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assay. Ciliary beat frequency (CBF) was analyzed in parallel as well as cytotoxic assay. Potency
was assessed using real-time PCR measurement of the Aspergillus fumigatus 18S rRNA.

Results: Ussing chamber studies revealed K* currents that increased rapidly within 30 s of add-
ing AMB (10 pg/mL) to the apical side, indicating apical membranes had become permeable to
K" ions. In contrast, negligible induction of K current was obtained following addition of ND-
AMB [AMB = (107.7 + 15.9) uA/cm? AMB vs ND-AMB = (2.3 + 0.7) pA/cm? ND-AMB; P = 0.005].
ND-AMB also protected nasal epithelial cells from cytotoxicity of AMB (P < 0.05). There was no
difference in ciliary beat frequency between the two groups (P = 0.96). The expression of A.
fumigatus 18S rRNA with exposure of lower dose of ND-AMB was significantly lower compared

Conclusions: Data from the present study suggests ND-AMB protects human nasal epithelia
membranes from AMB toxicity by protecting against apical cell K™ permeability while maintain-
ing uncompromised antifungal property compared to AMB. ND-AMB could provide a novel

Copyright © 2017 Chinese Medical Association. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to that with AMB (P < 0.05).
topical therapy for sinonasal fungal diseases.
Introduction

Since fungi are present throughout the environment, human
exposure is inevitable and normal respiration routinely de-
posits fungal elements within the nose and paranasal si-
nuses.’ In most instances, the presence of fungal elements in
the nose has no consequences. However, fungi can
contribute to the pathogenesis of rhinosinusitis (fungal rhi-
nosinusitis) in tissue-invasive or noninvasive conditions.
Regional variation in incidence has been reported, with the
southern part of United States particularly endemic.? Fungal
rhinosinusitis (FRS) has been categorized primarily based on
whether the fungus invades local tissues or not, a charac-
teristic intimately associated with the status of the host’s
immune system. Patients who are immunocompromised are
highly susceptible to invasive fungal sinusitis (IFS), and
despite prophylactic treatment, mortality due to fungal in-
fections remains high. With the use of newer and more
potent chemotherapeutic agents and regimens, more pa-
tients are now susceptible to fatal invasive fungal sinusitis.>

Amphotericin B (AMB) is a potent antifungal agent and
topical delivery of AMB may have significant advantages
over systemic intake (either intravenous or oral)
including the avoidance of systemic and infusion-related
toxicities. However, AMB affects the integrity of apical
cell membranes in human nasal epithelial cells and can
be toxic at higher doses.*> Oda et al® © have developed a
novel formulation of NanoDisk (ND) containing super
aggregated AMB for the treatment of fungal infections.
NanoDisk amphotericin B (ND-AMB) provided greater
protection from AMB toxicity than current clinically
approved lipid-based formulations of AMB in pulmonary
tissue and highly efficacious treatment for invasive
candidiasis in a mouse model. This drug also has impor-
tant applications in topical or inhaled therapy for fungal-
related respiratory diseases. The objective of the
present study is to determine whether a novel nano-
particle delivery platform for AMB, ND-AMB, is less
disruptive to human nasal epithelium than existing for-
mulations of AMB and maintains similar antifungal prop-
erty. We hypothesized that AMB would cause minimal

damage to the nasal epithelium with similar potency
when formulated within the ND.

Methods
Amphotericin

Amphotericin (AMB; Sigma-Aldrich, St. Louis, MO) was
prepared according to manufacturer’s instructions. ND-AMB
was provided as a gift from the Oda laboratory and prepa-
ratiog of ND-AMB has been described previously by Michael
Oda.

Primary cell culture

Institutional Review Board and Institutional Animal Care and
Use Committee approval were obtained prior to initiating
these studies. Human septonasal epithelial cells (HSNE)
were harvested, grown on Costar 6.5-mm diameter perme-
able filter supports (Corning Life Sciences, Lowell, MA), and
submerged in culture medium as previously described.’'?
Media was removed from the monolayers on day 4 after the
epithelium reached confluence, and cells fed via the basal
chamber. Differentiation and ciliogenesis occurred in all
cultures within 10—14 days. Cultures were used for experi-
ments when well-differentiated with widespread cilio-
genesis with transepithelial resistances (Rt) > 100 Q cm?.

