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ABSTRACT Invasive fungal diseases cause millions of deaths each year. There are
currently approximately 300,000 acute cases of aspergillosis, most of which result
from a pulmonary infection of immunocompromised patients by the common soil
organism and opportunistic pathogen Aspergillus fumigatus. Patients are treated with
antifungal drugs, such as amphotericin B (AmB). However, AmB has serious limitations
due to human organ toxicity. AmB is slightly less toxic if loaded in liposomes, such as
AmBisome or AmB-loaded liposomes (AmB-LLs). Even with antifungal therapy, recurrent
infections are common, and 1-year fatality rates may exceed 50%. We have previously
shown that coating AmB-LLs with the extracellular oligomannan-binding domain of the
C-type lectin receptor Dectin-2 (DEC2-AmB-LLs) effectively targets DEC2-AmB-LLs to cell
walls, exopolysaccharide matrices, and biofilms of fungal pathogens in vitro. In vitro,
DEC2-AmB-LLs reduce the effective dose of AmB for 95% inhibition and killing of A.
fumigatus 10-fold compared to that of untargeted AmB-LLs. Herein we tested the anti-
fungal activity of DEC2-AmB-LLs relative to that of untargeted AmB-LLs in immunosup-
pressed mice with pulmonary aspergillosis. Remarkably, DEC2-AmB-LLs bound 30-fold
more efficiently to A. fumigatus at sites of infection in the lungs. Furthermore, Dectin-2-
targeted liposomes delivering AmB at a dose of 0.2mg/kg of body weight significantly
reduced the fungal burden in lungs compared to results with untargeted AmB-LLs at
0.2mg/kg and micellar voriconazole at 20mg/kg and prolonged mouse survival. By dra-
matically increasing the efficacy of antifungal drugs at low doses, targeted liposomes
have the potential to create a new clinical paradigm to treat diverse fungal diseases.

IMPORTANCE Invasive aspergillosis (IA) generally results from a pulmonary infection
of immunocompromised patients by the common soil organism and opportunistic
pathogen Aspergillus fumigatus. The susceptible population has expanded rapidly
due to the increased number of cancer patients with immunocompromising chemo-
therapy and transplant patients taking immunosuppressants. Patients are treated
with antifungals, such as liposomal amphotericin B, with per-patient costs exceeding
$50,000 in the United States. However, AmB has serious side effects due to host tox-
icity, which limits its usage and contributes to the lack of fungal clearance in
patients at safe doses. Fifty percent of IA patients die within a year. Herein, we
employed liposomal amphotericin B coated with the innate immune receptor
Dectin-2 to direct antifungals specifically to the fungal pathogen. Using two mouse
models of pulmonary aspergillosis, we demonstrate that Dectin-2-targeted delivery
of amphotericin B to A. fumigatus resulted in remarkably higher efficacy than that of
the untargeted antifungal formulations.
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A. fumigatus is the principal causative agent of invasive aspergillosis, one of the
four most common life-threatening fungal diseases. This fungus is ubiquitous,

being found in soil, compost, homes, and work places. Globally, there are estimated to
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be approximately 300,000 acute cases of aspergillosis each year (1). In 2017, aspergil-
losis accounted for 17% of the U.S. costs to treat fungal infections (2). Patients at the
greatest risk of developing life-threatening pulmonary aspergillosis generally have
weakened immune systems and/or have various lung diseases. Three first-line clinical
treatments are approved for invasive pulmonary aspergillosis: micellar voriconazole
(VRZ in Vfend), isavuconazole, and liposomal amphotericin B (AmB in AmB-loaded
liposomes [AmB-LLs] or AmBisome) (3). However, even with the current antifungal
therapy, the fatality rates at the 1-year survival point may exceed 50%. Liposomal
AmB formulations, such as AmBisome or AmB-LLs, penetrate more efficiently into
various organs and show less nephrotoxicity or infusion toxicity at higher doses of
AmB than do the detergent-solubilized micellar formulations (4–6). Yet, packaged in
liposomes or not, AmB is used for short-term treatment due to its renal toxicity at
effective doses.

