PEG-DSPE micelles on the
combination’s activity against Candida albicans.

Methods—We assessed the effect of 5-FC addition on the stability, /n vitrotoxicity, and

antifungal efficacy of mMAmB-90. The aggregation state and particle size of mMAmMB-90 combined
with 5-FC (FmAmMB-90) was evaluated over 48 hours. Hemolytic activity was measured /n vitro.
Antifungal activity was determined /n vitro against C. albicans. The efficacy of monotherapy and
combination treatment was evaluated in a neutropenic mouse model of disseminated candidiasis.

Results—The aggregation state, particle size, and hemolytic activity of mAmMB-90 were
unaffected by 5-FC. While antifungal activity was similar in vitro, mAmB-90 alone and combined
with 5-FC was more potent than AmB-SD /n vivo.

Conclusions—Short-term stability and 7 vivo efficacy of our formulation suggest potential to
simultaneously deliver AmB and 5-FC for potent antifungal efficacy.
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Introduction

Amphotericin B (AmB) and 5-fluorocytosine (5-FC) are used in combination to treat life-
threatening systemic fungal infections, specifically cryptococcal meningitis and invasive
candidiasis (1). The combination of AmB and 5-FC exerts additive to synergistic antifungal
activity /n vitro (2-6) and is more effective than treatment with AmB alone in clinical trials
comparing treatments for cryptococcal meningitis (7). Furthermore, combination therapy
both minimizes the nephrotoxicity of AmB by administration of lower doses of the drug for
a shorter length of time and reduces development of resistance to 5-FC (8-10).

Broad spectrum antifungal activity is a valued characteristic of AmB, which initiates
membrane disruption by binding to ergosterol, a sterol in fungal cell membranes (11). The
prodrug 5-FC is converted to its biologically active metabolites by cytosine deaminase, an
enzyme present in susceptible fungi but not in human cells (9). In combination, more than
one mechanism is postulated to account for the synergy between AmB and 5-FC. Synergism
has been attributed to enhanced uptake of 5-FC resulting from AmB-induced membrane
disruption (12) and sequential drug action (13). In the United States, 5-FC is dosed orally as
a capsule under the trade name Ancobon. Side effects of orally administered 5-FC, including
myelosuppression and liver damage, may stem from conversion of the prodrug to 5-
fluorouracil, a precursor of DNA and protein synthesis inhibitors, by gut microflora (14, 15).
Intravenous (1V) administration of 5-FC may result in less toxicity than oral delivery
because it has the potential for less gut exposure and, therefore, reduced nonspecific
conversion to 5-FU (16). Additionally, IV administration of 5-FC prevents variation in
bioavailability that occurs across different patient populations. An IV formulation of 5-FC is
available for clinical use in Europe. Opposing hydrophilic and hydrophobic regions in the
structure of AmB cause it to self-aggregate, a property that reduces its selectivity for
ergosterol and leads to toxic interactions with mammalian cells (17). The original AmB
formulation, Fungizone (AmB-SD), contains highly aggregated AmB solubilized by sodium
deoxycholate. Once the gold standard for treating fungal infections, its clinical use is limited
by dose-dependent renal toxicity (18-20). Development of monomeric AmB formulations
(21-25) and salt supplementation (26, 27) have minimized the drug’s potentially life-
threatening toxicity. Previously, we combined these strategies and described a simple
method of preparing AmB-SD with micelles of the FDA-approved PEG-lipid poly(ethylene
glycol)-distearoylphosphatidylethanolamine (PEG-DSPE) in saline. AmB-SD in a 1:90 mole
ratio with PEG-DSPE micelles in saline (mAmB-90) allowed for co-delivery of monomeric
AmB and sodium supplementation, a combination that caused significantly less renal
toxicity than AmB-SD alone in rats dosed with 2 mg/kg AmB for three days (28).

Currently, combination delivery of AmB-SD and 5-FC by the IV route is precluded by risk
of drug precipitation and, consequently, the potential for an embolism. We sought to
determine the feasibility of delivering both antifungals via the 1V route by adding 5-FC to
mAmB-90, producing FmAmB-90 (Figure 1). In line with a perspective of clinical
application, our formulation is prepared with 10 mg/ml 5-FC in 0.9% NaCl-USP, the
concentration of the drug’s infusion solution clinically available as Ancotil. Additionally, we
were interested in comparing the antifungal efficacy of our reformulation containing
deaggregated AmB with AmB-SD, both alone and combined with 5-FC, against the
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clinically relevant pathogen C. albicans. Our assessment, consisting of an examination of
physical properties in a short term stability study and evaluation of /n vitroand in vivo
efficacy, suggests FmAmMB-90 can simultaneously deliver both drugs in saline without
sacrificing antifungal efficacy and potentially reduce host toxicity relative to current clinical
preparations.