Ussing chamber analysis

Transwell inserts (Costar) were mounted in Ussing cham-
bers to investigate pharmacologic manipulation of vectorial
jon transport as previously described.”* "> Transepithelial
current measurements were performed with Easy Mount
Ussing chambers (Physiologic Instruments, San Diego, CA)
with an apical-to-basolateral directed gradient for K*.>'¢
High K buffer in the apical reservoir was (in mmol/L):
120 KCL, 20 NaHCO3, 5 KHCO;, 1.2 NaH,POQy, 5.6 glucose, 2.5
CaCl,, and 1.2 MgSO,4. The basolateral reservoir buffer was
(in mmol/L): 120 NaCl, 20 NaHCO3, 5 KHCOs, 1.2 NaH,POy,,
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5.6 glucose, 2.5 CaCl,, and 1.2 MgSO,. All experiments were
conducted at 37 °C and solutions were continuously gassed
with 95% air, 5% CO, resulting in pH 7.4. Trans-epithelial
voltage was clamped to 0 mV using a standard four elec-
trode voltage clamp and gradient-driven K* current was
recorded at 5 Hz by an analog-to-digital board (DATAQ In-
struments, Inc. Akron, OH) connected to a personal com-
puter. Positive currents were defined as cation movement
from apical to basal reservoir. AMB or ND-AMB was intro-
duced to the apical reservoir of the Ussing chamber and
transepithelial K* was allowed to reach equilibrium.

Lactate dehydrogenase (LDH) assay

To determine the cytotoxicity of cells after exposure to AMB
or ND-AMB (18 h), culture medium was tested for the pres-
ence of released lactate dehydrogenase (LDH). A 96-well
LDH Cytotoxicity Assay Kit (Cayman Chemical Company, Ann
Arbor, MI) was used, with the following modifications: on the
day of the assay, 100 uL of culture medium was removed and
added to 100 pL of Reaction Solution. Absorbance at 490 nm
was obtained with Epx Precision Microplate Reader (Molec-
ular Devices, Sunnyvale, CA). We measured the LDH levels
30 min after exposure. Triton X-100 (10%) was used as a
positive control (maximum release of LDH) and cell medium
(without phenol) was used as a negative control (sponta-
neous release of LDH). % Cytotoxicity of test sample was
calculated based on below formula:

(Experimental value) — (Spontaneous release)

(Maximum release) — (Spontaneous release) X100

%Cytotoxicity =

Ciliary beat frequency

Images were visualized using a 20x objective on an inver-
ted scope (Fisher Scientific, Pittsburgh, PA). Data was
captured using a Model A602f-2 Basler area scan high-speed
monochromatic digital video camera (Basler AG, Ahrens-
burg, Germany) at a sampling rate of 100 frames per second
and a resolution of 640 x 480 pixels. Images were analyzed
using the Sisson-Ammons Video Analysis (SAVA) system
version 2.1° and virtual instrumentation software for CBF
monitoring. All recordings were made at 200x maghnifica-
tion. Experiments were all performed at ambient temper-
ature (23 °C). A baseline recording of CBF was conducted
for each cell monolayer prior to apical administration of
test solution [AMB (75 nug/ml) vs ND-AMB (75 pg/ml)] and
compared to the corresponding control using vehicle alone.
Whole field analysis was performed with each point
measured representing one cilia and analysis was normal-
ized to fold-change over baseline.

Preparation of Aspergillus fumigatus conidia and
exposure to AMB or ND-AMB

A. fumigatus isolate 13073 (ATCC, Manassas, Virginia,
United States) was used in all experiments. The frozen
stocks were thawed at room temperature prior to the ex-
periments and used within 24 h. After being washed in
sterile saline and counted under a microscope using a

hemocytometer, conidium suspension of 1 x 10* colony
forming unit (CFU)/ml was inoculated into potato dextrose
medium, followed by incubation at 37 °C and shaking at
200 rpm for 16 h. The cultures were then treated with the
antifungal drugs at different doses for 4 h, and the same
amount of DMSO and PBS were added to the no-drug con-
trol. The final drug concentrations in the mycelium cultures
were 10 pg/ml and 50 pg/ml for AMB and 10 pg/ml and
50 pg/ml for ND-AMB. Total RNA was extracted from 0.1 ml
of mycelium cultures using a MasterPure yeast RNA purifi-
cation kit (Epicentre Biotechnologies, Madison, WI), which
includes a DNase treatment step to eliminate genomic
DNA."” Total RNA was also extracted from serial 1:10 di-
lutions of live A. fumigatus conidia (10'—10%) and DNase
treated to form a standard curve. A. fumigatus burden was
analyzed with real-time PCR measurement of the A. fumi-
gatus 18S rRNA (GenBank accession number AB008401) and
quantified using a standard curve of A. fumigatus
conidia.'”'®

Statistical analysis

Statistical analyses were conducted using Excel 2010 and
GraphPad Prism 6.0 software (La Jolla, Ca) with significance
set at P < 0.05. Statistical evaluation utilized unpaired
Student t tests for electrophysiology data and analysis of
variance followed by Tukey—Kramer multiple comparison
test if necessary for LDH, CBF and RNA assay. Data is
expressed +/— standard error of the mean.