We recently developed a potentially transformative technology that uses the car-
bohydrate recognition domains of C-type lectin receptors, Dectin-1 and Dectin-2, for
the pan-antifungal targeting of drug-loaded liposomes to fungal beta-glucan or
alpha-mannan oligosaccharides (7–9). Dectin-targeted liposomes bind specifically to
the cell walls and secreted exopolysaccharide matrices of evolutionally diverse fungal
pathogens, including Aspergillus fumigatus, Candida albicans, and Cryptococcus neo-
formans (7). Dectin-2-coated AmB-loaded liposomes (DEC2-AmB-LLs) bind to the exo-
polysaccharide secreted from A. fumigatus (Fig. 1). DEC2-AmB-LLs bind orders of
magnitude more efficiently to A. fumigatus at all developmental stages, including
conidia, germlings, and hyphae, than do untargeted liposomes, AmB-LLs (7, 8).
Accordingly, DEC2-AmB-LLs inhibit and/or kill A. fumigatus 10- to 90-fold more effi-
ciently in vitro (7, 8).

The goal of this study is to assess the efficacy of Dectin-2-coated liposomal AmB in
mouse models of pulmonary aspergillosis. Here, we employed both steroid and neutro-
penic mouse models of immunosuppression (see Fig. S1 in the supplemental material).
Immunosuppressed mice were infected with A. fumigatus conidia via oropharyngeal
delivery and subsequently treated with DEC2-AmB-LLs, AmB-LLs, or liposome dilution
buffer. The efficacy of the treatment regimen was analyzed by measuring fungal cell
binding in the lungs, fungal burden in the lungs, and the rates of mouse survival.

First, we tested for the potential preferential binding of DEC2-AmB-LLs to fungal
cells in the infected lungs of neutropenic mice relative to that of AmB-LL. Mice infected
with A. fumigatus on day 0 (D0) were given an oropharyngeal treatment with lipo-
somes at day 1 postinfection (D1). The lungs were harvested at 48 h postinfection (D2).
Sections taken from the dissected lungs were stained for fungal cell wall chitin and
examined directly by epifluorescence microscopy. We observed multiple infection sites
with extensive hyphal growth of approximately 200 to 500mm in diameter in about
half of the lung sections examined (Fig. 1B and C; Fig. S2). Significant amounts of rho-
damine-labeled DEC2-AmB-LLs were observed in association with fungal cells in
approximately 25% of the infection centers examined. When detected, DEC2-AmB-LLs
appeared to be in patches within the infection sites and not bound directly to fungal
cells themselves (Fig. 1B, D, and E; Fig. S2C and S2D), consistent with previous in vitro
evidence that they bind primarily to the exopolysaccharide matrix (7). In contrast,
AmB-LLs were barely detectable in various infection sites (Fig. 1C; Fig. S2A and S2B). In
those infection sites in which liposomes were detected, the density of DEC2-AmB-LLs
was 30-fold higher than the density of AmB-LLs (Fig. S2E). In summary, targeted lipo-
somes are preferentially concentrated at sites of infection.

We next examined the reduction in fungal burden in the lungs after liposome treat-
ment. Under the steroid model of immunosuppression, mice were infected with 106

conidia on D0 and treated on D1 with DEC2-AmB-LLs or AmB-LLs delivering 0.2mg
AmB/kg of body weight. The liposome dilution buffer was given to the control group.
On D4, the mice were euthanized and the lung tissues were homogenized. DEC2-AmB-
LL-treated mice showed a significant 8.3-fold reduction in the average number of fungal
CFUs in lung tissue relative to the number in AmB-LL-treated mice (P=0.022) (Fig. 2).

Ambati et al. ®

January/February 2021 Volume 12 Issue 1 e00030-21 mbio.asm.org 2

https://mbio.asm.org


When fungal burden was assayed based on the amount of the A. fumigatus ribosomal
DNA (rDNA) intergenic transcribed spacer (ITS) region using quantitative PCR (qPCR),
there was a significant 22-fold reduction in fungal burden for DEC2-AmB-LL-treated mice
relative to the burden in AmB-LL-treated mice (P=1.2� 10211) (Fig. 2B). We noted that
the steroid model was problematic in our setting, as approximately 20% of the mice
died on D1 or D2 regardless of the treatment regimen from what appeared to be exacer-
bated lung inflammation. These mice were dropped from the analysis. Hence, the follow-
ing work was performed with a neutropenic model of immunosuppression.