Materials and Methods

Preparation of FmMAmMB-90

Amphotericin B for Injection USP (X-GEN Pharmaceuticals, Horseheads, NY) was
rehydrated with 10 ml sterile water for injection without a bacteriostatic agent USP (Baxter,
Deerfield, IL), according to manufacturer’s instructions, resulting in a 5 mg/ml stock
solution (Figure 1). PEG-DSPE, specifically 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-5000] (Avanti Polar Lipids, Alabaster,
AL), was dissolved in 0.9% NaCI-USP (Baxter, Deerfield, IL) to 25 mg/ml. Combination of
both AmB-SD and PEG-DSPE solutions resulted in a 1:90 mole ratio of AmB to PEG-
DSPE at a final AmB level of 1 mg/ml. This solution was then diluted 10-fold in 10 mg/ml
5-FC dissolved in saline resulting in a solution of 0.1 mg/ml AmB, 9 mg/ml 5-FC and 2
mg/ml PEG-DSPE.

Degree of aggregation — IV/I ratio determination

The UV-visible spectrum of AmB provides insight into its degree of self-aggregation (29).
To evaluate the aggregation state of AmB, samples were diluted 10-fold to a concentration
of 10 pg/ml in 0.9% NaCI-USP in a quartz cuvette with a 1 mm path length (Varian, Palo
Alto, CA) for UV-visible analysis using a CARY 100 Bio UV-visible spectrophotometer
(Varian, Palo Alto, CA). Absorbance spectra were recorded from 300-450 nm. The
monomer to aggregate ratio, also referred to as the IV/I ratio, was determined as the ratio of
the fourth (~410 nm) and the first peak (~330 nm). Measurements were repeated in
triplicate.

Particle size determination via dynamic light scattering

Particle size and polydispersity index (PDI), a measure of particle size distribution, were
determined by dynamic light scattering (DLS) using a ZETASIZER Nano-ZS (Malvern
Instruments Inc., Worcestershire, UK) with a He-Ne laser light source (4mW, 633 nm) and a
173° angle scattered light collection configuration to determine hydrodynamic diameters.
Samples were diluted to a concentration of 20 ug/ml in 0.9% NaCI-USP and allowed to
equilibrate to 25°C before DLS analysis. Each sample was analyzed in triplicate, and each
replicate was composed of 10 measurements. In order to calculate the Z-average particle
diameter and PDI from the Stokes-Einstein equation and correlation function, respectively,
the Cumulants analysis method was used to curve fit the correlation function.

Short-Term Stability Study

The degree of aggregation and particle size of FmAmMB-90 was monitored over 48 hours at
room temperature (~25°C). Samples were stored in the dark throughout the study. Using the
methods described above, the monomer to aggregate ratio and particle size of FmAmB-90
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were evaluated upon preparation and 1, 24, and 48 hours after preparation. Samples were
stored in the dark at room temperature during the experiment. The experiment was
performed in triplicate.

Hemolysis assay

To determine the hemolytic activity of different formulations, bovine red blood cells
(Innovative Research, Novi, MI) were washed three times in 1X PBS (Corning cellgro,
Manassas, VA) and diluted 200-fold in PBS. The negative control (PBS) consisted of cells in
a 1:1 dilution with 1X PBS. The positive control sample (TL), in which total lysis of cells
was achieved, was prepared with cells in the presence of 25 pug/ml AmB-SD in PBS. The
hemolytic activity of 1, 6, and 10 pg/ml AmB as AmB-SD or mAmB-90 was tested in the
presence of 50 or 100 pug/ml 5-FC. These concentrations were chosen because they represent
a clinically relevant range that could reasonably be detected in a patient undergoing 5-FC
therapy. The hemolytic activity of 5-FC alone was also measured. Samples were incubated
in a Gyromax 737 (Amerex Instruments, Inc., Concord, CA) at 37°C, shaking at 200 rpm.
After 30 minutes of incubation, samples were placed on ice for 5 minutes to halt hemolysis,
then centrifuged at 16,000 x g for 30 seconds. Supernatant of each sample was added in
triplicate to wells of a 96-well plate and analyzed for absorbance at 405 nm. Experiments
were performed in triplicate. Statistical differences between groups were compared using
two-way ANOVA with Tukey’s method for multiple comparisons (GraphPad Prism 6, La
Jolla, CA). Percent hemolysis was calculated using the following equation:

Sample—PBS) «100

Percent Hemolysis=
ercent Hemolysis ( TI_PES

Candida albicans Strains and Media

Three strains of C. albicans were included in antifungal efficacy studies. One strain (K1) was
originally isolated from the bloodstream of a patient suffering from disseminated
candidiasis. Strains SC5314 (ATCC® MYA-2876) and Gu5 (ATCC® MYA-574), a
fluconazole resistant strain, were also used in the following experiments. Resistance of Gu5
is attributed to enhanced drug efflux (30), and, given the emerging incidence of azole
resistance, we felt it would be important to evaluate the efficacy of our combination against
this strain. Strains were subcultured on Sabouraud dextrose agar (SDA) plates and grown in
yeast peptone dextrose (YPD) medium. SDA was prepared with 1% peptone, 4% glucose,
and 1.5% agar in deionized water. YPD media was prepared with 1% yeast extract, 2%
peptone, and 2% glucose in deionized water. Autoclaving was used to sterilize media.

Minimum inhibitory concentration (MIC)

To determine the MIC, the lowest concentration of AmB or 5-FC that considerably inhibited
visible fungal growth, CLSI M27-A3 guidelines, with modifications, were followed. To
prepare the inoculum, fungal strains cultured for approximately 24 hours on SDA plates
were adjusted to 1-5x10% CFU/ml in sterile normal saline and diluted 100-fold in YPD.
Fungi were added to serial dilutions of drug in 96-well plates. Plates were sealed with
Breathe Easier® strips, and C. albicans strains were incubated overnight at 37°C. Results
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were read by eye and by absorbance with a SpectraMax M2 plate reader (Molecular
Devices, Sunnyvale, California) at 580 nm at 24 hours. Treatment with AmB results in
obvious MICs, but 5-FC results in trailing growth that can span a large range of
concentrations. For 5-FC, the concentration necessary to inhibit =50% as determined by
absorbance is reported. Experiments were repeated in duplicate on a minimum of three
separate occasions. Results are expressed as the geometric mean of the experimental
outcomes.

Checkerboard Method

To define the drug interaction between 5-FC combined with either AmB-SD or mAmB-90,
the checkerboard method was performed in YPD with a 96-well plate as described by White
et al. (31). Columns 1 and 2 were reserved to determine the MIC of AmB and 5-FC alone,
respectively. Column 3 was reserved for the media control, and the growth control was
plated in column 4. Either AmB-SD or mAmB-90 was serially diluted twofold from column
5to 12. From a separate 96-well plate containing serially diluted 5-FC, appropriate dilutions
of the drug were added to rows A through H. Inoculum was prepared as described above and
added to the drug plate. This resulted in concentration ranges of 2—-256 pg/ml and
1.56*1072- 2 pg/ml for 5-FC and AmB, respectively. The fractional inhibitory concentration
index (FICI) was used to analyze results of the experiment. FICI was calculated as follows:

MIC . in combination MIC', in combination
MIC  alone MIC, alone

FIC=FIC ,+FIC, =

FICI values were interpreted as described in a previous study: FICI < 0.5, synergistic; 0.5 <
FICI < 1, synergistic to additive; 1 < FICI < 4, indifferent; and FICI > 4, antagonistic (32).
After 24 hours of incubation, the average FIC score was calculated from the concentration of
drugs present in a well containing considerably inhibited fungal growth. The absence of
growth was determined by eye, and absorbance at 580 nm was used to detect wells in which
fungal growth was reduced by >90%. Experiments were repeated on three separate
occasions with distinct 24 hour C. albicans colonies and independent stocks of AmB-SD, 5-
FC, and PEG-DSPE. Reported values represent the average of results detected by eye.