Results

AMB vs ND-AMB induced trans-epithelial K*
currents in vitro

Ussing chamber tracings were used to evaluate the AMB vs
ND-AMB induced trans-epithelial K currents across the
HSNE (Fig. 1A). Once the AMB (10 pg/ml) was exposed to
the apical side, K currents increased immediately,
demonstrating the apical membrane of HNSE had become
permeable to K* ions. In contrast, adding increasing con-
centrations of ND-AMB (10 ug/ml x 4 every 5 min = total
40 pg/ml) resulted in negligible inductions of K™ current in
HNSE. Fig. 1B represents the summary of AMB vs ND-AMB
induced trans-epithelial K* current changes (n = 4, per
condition). Statistically significant difference in K™ current
changes was observed between the two groups
[AMB = (107.7 + 15.9) pA/cm? AMB (n = 4) vs ND-
AMB = (2.3 £ 0.7) pA/cm? ND-AMB (n = 4); P = 0.005].
Resistance was also traced with induction of AMB vs ND-
AMB. With exposing AMB (10 pg/ml) to apical side, trans-
epithelial resistance decreased immediately, representing
the K* currents across the HSNE (Fig. 2A). In contrast,
negligible change in transepithelial resistance was noticed
after exposing increasing concentrations of ND-AMB (10 ug/
ml x 4 every 5 min). Fig. 2B represents the summary of AMB
vs ND-AMB induced trans-epithelial resistance changes
(n = 4, per condition). AR (changes in transepithelial
resistance, Q cm?) following application of AMB was
significantly higher than those cells exposed to ND-AMB [AR
with AMB (n = 4) = (24.4 + 15.7) Q cm?; AR with AMB
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Fig. 1 Reduced trans-epithelial K™ currents after exposure Fig. 2 Reduced trans-epithelial resistance (Q cm®) after

to ND-AMB compared to AMB. A: Representative Ussing cham-
ber tracings reveal K* currents after exposure to either ND-
AMB or AMB. By convention, a positive deflection in the
tracing represents movement of a cation (i.e. K%) in the
mucosal to serosal direction. Once the AMB (10 pg/ml) was
exposed to the apical side, K" currents increased immediately
but negligible induction of K* current was observed when
exposed to ND-AMB. As there was no response to the initial
10 pug/ml of ND-AMB, repeated ND-AMB was given every 5 min
(10 pg/ml x 4). B: Results were summarized relative to trans-
epithelial K™ current elicited by AMB vs ND-AMB exposure.
* Statistical significance (P < 0.05).

(n = 4) = (0.6 £ 1.9) Q cm?], although this did not achieve
statistical significance.

LDH release after exposure to AMB vs ND-AMB

To quantify the release of lactate dehydrogenase (LDH), a
marker of cell toxicity, cell culture media was collected after
exposure (18 h) to AMB and ND-AMB. By using the positive
(Triton X-100) and negative (cell culture media) controls, %

exposure to AMB compared to ND-AMB A: Representative Ussing
chamber tracings reveal changes of trans-epithelial resistance
after exposure to either ND-AMB or AMB. A negative deflection
in the tracing represents decrease in trans-epithelial resistance
(@ cm?). With exposing AMB (10 pg/ml) to apical side, trans-
epithelial resistance decreased immediately, representing the
K™ currents. As there was no response to initial 10 pg/ml of ND-
AMB, repeated ND-AMB was given every 5 min (10 pg/ml x 4).
Negligible change was noticed after exposing ND-AMB. B:
Summary representation of changes (A) in trans-epithelial
resistance (Q cm?) (n = 4, per condition). AR (changes in
trans-epithelial resistance, Q cm?) following application of
AMB was significantly higher than those cells exposed to ND-
AMB (P > 0.05).