Infected neutropenic mice were treated on D1 with either AmB-LLs or DEC2-AmB-
LLs delivering 0.2mg AmB/kg or liposome dilution buffer (Fig. S1). On D4, the mice
were assayed for fungal burden. Mice treated with DEC2-AmB-LLs showed a significant
12-fold reduction in the number of lung CFUs (P=0.0057) and a 42-fold reduction in
the amount of the fungal rDNA ITS (P=0.0085) relative to those in AmB-LL-treated

FIG 1 Dectin-2-coated amphotericin B-loaded liposomes (DEC2-AmB-LLs) bind A. fumigatus. (A)
Model of DEC2-AmB-LL binding to the exopolysaccharide of A. fumigatus. AmB (blue ovoid structure)
is amphiphilic. Its hydrophobic end is intercalated into the lipid bilayer of liposomes, as in AmBisome.
Dectin-2 (green globular structure) coupled to the lipid carrier as 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-polyethylene glycol-DEC2 (DSPE-PEG-DEC2). Two Dectin-2 monomers must
float together and form dimers to bind to fungal cell wall mannans (red sugar moieties). Red
fluorescent N-(fluorescein-5-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(DHPE)-rhodamine B (red star) was inserted into the liposomal membrane for visualization of the
liposomes. This diagram is modified from those in the work of Ambati et al. (8) and Gow et al.
(24). (B to E) High concentrations of DEC2-AmB-LLs (DLLs) in panels B, D, and E, but not of
untargeted AmB-LLs (LLs) in panel C, were observed in fungal infection sites. Calcofluor white-
stained fluorescent fungal cells were imaged in green and rhodamine B-tagged fluorescent
liposomes in red. These images are representative of dozens of infection sites in which liposomes
were detected in the various lungs examined. Three mice were in each treatment group, and all
six lungs examined showed significant levels of infection. Replicate images and quantification are
presented in Fig. S2 in the supplemental material. Hyp, hyphae.
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FIG 2 Compared to AmB-LLs, DEC2-AmB-LLs were markedly more effective at reducing fungal
burden in the lungs and extending mouse survival. (A to F) Fungal burden in the lungs following
liposome treatments delivering 0.2mg/kg AmB. (A and B) Fungal burden assessment in the steroid
model of immunosuppression. (A) Scatter bar plots compare the average numbers of CFUs per lung

(Continued on next page)
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mice (Fig. 2C and D). Biological replicates of the fungal burden experiments gave simi-
lar results. In summary, in either the steroid or the neutropenic model of pulmonary
aspergillosis, Dectin-2-targeted liposomal AmB significantly improved the efficacy of
the drug at reducing lung fungal burden.

Given that VRZ is also used clinically as a front-line therapy against aspergillosis, we
compared VRZ and DEC2-AmB-LLs in our setting. VRZ (20mg/kg) in a micellar formula-
tion (Vfend) delivered twice daily is as effective as AmB (5mg/kg) in AmBisome delivered
once daily in a 2-day therapy to achieve a 90% reduction in fungal burden in the lungs
in a steroid mouse model of pulmonary aspergillosis (10). Here, we performed a relatively
parallel experiment but used a much lower dose of AmB. We gave neutropenic mice
VRZ (20mg/kg) in a micellar formulation twice daily and AmB (0.2mg/kg) in DEC2-AmB-
LLs once daily, each for 2 days. The drop in the fungal burden of the DEC2-AmB-LL
group relative to that of animals given the buffer control was estimated to be 148-fold
(P=0.00024) by CFU counts and 377-fold (P=3.3� 1026) based on qPCR (Fig. 2E and F).
As expected, treatment with two doses of DEC2-AmB-LLs was more effective at reducing
fungal burden than treatment with one dose (Fig. 2C and D). Remarkably, relative to mi-
cellar VRZ at 20mg/kg, DEC2-AmB-LLs delivering 0.2mg/kg AmB further reduced the
fungal burden 104-fold (P=0.00010) based on CFUs and 13-fold (P=3.0� 1025) based
on qPCR (Fig. 2E and F). In short, the targeting of a low dose of liposomal AmB to
Aspergillus significantly improved drug performance compared to that of untargeted
VRZ.

To examine if reduced fungal burden correlates with prolonged host survival, we
performed the animal infection and treatment study similarly to the aforementioned
fungal burden studies except for the following changes: (i) mice were treated with cy-
clophosphamide and triamcinolone every 5 days to maintain immunosuppression
(Fig. S1), (ii) mice were inoculated with 2� 106 conidia, and (iii) mice were treated with
liposomes delivering 0.2mg AmB/kg at both D1 and D2. Animal survival was moni-
tored until D24. All 12 mice in the control group died by D4, with an average survival
time of 3.25days (Fig. 2G). AmB-LL treatment resulted in an average mouse survival time
of 6.9 days, with one of the 12 mice surviving to D24. Remarkably, DEC2-AmB-LL treat-
ment increased the average survival time to 18.4days (P=5.7� 1024), with 7 of the 12
mice showing no sign of sickness at D24 (Fig. 2E). Biological replicates of this experiment
gave similar results (Fig. 2H) (P=0.0047).