Time-Kill Assay

In addition to the checkerboard method, time-kill assays were used to define the relationship
between 5-FC and each AmB formulation. Time-kill methods were based on previously
described experiments (33). Colonies were adjusted to 1-5 x 108 CFU/ml in sterile normal
saline. The yeast was diluted 10-fold in YPD alone or containing drug. Samples in 5 ml test
tubes were incubated at 37°C, shaking at a speed of 200 rpm. At 0, 6, 10, 24, and 48 hours,
sample was serially diluted 10-fold in sterile normal NaCl, and 20 pl of each dilution was
plated on SDA. In cases where less than 12,500 CFU/mI was expected (< 25 CFU from the
10-fold dilution), 20 pul was plated directly from the sample tube. The theoretical limit of
quantitation for these practices is 1,250 CFU/ml. Colonies were counted after 24 to 48 hours
of incubation. Those with CFUs in the countable range as recommended by the United
States Pharmacopeia (25-250 CFUs) were included in the dataset. Experiments were
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performed in duplicate on two separate occasions, and the average CFU/ml was calculated
for each replicate. Drug interactions were defined as previously described: a =2 logyg
decrease in CFU per milliliter for a combination compared to CFU reduction of the most
active drug alone as synergy, a <2 logq increase or decrease in CFU as indifference, and an
increase of =2 logg as antagonism (34).

In Vivo Antifungal Efficacy in a Multiple Dose Regimen

Results

The activity of each drug, alone and in combination, was evaluated in a neutropenic mouse
model of disseminated candidiasis as described previously by Andes et al (35). Treatment
groups were as follows: Control (no drug), 5-FC (72 mg/kg), AmB-SD (2 mg/kg),
mAmMB-90 (2 mg/kg), AmB-SD+5-FC (2 mg/kg + 72 mg/kg), and mAmB-90+5-FC (2
mg/kg + 72 mg/kg). This study was approved by the Animal Research Committee of the
William S. Middleton Memorial VA Hospital (Madison, WI). Briefly, three six-week-old
ICR/Swiss specific-pathogen-free female mice (Harlan Sprague Dawley, Madison, WI) per
treatment group were rendered neutropenic by multiple doses of cyclophosphamide.
Animals were classified as neutropenic when polymorphonuclear leukocyte counts dropped
below 100/mm3. Infection was established by injecting 100 ul inoculum into the lateral tail
vein. The inoculum was prepared by subculturing K1 on SDA plates for 24 hours at 35°C.
Six colonies were dispersed into 5 ml of sterile pyrogen-free normal saline warmed to 35°C
and injected two hours prior to drug treatment. Antifungals (200 pl) were dosed
intraperitoneally on the day of infection and 24 hours after the initial dose. Because 5-FC
causes AmB-SD to precipitate, two separate 200 ul injections were administered to the
AmB-SD+5-FC group. The animals were euthanized by CO, asphyxiation 48 hours after the
initial drug treatment. Their kidneys were immediately harvested and homogenized in 4°C
sterile saline. Kidney homogenate was diluted 10-fold serially and aliquots were plated on
SDA. After 24 hours of incubation at 35°C, colonies were counted. Results were expressed
as the mean and standard deviation of the difference in viable fungal counts between the
control group at zero hour (two hours post-infection) and each group at the 48 hour
timepoint. These data represent three mice (six kidneys). Statistical differences between
groups were compared using one-way ANOVA with Tukey’s multiple comparisons test
(GraphPad Prism 6, La Jolla, CA). We acknowledged statistical significance when p-values
were less than or equal to 0.05.

Short-Term Stability Study

Deaggregation of AmB-SD by PEG-DSPE Micelles in 0.9% NaCl-USP with 5-FC
—Figure 2 illustrates the absorbance spectra of AmB-SD+5-FC and FmAmB-90 upon
preparation. At each time point, the average monomer to aggregate ratio of AmB-SD
combined with 5-FC was less than 0.3, indicating a highly aggregated state (data not shown).
Previously, we determined that the 1\V/I ratio of AmB-SD alone was less than 0.20 (28), so
here we report a slightly less aggregated state in the presence of 9 mg/ml 5-FC. PEG-DSPE
micelles deaggregated AmB-SD in normal saline containing 5-FC (Table I). At preparation,
the monomer to aggregate ratio of FmAmB-90 was roughly 3.3. After one hour, the
monomer to aggregate ratio rose to 3.7. A similar degree of aggregation was observed at 24
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and 48 hours. These data are consistent with results from prior evaluations of mAmB-90
alone (28).