cytotoxicity was measure (Fig. 3). Epithelial cells (n = 6)
were exposed to toxic concentrations of AMB (75 pug/ml and
150 ng/ml) and same concentration of ND-AMB (75 pg/ml and
150 pg/ml) for 18 h. Dosages were chosen based on
commercially available concentrations of AMB. For those
cells incubated with AMB, LDH release was significantly
increased compared to cells incubated with ND-AMB at same
concentration. At 75 ug/ml, ND-AMB protected epithelial
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Fig. 3 ND-AMB protected airway epithelial cells from AMB AMB = (1.34 & 0.44) CBF fold changes, P = 0.96).

mediated cytotoxicity for those cells incubated with AMB, LDH
release was significantly increased compared to cells incubated
with ND-AMB at same concentration. Dosage was chosen based
on commercially available concentration of AMB. At 75 ug/ml,
ND-AMB protected epithelial cells from the cytotoxicity of
AMB, as determined by almost 85% reduction in lactate dehy-
drogenase (LDH) levels. At higher concentration (150 ug/ml) of
AMB, significantly higher LDH release was noticed compared to
LDH release at 75 ug/ml (P = 0.0004). NS — no statistical
significance; * Statistical significance (P < 0.05).

cells from the cytotoxicity of AMB, as determined by almost
85% reduction in LDH levels [AMB = (7.40 + 0.36) % cyto-
toxicity, ND-AMB = (1.09 + 0.74) % cytotoxicity, P = 0.001].
And at higher concentration (150 ug/ml) of AMB, significantly
higher LDH release was noticed compared to the LDH release
at 75 ng/ml [75 ng/ml of AMB = (7.40 £ 0.36) % cytotoxicity,
150 pg/ml of AMB = (16.10 + 0.53) % cytotoxicity,
P = 0.0004], which indicated dose-dependence. However,
there was no increase in LDH release when cells were incu-
bated with a higher concentration (150 ug/ml) of ND-AMB
[75 pg/ml of ND-AMB = (1.09 + 0.74) % cytotoxicity,
150 pg/ml of ND-AMB = (—0.48 + 1.12) % cytotoxicity,
P = 0.29].

CBF in vitro

CBF is an important component of mucociliary clearance
and to determine whether AMB or ND-AMB deteriorate
CBF, the drug was applied to the apical membranes and
compared to corresponding vehicle controls. CBF was
measured about 15 min after exposure to 75 pg/ml of
AMB or ND-AMB. There was no difference in CBF among
three groups [Control = (1.33 + 0.04) CBF fold changes;
AMB = (1.35 + 0.44) CBF fold changes; ND-
AMB = (1.34 £ 0.44) CBF fold changes, P = 0.96] (Fig. 4).

In vitro potency of ND-AMB

Dramatically decreased expression of A. fumigatus 18S
rRNA was noted with 4 h exposure of 50 pg/ml of AMB and
10 ug/ml and 50 pg/ml of ND-AMB compared to controls
(PBS and DMSO) and 10 ug/ml of AMB (Fig. 5) (P < 0.0001).
The dose-dependent rRNA expression profiles for both AMB
(10 pg/ml vs 50 ng/ml) and ND-AMB (10 pug/ml vs 50 pug/ml)

were observed, reflected the killing effect of the drugs. At
lower concentration (the dose of 10 ug/ml), much smaller
expression profiles of A. fumigatus 18S rRNA were observed
from ND-AMB compared to AMB (P < 0.0001): ND-AMB was
significantly more potent than AMB at lower dose. At higher
concentration (the dose of 50 ug/ml), there was no statis-
tical significance in RNA expression profiles between AMB
and ND-AMB: ND-AMB was as potent as AMB at higher dose
(P < 0.0001).

Discussion

An estimated 1.5 million fungal species inhabit Earth,
with the vast majority poorly described or undiscov-
ered." Fungal rhinosinusitis (FRS) has emerged as a major
challenge and the incidence of mycotic infections,
number, and diversity of pathogenic fungi involved in the
disease have increased dramatically in recent years with
the use of newer and more potent chemotherapeutic
agents and regimens.®'”2° |t has been stated that
quality of life is significantly inferior in patients with
fungal rhinosinusitis as compared with the general pop-
ulation and is even poorer in patients with extensive and
recurrent disease with multiple disabilities and high
distress in day-to-day lives.?" For individuals with inva-
sive fungal infection, AMB remains a clinically imperative
treatment option even after 60 years on the market.”
This is because AMB has several crucial advantages over
other classes of antifungal agents: 1) broad-spectrum
activity against a wide range of medically relevant
fungal species, and 2) virtually no resistant pathological
strains have developed. In contrast, resistance to azole
and echinocandin antifungal drugs is now a serious
concern making AMB an ideal therapy for patients with
invasive fungal infections.??"?* However, AMB exhibits
significant side effects such as nephrotoxicity, electro-
lyte abnormalities, and infusion reactions.