In a previous study, AmB-LLs coated with the monoclonal 34A targeting host pul-
monary capillary cells delivering 2mg AmB/kg, but not 1mg/kg, reduced lung fungal
burden 2-fold and improved mouse survival relative to that of mice given AmB-LLs
(11). We speculate that the specific targeting of DEC2-AmB-LLs to the fungal pathogen
itself rather than the host lung tissue contributed to the significantly higher efficacy
that we observed here at much lower AmB doses than reported for 34A-AmB-LLs.

In brief, relative to untargeted AmB-LLs, DEC2-AmB-LLs bound more efficiently to

FIG 2 Legend (Continued)
for the three treatment groups (buffer control, AmB-LLs, and DEC2-AmB-LLs), with data points
showing the values for individual mice. (B) The relative quantity (RQ) of the A. fumigatus rDNA
intergenic spacer was determined by qPCR of lung homogenate from the same mice. (C and D)
Fungal burden assessment in the neutropenic model of immunosuppression. (C) Numbers of CFUs
per lung for the three treatment groups. (D) The relative quantity of the A. fumigatus rDNA intergenic
spacer was determined by qPCR of the lung homogenates from the same mice. (E and F) Fungal
burdens are compared among neutropenic mice receiving two doses of 20-mg/kg VRZ and one dose
of either 0.2-mg/kg AmB in DEC2-AmB-LLs or control buffer on D1 and D2. (E) Numbers of CFUs per
lung. (F) Relative quantities of A. fumigatus rDNA from the same mice. (G and H) Targeted DEC2-AmB-
LLs significantly improved mouse survival relative to that of mice receiving untargeted AmB-LLs.
Neutropenic mice infected with A. fumigatus were treated twice with DEC2-AmB-LLs or AmB-LL
delivering 0.2mg AmB/kg or liposome dilution buffer. Mouse survival was monitored for 24 days
postinfection following the regimen displayed in Fig. S1 in the supplemental material. (B) The results
from two representative experiments show the percentage of mice surviving plotted against numbers
of days postinfection. Twelve mice were included in each treatment group in panel E and 6 mice per
treatment group in panel F. Standard errors, fold differences, and P values are indicated for most
comparisons.
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fungal infection sites in the lungs and showed much higher efficacy in treating murine
aspergillosis based on both lung fungal burden and animal survival rates. Targeted
antifungal drug delivery increases efficacy at significantly lower doses of AmB. This
should reduce drug toxicity and increase patient safety, leading to improved out-
comes, particularly for patients infected with azole-resistant strains. It is our conviction
that targeting of antifungal drugs to fungal cells will have pan-antifungal applications
against diverse fungal diseases, including candidiasis, cryptococcosis, fungal keratitis,
histoplasmosis, and onychomycosis (7, 12).

Strains and growth conditions. A. fumigatus CEA10 (13, 14) is a clinical isolate
commonly employed in mouse models of pulmonary aspergillosis (15). Conidia were
prepared by growing cells for 6 days at 37°C on 1.5% agar plates containing Vogel’s
minimal medium (VMM) plus 1% glucose (16) plus 100mg/ml each of kanamycin and
ampicillin. Conidia were harvested in phosphate-buffered saline (PBS) plus 0.05%
Tween 20, filtered through a sterile 40-mm nylon mesh filter (Fisher Scientific catalog
[cat.] no. 22363547), and settled at 1� g overnight to concentrate conidia. Cell density
was determined in a hemocytometer, and conidia were stored at 4°C. Germination
rates in vitro were close to 100%. Conidia were diluted to desired concentrations in
PBS and vortexed just prior to being delivered to mice.

Seven- to 8-week-old outbred female CD1 (CD-1 IGS) Swiss mice were obtained
from Charles River Laboratories. Mice were maintained in UGA’s Animal Care Facility.
All mouse protocols met guidelines for the ethical treatment of nonhuman animals
outlined by the U.S. Federal Government (17) and UGA’s Institutional Animal Care and
Use Committee (AUP no. A2018 12-009).