Particle Size Determination—In Figure 3, we present the comparative particle sizes of
AmB-SD+5-FC and FmAmMB-90. At preparation, AmB-SD combined with 5-FC formed
micron-sized particles (~3 um). Addition of PEG-DSPE micelles markedly reduced particle
size. The particle size of FMAmMB-90 was approximately 25 nm throughout the course of 48
hours (Table 1). The PDI did not exceed 0.15 at any observed timepoint throughout the
stability study’s duration, indicating a narrow size distribution.

In Vitro Hemolytic Activity—The concentration range of 5-FC from 25-100 pg/ml
exhibited negligible hemolytic activity of <0.4% (data not shown). The hemolytic activity of
the different AmB formulations with 5-FC is shown in Figure 4. The original formulation,
AmB-SD, exhibited near total hemolysis at 6 and 10 ug/ml AmB in the presence of 100
ug/ml 5-FC. Although highly hemolytic, this was significantly less activity than AmB-SD
alone (p <0.0001). Hemolytic activity did not exceed 10% at any tested concentration when
5-FC (50 and 100 pg/ml) was combined with 1, 6, and 10 ug/ml AmB as mAmB-90. The
hemolytic activity of mAmB-90 with 5-FC is comparable to that of mAmB-90 alone in the
same concentration range (28). At 6 and 10 ug/ml, AmB-SD with 100 pg/ml 5-FC exhibited
at least 10 times the hemolytic activity measured from either combination of mAmB-90 and
5-FC (p <0.0001).

In Vitro Antifungal Efficacy—Addition of PEG-DSPE micelles to AmB-SD did not alter
its fungicidal efficacy in MIC (Table 1) and checkerboard experiments (Table I11). An
additive to synergistic relationship between both AmB formulations and 5-FC against each
fungal strain in this study was indicated by FICI values of less than one. Time-kill
experiments with C. albicans Gu5 (5A), K1 (5B), and SC5314 (5C) clearly showed a
synergistic relationship between 5-FC and both AmB-SD and mAmB-90 (Figure 5). Similar
trends were noted for each strain, suggesting usefulness of the combination against
fluconazole-resistant strains. In each case, the growth control was turbid with growth at 10
hours. At 0.25 and 0.5 times the MIC of 5-FC and AmB, each single-drug treated sample
was turbid with growth at 24 hours (data not shown). Combination treatment with drug
concentrations equal to one-fourth of the highest documented MIC greatly reduced fungal
burden.

In Vivo Antifungal Efficacy—Each treatment resulted in a significantly lower fungal
burden compared to the control (Figure 6). The weakest effect was noted in the group that
received 72 mg/kg 5-FC. At 48 hours, the fungal burden of the control group was 1.2 times
that of the 5-FC treated group (p=0.027). The greatest reduction in fungal burden was caused
by treatment with mAmB-90+5-FC, which had a mean difference from the control of
approximately 3.56 logyy CFUs (p <0.0001). This greatest mean difference was seconded by
mAmB-90, with a mean difference of 3.35 log;g CFUs (p <0.0001). Therefore, treatment
with mAmB-90 was not significantly different from combination therapy using our
reformulation, mAmB-90 (p=0.98). Similarly, treatment with AmB-SD+5-FC did not result
in a significantly different fungal burden relative to treatment with AmB-SD alone (p=0.67).
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Using the aforementioned guide to determining drug interactions, the relationship between
AmB and 5-FC was defined as indifferent at the tested concentrations, as the difference in
fungal burden between the most active drug (AmB) and combination treatment was less than
2 logyg CFU.

However, mMAmMB-90+5-FC was more effective than AmB-SD monotherapy. Viable colonies
after AmB-SD therapy exceeded those detected after mAmB-90+5-FC treatment by a factor
of 1.5 (p=0.011). Interestingly, mAmB-90 was significantly more effective than AmB-SD at
the same dose of 2 mg/kg. At the 48 hour endpoint, the fungal burden of AmB-SD was 1.4
times that of mAmMB-90 (p=0.034). Treatment with AmB-SD+5-FC resulted in a fungal
burden 1.3 times that following mAmMB-90+5-FC treatment. Combination therapy with
mAmB-90 reduced fungal burden to 2 logig CFUs, the lowest detected colony count in the
data set. However, data collected from mAmB-90+5-FC treated group was the most variable,
with the highest range in the dataset of 1.3 logyg CFUs. In this study, combination treatment
with mAmB-90 was not significantly different from AmB-SD combined with 5-FC
(p=0.14).