Oda et al® have developed a novel formulation of ND
containing super aggregated AMB for the treatment of
fungal infections. The ND drug-delivery vehicle is a complex
consisting of a scaffold protein, apolipoprotein A-1 (ApoA-1),
a phospholipid bilayer (PL), and AMB. Prior work has
demonstrated that drugs incorporated into the ND delivery
vehicle are fully solubilized and retain bioactivity compared
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Antifungal property of ND-AMB against A. fumigatus At the dose of 10 pug/ml, much smaller expression profiles of A.

fumigatus 18S rRNA were observed from ND-AMB (n = 3) compared to AMB (n = 3) (P < 0.0001): ND-AMB was significantly more
potent than AMB at lower dose. At higher concentration (the dose of 50 ug/ml), there was no statistical significance in RNA
expression profiles between AMB (n = 3) and ND-AMB (n = 3): ND-AMB was as potent as AMB at higher dose (P < 0.0001). NS — no

statistical significance; * Statistical significance (P < 0.05).

to other forms of the drug. In those studies, ND-AMB loaded
with AMB had high antifungal potency and was a highly
efficacious treatment for invasive candidiasis in mice.’
Topical delivery of AMB into the sinuses may have signifi-
cant advantages over intravenous infusion including the
avoidance of adverse effects. However, safety remains an
important consideration in topical drug delivery into the
sinuses, particularly as it relates to the integrity of the
epithelium and its ion transport properties, which plays an
important role in host defense. Introducing a novel thera-
peutic to the treatment of FRS that does minimal damage to
the human nasal epithelium would vastly expand the cur-
rent treatment options. The goal of the present study was to
determine in vitro whether ND-AMB was less disruptive to
sinonasal epithelium than existing AMB with maintaining
antifungal property. We observed that ND-AMB protected
nasal epithelial cells from the cytotoxicity of AMB, as
determined by reduction in cell membrane permeability and
almost 85% reduction in lactate dehydrogenase (LDH) levels
and maintained antifungal property in this in vitro model.
AMB induced cellular toxicity in the human nasal
epithelia in vitro model. At 75 ug/ml of AMB, LDH release
was 6.8 time higher than LDH release after exposure to the
same concentration of ND-AMB. The commercially available
concentration of AMB solution is 100 pug/ml, which is the
most commonly recommended concentration for patient
use in sinus irrigation. A pilot study by Shirazi et al?®
demonstrated that amphotericin B solution (100 pg/ml)
was ineffective in killing fungi in vitro over a 6-week
period. Concentrations of 300 pg/ml and 200 pg/ml had
fungicidal effect on 10 fungi commonly found in patients
with fungal-related CRS after 5 and 6 weeks of treatment,
respectively. They suggested that higher concentrations of
topical amphotericin B need to be tested for efficacy.
However, based on our findings, it is highly likely that those
concentrations are significantly toxic to airway epithelial
cells and thus requires further investigation. Regarding the
underlying mechanism, the ratio of AMB to phospholipid
bilayer (PL) was identified as an important modulator of
protective activity. ND-AMB with a low AMB to PL ratio

reduced permeability of the epithelium and therefore it
appears that ND extracts AMB from the plasma membrane,
rather than simply blocking electrically conductive chan-
nels (pores) by vehicles. Burgess et al® showed the ability of
ND-AMB to restore membrane resistance that had been
previously compromised by exposure to AMB. We have also
demonstrated that an AMB formulation composed of super
aggregated AMB contained within the ND drug-delivery
bioparticle has potency against A. fumigatus equivalent
to the AMB formulation. It seems that ND-AMB is a highly
efficacious treatment for FRS.

This novel therapy has important applications in FRS as
there are no clinically effective topical fungal therapies
currently available, especially in patients with IFS. Further
studies should be performed to determine the efficacy of
topical ND-AMB irrigation in in vivo animal models with
fungal rhinosinusitis, and to measure any advantages of this
approach.

Conclusions

ND-AMB protects human nasal epithelia membranes from
AMB toxicity by reducing apical cell K permeability and
LDH release while maintaining uncompromised antifungal
property compared to AMB. Topical delivery of ND-AMB into
the sinonasal epithelium could expand the current treat-
ment options for FRS as there are no clinically effective
topical fungal therapies available.
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