Immunosuppression. In the steroid model, mice were immunosuppressed with
the synthetic steroid triamcinolone acetonide (TC). In the neutropenic immunosup-
pression model, mice were treated with the antimetabolite cyclophosphamide (CP) in
addition to TC (Fig. S1). A cyclophosphamide (Cayman cat. no. 13849) stock of 35mg/
ml was prepared in saline, pH 7.4, filter sterilized, and delivered subcutaneously at
175mg/kg. A triamcinolone (Millipore Sigma; cat. no. T6376) stock of 40mg/ml was
prepared in dimethyl sulfoxide (DMSO) and stored at 4°C. This stock was diluted
approximately 1:4 (vol/vol) in distilled water to prepare 100ml of an aqueous suspen-
sion just prior to subcutaneous injection of 40mg/kg. For assays of fungal burden in
the steroid model, mice were given 40mg/kg TC (18) on day 21 (D–1) (Fig. S1). Under
the neutropenic model, mice were given 175mg/kg CP on D–3 and then 40mg/kg TC
on D–1 (19). For mouse survival studies, neutropenic-model mice were also given sub-
sequent injections using the same doses of CP and TC spaced 5 days apart (19).

Infection. Immunosuppressed mice were infected by oropharyngeal aspiration (20)
of a 50-ml aliquot of 1� 106 to 3� 106 conidia in PBS on D0 (Fig. S1; Fig. 2). Mice that
showed severe lethargy or lost 20% of their body weight were euthanized.

Liposomes. Nonpegylated AmBisome contains 11 mol% AmB relative to moles of
lipid. Our pegylated equivalents, AmB-LLs and DEC2-AmB-LLs, each contained 11 mol
% AmB and 2 mol% of the red fluorescent dye rhodamine B and were prepared as
described previously (7, 8). We chose pegylated liposomes because of their greater in
vivo stability (21). DEC2-AmB-LLs contained 1 mol% Dectin-2 tethered to the liposomal
membrane by a lipid carrier. Liposomal AmB was delivered in a volume of 50ml by oro-
pharyngeal aspiration. Voriconazole was prepared in a micellar formulation for intrave-
nous injection as described for Vfend (Pfizer Japan Inc., Tokyo, Japan; http://labeling
.pfizer.com/ShowLabeling.aspx?id=618). As such, each mouse (;30 g) received 0.6mg
of voriconazole (20mg/kg; Thermo Fisher) and 9.6mg of sulfobutyl ether beta-cyclo-
dextrin sodium (SBECD; Millipore Sigma) dissolved in 120ml sterile water by retro-or-
bital injection into the sinus venosus.

Liposome binding to infection sites in the lungs. Neutropenic mice infected with
3� 106 conidia were given an oropharyngeal treatment with rhodamine-tagged DEC2-
AmB-LLs or AmB-LLs at 24h postinfection. Three mice were in each treatment group. The
DEC2-AmB-LL sample delivered to each mouse contained 25mg of Dectin-2 in 50ml, and
the AmB-LL sample was diluted equivalently. Forty-eight hours postinfection, the mice
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were euthanized and lungs were harvested and rinsed in PBS. Hand-cut sections of
approximately 1-mm thickness of the freshly harvested lungs were stained for 30min
with calcofluor white and washed twice in PBS. The 25mM stock of calcofluor white
(Blankophor BBH SV-2560; Bayer, Corp.) (5mg in 218 ml of DMSO stored in the dark at
4°C) was diluted 1:1,000 into PBSplus 5% DMSO for fungal chitin staining. Tissue sections
were pressed flat with a glass coverslip and examined under a Leica DM 6000 automated
upright epifluorescence microscope. Chitin staining was photographed in the DAPI chan-
nel ex360/em470 (exposure time, 0.8 s) and falsely colored in green, while rhodamine-la-
beled liposome staining was photographed in the red fluorescent protein (RFP) channel
ex560/em645 (exposure time, 0.4 s). Tiff images were recorded using a Hamamatsu
ORCA-ER digital camera (model no. C4742-80-12AG). The area of red fluorescent liposome
binding was estimated by moving the red channel from original Tiff images into ImageJ,
converting them to an 8-bit black-and-white format, selecting “adjust.threshold,” and
adjusting the captured area to match that in the red image area.