Discussion

Intravenous Coadministration of AmB and 5-FC

Herein, we have studied the effect of 5-FC on the antifungal efficacy and /n vitrotoxicity of
mAmB-90. Additionally, we introduced FmAmB-90, an intravenous formulation that
concurrently delivers 5-FC, monomeric AmB, and saline for sodium supplementation, a
clinical measure practiced to mitigate AmB-related renal toxicity. As mentioned previously,
5-FC is orally administered in the United States, but an infusion solution for 1V
administration is approved for use in Europe. Each delivery mode poses challenges to safe
and effective therapy. Diverse health profiles of patient populations lead to variation in oral
bioavailability, while cost and strict storage requirements (18-25°C) are issues that
complicate use of IV 5-FC in resource-poor settings. Furthermore, as toxicity is associated
with 5-FC serum concentrations upwards of 100 mg/L, time-consuming and costly serum
concentration monitoring is recommended (36-38). Any desire to combine the currently
available formulations is rightfully discouraged by AmB-SD and 5-FC preparation
instructions that clearly state each infusion solution should not be mixed with other drugs.
From DLS measurements, we show that AmB-SD precipitates in the presence of 5-FC in
saline (Figure 3), resulting in micron-sized particles that could cause an embolism. However,
deaggregation of AmB and a particle size of less than 30 nm were maintained when our
reformulation of AmB-SD was combined with 5-FC (28).

Although costly, IV delivery of 5-FC offers distinct advantages over oral administration.
Systemic fungal infections affect a diverse patient population with great variability in
underlying host immunity and disease. In otherwise healthy patient populations, oral
bioavailability is quite high. However, different disease states can influence the oral
bioavailability of 5-FC. For instance, people living with HIV/AIDS are especially prone to
developing life-threatening fungal infections. The common incidence of achlorhydria, the
reduction or absence of hydrochloric acid secretion in the stomach, in HIV/AIDS patients
can affect drug absorption. The relatively low bioavailability of 5-FC (45%) reported by a
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study on treatment options for HIV patients suffering from cryptococcal meningitis may be
attributed to achlorhydria (39). The same study reported detection of 5-fluorouracil more
frequently in patients given the oral dosage form than those who received 1V 5-FC,
supporting the hypothesis that the prodrug can be metabolized by gut microorganisms.
Delivering 5-FC via the IV route prevents unpredictable bioavailability, and, at certain doses
in patients without renal insufficiency, could remove the need for serum concentration
monitoring (39). It also presents an alternative option to treat neonates, patients who are
unable to swallow medication, and patients who are allergic to excipients in Ancobon, i.e.
patients to whom oral delivery may not be feasible.

Short-Term Stability

PEG-DSPE micelles deaggregated AmB-SD in the presence of saline and 5-FC to a similar
degree of mMAmMB-90 without 5-FC (average monomer to aggregate ratio of approximately
3.5). To put this degree of aggregation into context, completely monomeric AmB in DMSO
has a monomer to aggregate ratio of approximately 7. Thus, 5-FC addition did not impact
the ability of PEG-DSPE micelles to deaggregate AmB-SD. Interestingly, FmAmB-90
continued to deaggregate over time. Previously, we proposed that PEG-DSPE micelles
interact with soluble aggregates of AmB-SD, forming mixed micelles with sodium
deoxycholate that sequester monomeric AmB to the micelle core containing DSPE. As 5-FC
is highly hydrophilic and has a low molecular weight (129 g/mol), it is unlikely that the drug
disrupts this process; it is most likely outside the micelles or perhaps interacts with the
micelle corona containing the hydrophilic PEG brush and polar region of sodium
deoxycholate. Further supporting our assertion that 5-FC interacts largely with the
hydrophilic regions of the system, addition of 5-FC did not impact the size of mMAmB-90. An
identical study was attempted at the elevated temperature of 45°C (data not shown). After
only one hour, FMAmMB-90 became highly aggregated, with an average monomer to
aggregate ratio of <0.9. Strengthened hydrophobic interaction at this high temperature may
explain the return to the aggregated state.

In Vitro Hemolysis Assay

Addition of 5-FC did not alter the hemolytic profiles of mAmB-90 at 1, 6, or 10 ug/ml
AmB. However, reduced hemolytic activity was noted when 100 ug/ml 5-FC was added to
AmB-SD, possibly reflecting precipitated AmB that is non-hemolytic. The hemolytic
activity of mAmB-90 alone was comparable to that combined with 50 and 100 pg/ml 5-FC.

Antifungal Efficacy

The MICs of 5-FC we report are higher than those determined in the CLSI-recommended
medium RPMI (40). As Steier et al. suggested, this may stem from competition for cytosine
in YPD (41). As our primary purpose for studying /n vitro antifungal activity was to
compare different formulations, not identify clinical breakpoints of susceptibility and
resistance, YPD was a suitable alternative for our studies. Addition of PEG-DSPE micelles
did not affect the antifungal activity of AmB-SD alone or in combination with 5-FC in /n
vitro experiments. No differences in activity were seen in long-term 24 hour end-point
assays, i.e. MIC and the checkerboard experiment. Although the mean fungal burden is
consistently lower after treatment with mAmB-90 in time-kill experiments with 48 hours of

Pharm Res. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alvarez et al.

Page 10

drug exposure, the difference in fungicidal activity between mAmB-90 and AmB-SD is not
significant in most cases. A limitation to these /7 vitro studies is that cells experience equal
exposure of each antifungal drug. The half-life of each drug is very different in humans,
resulting in long-term exposure to AmB and relatively short-term exposure to 5-FC due to
rapid renal clearance.

The static activity of AmB-SD /n vivo against K1 is consistent with previous findings of
Andes et al. In a study relating dosing intervals to efficacy, the fungistatic dose range
associated with a 24 hour dosing interval was 2.01 to 2.79 mg/kg AmB-SD (35). The
enhanced activity of mMAmB-90 /n vivo compared to AmB-SD is surprising but is possibly
explained by the aggregation state hypothesis. The enhanced potency of deaggregated AmB
may stem from a contribution of each of the following explanations: 1. Monomeric AmB is
selective for ergosterol, meaning it avoids nonspecific interactions with mammalian cells; 2.
In addition to not engaging with mammalian cells, monomeric AmB does not heavily
associate with itself, potentially leading to a higher effective concentration, as more drug
molecules are available to bind to ergosterol. Additionally, it has been posited that
monomeric AmB interacts with serum components differently from the aggregated form, the
implications of which may lead to altered pharmacokinetics (42).

In a similar /n vivo study with the infection model presented here, Adams et al. compared
the fungicidal activity of AmB-SD with that of AmB encapsulated in poly(ethylene oxide)-
block-poly(N-hexyl-L-aspartamide)-stearic acid micelles. Relative to AmB-SD, the micelle
formulation was only slightly less aggregated, with a 1\VV/I ratio of approximately 0.8. No
significant difference in efficacy was detected between either formulation at 0.2, 0.3, and 0.6
mg/kg AmB (43). Keeping in mind that the monomer to aggregate ratio of mAmB-90 is
roughly 3.5, the aggregation state of the two micellar formulations is quite different. It is
possible that the extent of aggregation influences efficacy and that formulations with similar
aggregation states will exert comparable antifungal activity /n vivo. Additionally, differences
in efficacy may not have been detectable at these doses.

Previously, Diezi and Kwon reported the physical characteristics of a PEG-DSPE micelle
loaded with cholesterol and AmB in a 20:5:1 mole ratio (44). This formulation, referred to
from here on as MAmMB, was predominately monomeric, similar to mAmB-90. In an animal
study identical to the one presented, two doses of 150 mg/kg 5-FC and 2.7 m/kg MAmMB
separated by 24 hours reduced K1 by a mean 3.9 log;g CFUs relative to the control at zero
hour. In two out of three animals infected with either K1 or 98-17, another bloodstream
isolate of C. albicans, viable fungal growth was reduced below the limit of detection, 2 log;g
CFUs (unpublished data).