Measurement of fungal burden. Fungal burden was estimated in excised lungs on
D4. Six animals were in each treatment group. Lungs were weighed and minced into
pieces of approximately 1 mm3, mixed, and aliquoted into 25-mg samples.

(i) CFU. Twenty-five milligrams of lung tissue was homogenized for 60 to 90 s in
200 ml of PBS using a hand-held homogenizer (Kimble; cat. no. 749540-0000) with a
blue plastic pestle (Kimble; cat. no. 749521-1500). The homogenate was spread evenly
by shaking it with sterile 3-mm glass beads on YPD (yeast extract, peptone, and dex-
trose) agar plates containing kanamycin and ampicillin (100mg/ml each). After a 15-h
incubation at 37°C, the number of colonies (;200 to 300mm in diameter) were
counted from the bottom of the plate on an EVOS imaging system at �4 magnifica-
tion, with 10 to 100 fields per CFU measurement. The average number of CFU for each
lung was corrected for the area of the entire plate relative to each microscopic field
and the weight of each lung. In the case of mice treated twice with DEC2-AmB-LLs, the
CFU counts were so low that mature colonies were counted after 24 h of incubation.

(ii) qPCR. DNA was extracted from 25-mg parallel samples from each lung using
Qiagen’s DNeasy blood and tissue kit (cat. no. 69504). As per the manufacturer’s instruc-
tions, the tissue was mixed with 180ml of buffer ATL and 20ml proteinase K. At this
point, the protocol was modified to break fungal cell walls by adding glass beads and
shaking the sample in a bead beater (Retsch MM300 laboratory mill) at the moderate
speed for 10min at room temperature. The homogenate contained some floating lipid,
which was filtered out by passage through a Qiagen Shredder spin column (cat. no.
79654). At this point, we returned to the manufacturer’s protocol for DNA preparation
beginning with the recommended 56°C incubation for 10min. We typically obtained
25mg of total DNA from 25mg of lung tissue. qPCR was used to estimate the amount of
A. fumigatus rDNA ITS sequence in 100 ng of total DNA. qPCR was performed using
Bio-Rad’s CFX96 real-time system and SYBR green master mix (Applied Biosystems
cat. no. 4309155). Cycle conditions included an annealing temperature of 50°C for
2min, a melting temperature of 95°C for 2min, and 45 cycles at 95°C for 15 s and 60°C for
1min. The primer pair (Af18SrRNA2S forward primer, 59-GGATCGGGCGGTGTTTCTATGA,
and Af18SrRNA2A reverse primer, 59-TTCTTTAAGTTTCAGCCTTGCGACCAT) yielded no de-
tectable product even after 45 cycles of PCR when DNA from uninfected mouse lung tis-
sue was examined. The relative quantity (RQ) of A. fumigatus rDNA was determined by
normalizing all threshold cycle (CT) values to the lowest CT value determined for an
infected control lung using the DCT method (22).

Data availability. Data were recorded and managed in Excel (v. 16.16.27).
Student’s two-tailed t test was used to estimate P values (23). Line graphs and scatter
bar plots were prepared in Graph Pad Prism 9 (v. 9.0.0).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.3 MB.
FIG S2, PDF file, 0.2 MB.

Targeted Antifungal Liposomes against Aspergillosis ®

January/February 2021 Volume 12 Issue 1 e00030-21 mbio.asm.org 7

https://mbio.asm.org


ACKNOWLEDGMENTS
We thank our UGA colleagues Michelle Momany for discussions concerning A.

fumigatus, Douda Bensasson for discussion of qPCR methods for assaying fungal cell
populations, and Bradley Phillips for discussions of the current problems concerning
the clinical treatment of invasive fungal diseases. We are grateful to Robert A. Cramer
from Dartmouth University for generous instruction on the neutropenic and steroid
immunosuppression mouse models and to Crystal Fricks and Crystal Jackson of
Abeome Corp. (Athens, GA) for training us in the mouse oropharyngeal delivery
method.

S.A., E.C.E., and R.B.M. received funding from the University of Georgia Research
Foundation, Inc. (UGARF), R.B.M. and Z.A.L. received funding from the National
Institutes of Health, NIAID (grants R21AI144498 and R21AI148890), and RBM from the
Georgia Research Alliance Ventures, and T.P. and X.L. received funding from the
University of Georgia. These funding agencies are not responsible for the content of
this article.

We have no financial or ethical conflicts of interest that might influence the
publication of this work.

REFERENCES
1. Bongomin F, Gago S, Oladele RO, Denning DW. 2017. Global and multi-

national prevalence of fungal diseases—estimate precision. J Fungi
(Basel) 3:57. https://doi.org/10.3390/jof3040057.

2. Benedict K, Jackson BR, Chiller T, Beer KD. 2019. Estimation of direct
healthcare costs of fungal diseases in the United States. Clin Infect Dis
68:1791–1797. https://doi.org/10.1093/cid/ciy776.

3. Russo A, Tiseo G, Falcone M, Menichetti F. 2020. Pulmonary aspergillosis:
an evolving challenge for diagnosis and treatment. Infect Dis Ther
9:511–524. https://doi.org/10.1007/s40121-020-00315-4.

4. Dupont B. 2002. Overview of the lipid formulations of amphotericin B. J
Antimicrob Chemother 49(Suppl 1):31–36. https://doi.org/10.1093/jac/49
.suppl_1.31.

5. Tonin FS, Steimbach LM, Borba HH, Sanches AC, Wiens A, Pontarolo R,
Fernandez-Llimos F. 2017. Efficacy and safety of amphotericin B formula-
tions: a network meta-analysis and a multicriteria decision analysis. J
Pharm Pharmacol 69:1672–1683. https://doi.org/10.1111/jphp.12802.

6. Chastain DB, Giles RL, Bland CM, Franco-Paredes C, Henao-Martinez AF,
Young HN. 2019. A clinical pharmacist survey of prophylactic strategies
used to prevent adverse events of lipid-associated formulations of
amphotericin B. Infect Dis (Lond) 51:380–383. https://doi.org/10.1080/
23744235.2019.1568546.

7. Ambati S, Ferarro AR, Kang SE, Lin J, Lin X, Momany M, Lewis ZA, Meagher
RB. 2019. Erratum for Ambati et al., “Dectin-2-targeted antifungal lipo-
somes exhibit enhanced efficacy.” mSphere 4:e00121-19. https://doi.org/
10.1128/mSphere.00121-19.

8. Ambati S, Ferarro AR, Kang SE, Lin J, Lin X, Momany M, Lewis ZA, Meagher
RB. 2019. Dectin-1-targeted antifungal liposomes exhibit enhanced effi-
cacy mSphere 4:e00025-19. https://doi.org/10.1128/mSphere.00025-19.

9. Meagher RB, Lewis ZA, Lin X, Momany M. July 2019. Targeted nanopar-
ticles and their uses related to fungal infections. US patent WO/2020/
146514.

10. Takemoto K, Yamamoto Y, Ueda Y, Kanazawa K, Yoshida K, Niki Y. 2009.
Comparative study on the efficacy of liposomal amphotericin B and vori-
conazole in a murine pulmonary aspergillosis model. Chemotherapy
55:105–113. https://doi.org/10.1159/000194661.

11. Otsubo T, Maruyama K, Maesaki S, Miyazaki Y, Tanaka E, Takizawa T,
Moribe K, Tomono K, Tashiro T, Kohno S. 1998. Long-circulating immuno-
liposomal amphotericin B against invasive pulmonary aspergillosis in
mice. Antimicrob Agents Chemother 42:40–44. https://doi.org/10.1128/
AAC.42.1.40.

12. Goyal S, Castrillon-Betancur JC, Klaile E, Slevogt H. 2018. The interaction
of human pathogenic fungi with C-type lectin receptors. Front Immunol
9:1261–1285. https://doi.org/10.3389/fimmu.2018.01261.

13. Fedorova ND, Khaldi N, Joardar VS, Maiti R, Amedeo P, Anderson MJ,
Crabtree J, Silva JC, Badger JH, Albarraq A, Angiuoli S, Bussey H, Bowyer P,

Cotty PJ, Dyer PS, Egan A, Galens K, Fraser-Liggett CM, Haas BJ, Inman JM,
Kent R, Lemieux S, Malavazi I, Orvis J, Roemer T, Ronning CM, Sundaram
JP, Sutton G, Turner G, Venter JC, White OR, Whitty BR, Youngman P,
Wolfe KH, Goldman GH, Wortman JR, Jiang B, Denning DW, Nierman WC.
2008. Genomic islands in the pathogenic filamentous fungus Aspergillus
fumigatus. PLoS Genet 4:e1000046. https://doi.org/10.1371/journal.pgen
.1000046.