Although different doses and dosing frequencies are examined in a similar infection model,
previous work by Andes et al. provides a useful context in which to interpret these data. The
pharmacodynamic parameter indicative of best outcome, i.e. greatest extent of infection
clearance, was determined for 5-FC (40) and AmB (35). Time above the MIC was the
optimal parameter for 5-FC, suggesting a frequent dosing regimen. In K1-infected mice, the
greatest reduction in fungal burden (about 2.3 log1g CFUSs) resulted from a total dose 400
mg/kg 5-FC at 24 hours with a 3 hour dosing interval. The parameter predictive of best
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outcome from AmB therapy was the ratio of peak serum concentration to the MIC,
indicating a dosing schedule of large doses separated by long intervals. At a 72 hour
endpoint, fungal burden dropped to the limit of detection after one dose in excess of 10
mg/kg AmB.

Combination therapy may alter the parameter best predictive of treatment success. It is also
possible that infection clearance by suboptimal doses, administered at an interval
unrepresentative of best outcomes, may be attributed to enhanced activity of monomeric
AmB or an additive to synergistic drug relationship. The possibility remains that, had a
higher dose of 5-FC been administered along with mAmB-90, an additive or synergistic
relationship may have been determined in the present study. In the future, we are interested
in further exploring the antifungal efficacy of combination therapy by varying exposure
times of AmB and 5-FC in an /n vitro dynamic time-kill model and, potentially, identify
exposure times of each drug that result in optimal fungicidal activity.

Conclusions

Instead of three separate infusions, FmAmMB-90 allows for delivery of both antifungals and
sodium supplementation in a single infusion. Our reformulation is quickly and simply
prepared by mixing aqueous solutions. Theoretically, it can be easily reproduced in any
compounding pharmacy. Although storage requirements and necessity for equipment to
safely administer FmAmMB-90 are barriers to use in resource-poor settings, IV delivery of 5-
FC is an attractive treatment option in that it offers predictable bioavailability and, at
appropriate doses, has potential to reduce the incidence of hepatotoxicity and
myelosuppression. Potent fungicidal activity, ease of preparation, and commercial
availability of formulation components indicate potential for evaluation in clinical trials.
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Preparation of FmAmB-90: AmB-SD is reconstituted according to manufacturer’s
instructions, deaggregated with a solution of PEG-DSPE micelles, and added to 5-FC in

saline. This results in an aqueous solution containing 0.1 mg/ml AmB, 9 mg/ml 5-FC, and 2
mg/ml PEG-DSPE.

Pharm Res. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alvarez et al.

Absorbance

1.4
1.2

0.8
0.6
0.4
0.2

Page 16

Aggregated AmB:

i Peak | ~330 nm
J 1 Monomeric AmB:
Peak IV ~410 nm
= AmB-SD+5-FC
| FmAmB-90
e
300 350 400 450

Wavelength (nm)

Figure2.
Absorbance spectra of AmB-SD+5-FC and FmAmMB-90. Each solution containing 0.1 mg/ml

AmB and 9 mg/ml 5-FC was diluted 10-fold for UV-vis analysis.
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Particle size of AmB-SD combined with 5-FC and FmAmMB-90 upon preparation. Each
sample was diluted five-fold in saline for DLS analysis.
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AmB-SD or mMAmB-90 combined with 5-FC. Concentrations of 5-FC in are expressed in
pg/ml. Data is presented as mean + standard deviation (n=3) (p <0.0001).
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Figureb.
Logyp CFU/milliliter versus time of C. albicans exposed to subinhibitory concentrations ¥ *

MIC) of 5-FC, AmB-SD, and mAmB-90, either alone or in combination. Data is expressed
as mean | standard deviation (n=2). Strain Gu5 (5A) was exposed to 0.125 ug/ml AmB and
32 pg/ml 5-FC, K1 (5B) was treated with 0.125 pg/ml AmB and 16 pg/ml 5-FC, and
SC5314 (5C) was dosed with 6.25%1072 ug/ml AmB and 8 pg/ml 5-FC.
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Figure 6.
Relative to the control at zero hour (two hours post-infection), change in log;g CFU/kidneys

of C. albicans K1 in a neutropenic murine model of disseminated candidiasis is expressed in
response to no drug (Control) and five treatment groups: 5-FC (72 mg/kg), AmB-SD (2 mg/
kg), mAmB-90 (2 mg/kg), 5-FC+AmB-SD (72 mg/kg + 2 mg/kg), and 5-FC+mAmB-90 (72
mg/kg + 2 mg/kg). Results presented as mean + standard deviation (n=3).
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