14. Desoubeaux G, Cray C. 2018. Animal models of aspergillosis. Comp Med
68:109–123.

15. Desoubeaux G, Cray C. 2017. Rodent models of invasive aspergillosis due
to Aspergillus fumigatus: still a long path toward standardization. Front
Microbiol 8:841. https://doi.org/10.3389/fmicb.2017.00841.

16. Vogel HJ. 1956. A convenient growth medium for Neurospora crassa.
Microb Genetics Bull 32:42–43.

17. US Government. 2012. US Code, Title 7: Chapter 54—Transportation, sale,
and handling of certain animals. US Department of Agriculture, Washing-
ton, DC.

18. Clemons KV, Stevens DA. 2006. Efficacy of micafungin alone or in combi-
nation against experimental pulmonary aspergillosis. Med Mycol
44:69–73. https://doi.org/10.1080/13693780500148350.

19. Puttikamonkul S, Willger SD, Grahl N, Perfect JR, Movahed N, Bothner B,
Park S, Paderu P, Perlin DS, Cramer RA, Jr. 2010. Trehalose 6-phosphate
phosphatase is required for cell wall integrity and fungal virulence but
not trehalose biosynthesis in the human fungal pathogen Aspergillus
fumigatus. Mol Microbiol 77:891–911. https://doi.org/10.1111/j.1365
-2958.2010.07254.x.

20. De Vooght V, Vanoirbeek JA, Haenen S, Verbeken E, Nemery B, Hoet PH.
2009. Oropharyngeal aspiration: an alternative route for challenging in a
mouse model of chemical-induced asthma. Toxicology 259:84–89.
https://doi.org/10.1016/j.tox.2009.02.007.

21. van Etten EW, ten Kate MT, Stearne LE, Bakker-Woudenberg IA. 1995.
Amphotericin B liposomes with prolonged circulation in blood: in vitro
antifungal activity, toxicity, and efficacy in systemic candidiasis in leuko-
penic mice. Antimicrob Agents Chemother 39:1954–1958. https://doi
.org/10.1128/aac.39.9.1954.

22. Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2-DDCT method. Methods
25:402–408. https://doi.org/10.1006/meth.2001.1262.

23. Thompson HW, Mera R, Prasad C. 1998. A description of the appropriate
use of Student's t-test. Nutr Neurosci 1:165–172. https://doi.org/10.1080/
1028415X.1998.11747226.

24. Gow NAR, Latge JP, Munro CA. 2017. The fungal cell wall: structure, bio-
synthesis, and function. Microbiol Spectr 5:FUNK-0035-2016. https://doi
.org/10.1128/microbiolspec.FUNK-0035-2016.

Ambati et al. ®

January/February 2021 Volume 12 Issue 1 e00030-21 mbio.asm.org 8

https://doi.org/10.3390/jof3040057
https://doi.org/10.1093/cid/ciy776
https://doi.org/10.1007/s40121-020-00315-4
https://doi.org/10.1093/jac/49.suppl_1.31
https://doi.org/10.1093/jac/49.suppl_1.31
https://doi.org/10.1111/jphp.12802
https://doi.org/10.1080/23744235.2019.1568546
https://doi.org/10.1080/23744235.2019.1568546
https://doi.org/10.1128/mSphere.00121-19
https://doi.org/10.1128/mSphere.00121-19
https://doi.org/10.1128/mSphere.00025-19
https://doi.org/10.1159/000194661
https://doi.org/10.1128/AAC.42.1.40
https://doi.org/10.1128/AAC.42.1.40
https://doi.org/10.3389/fimmu.2018.01261
https://doi.org/10.1371/journal.pgen.1000046
https://doi.org/10.1371/journal.pgen.1000046
https://doi.org/10.3389/fmicb.2017.00841
https://doi.org/10.1080/13693780500148350
https://doi.org/10.1111/j.1365-2958.2010.07254.x
https://doi.org/10.1111/j.1365-2958.2010.07254.x
https://doi.org/10.1016/j.tox.2009.02.007
https://doi.org/10.1128/aac.39.9.1954
https://doi.org/10.1128/aac.39.9.1954
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1080/1028415X.1998.11747226
https://doi.org/10.1080/1028415X.1998.11747226
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
https://mbio.asm.org

	Outline placeholder
	Strains and growth conditions.
	Immunosuppression.
	Infection.
	Liposomes.
	Liposome binding to infection sites in the lungs.
	Measurement of fungal burden.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

