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Abstract

Combatting the ever-increasing threat from invasive fungal pathogens faces numerous fundamental
challenges, including constant human exposure to large reservoirs of species in the environment,
the increasing population of immunocompromised or immunosuppressed individuals, the
unsatisfactory efficacy of current antifungal drugs and their associated toxicity, and the scientific
and economic barriers limiting a new antifungal pipeline. DectiSomes represent a new drug
delivery platform that enhances antifungal efficacy for diverse fungal pathogens and reduces host
toxicity for current and future antifungals. DectiSomes employ pathogen receptor proteins — C-
type lectins — to target drug-loaded liposomes to conserved fungal cognate ligands and away from
host cells. DectiSomes represent one leap forward for urgently needed effective pan-antifungal
therapy. Herein, we discuss the problems of battling fungal diseases and the state of DectiSome
development.
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Combating lethal invasive fungal infections with DectiSomes
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1. Introduction

This review discusses the design and development of DectiSomes, a pan-antifungal drug
delivery system with exceptional potential to improve clinical outcomes for patients with
life-threatening fungal infections. DectiSomes are anti-infective drug-loaded liposomes
targeted to pathogenic cells by host receptor proteins that recognize diverse pathogens.
DectiSomes concentrate anti-infective drugs on fungal cells and reduce off-target drug
exposure of healthy organs, tissues, and host cells (Fig. 1). The long-term goals behind this
new technology are (1) to lower the effective systemic dose of antifungal drugs needed to
control fungal pathogens, (2) to decrease the frequency and duration of drug treatments,
(3) to overcome most forms of dose-dependent drug resistance and multidrug resistance by
increasing the local concentration of antifungals at infection sites, and (4) to reduce drug
toxicity to patients through combinations of the various properties of DectiSomes.

Before discussing DectiSomes (Section 3.0), we will summarize the complexity of problems
posed by invasive pathogenic fungi, including fungal cell properties that constrain antifungal
drug strategies and the limitations of current clinically-approved antifungal drugs. To place
some bounds on this enormous topic, we will focus most of our discussion on four common
pathogens causing aspergillosis, candidiasis, cryptococcosis, and mucormycosis: Aspergillus
fumigatus, Candida albicans, Cryptococcus neoformans, and Rhizopus delemar (ak.a., R.
oryzae).
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2. The public health threat posed by deadly invasive fungal infections

2.1 The human toll from invasive fungal infections

Globally, there are several million individuals with invasive fungal infections (IFls) and
approximately 1.5 million associated deaths annually [1,2,3,4,5,6]. Estimates of infected
global populations with ongoing acute invasive infections made in 2017 suggest there are
approximately 750,000 cases of candidiasis, 300,000 cases of aspergillosis, 220,000 cases
of cryptococcosis, and 900,000 cases of mucormycosis [2]. The COVID-19 pandemic has
driven a dramatic increase in invasive fungal infections caused by species of Candida,
Aspergillus, Cryptococcus, and Mucormycosis. The increase of IFIs by Covid-19 infections
is attributed in part by heavily compromised patients’ lungs and innate immune systems and
in part by the use of steroids to suppress tissue damage caused by anti-viral inflammation
[7,8,9,10,11]. Invasive mechanical ventilation used for severe cases is also well-correlated
with higher rates of fungal co-infections [12,13], although the cause-and-effect relationship
is hard to establish for patients with this advanced level of disease. Even before the impact
of the COVID-19 pandemic, the annual medical costs in the U.S. alone from invasive
candidiasis, aspergillosis, cryptococcosis, and mucormycosis, were estimated at 3 billion,
1.5 billion, 200 million, and 120 million dollars, respectively [14].

In addition to those with serious cases of COVID-19, patients at high risk of developing life-
threatening fungal infections include those with various other lung diseases and individuals
with weakened immune systems such as AIDS and diabetes patients. The at-risk population
has been steadily increasing for several decades due to growing numbers of patients on
immunosuppressants as part of their therapies for some cancers, for stem cell and organ
transplants, for medical device implants, and for inflammatory diseases [4,15]. Healthy
individuals can also acquire serious fungal infections such as coccidioidomycosis (valley
fever), histoplasmosis, blastomycosis, or cryptococcosis caused by Cryptococcus gatti,
which is responsible for the ongoing outbreak in the Pacific Northwest.

The mortality rates for these diseases, even after antifungal drug therapy, are high and
vary widely depending on the vulnerability of the patient population and medical resource
availability: (1) 46% to 75% for invasive candidiasis [3,16,17,18,19], (2) 30% to 95% for
pulmonary aspergillosis [3,15,18,20,21,22], (3) 10% to 90% for cryptococcal meningitis
[3,23,24,25], and (4) 20% to 99% for pulmonary mucormycosis even when combined with
surgery [26,27,28].

2.2 Fungi vs animals, a civil war between relatives

The fungal kingdom is estimated to have diverged from their last common ancestor

with animals about 1,100 to 1,200 million years ago (MYA)[29,30,31,32]. Although this
divergence is ancient, animals and fungi are the two most closely related kingdoms in the
tree of life. They have much in common, including highly conserved structures of their
organelles (e.g., lipid membranes, nucleus, endoplasmic reticulum, golgi, mitochondria, and
lysosomes) and a common basic gene set and its descending biochemistry (e.g. electron
transport chain, ribosomes, spliceosomes). Thus, we are not afforded the advantages given
to antibacterial drug development that can target more divergent cellular structures and
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biochemistry, which presents a major challenge for the development of antifungal drugs with
high selectivity.

Mammals have evolved hundreds of new genes and proteins in the innate and adaptive
immune systems many of which help restrict and/or clear fungal infections. Upon initial
fungal infection, the adaptive immune system produces low affinity fungal pathogen specific
antibodies, some of which recognize glycan and glycolipid components of cell walls and
exopolysaccharide matrices [33,34,35,36,37]. The production of pathogen specific high
affinity 1gG antibodies may take months. Although humoral adaptive immunity plays a role
in the battle against fungal pathogens, cell mediated innate and adaptive immunity play the
dominant role in controlling fungal infections [38,39,40].

Pathogen recognition receptors (PRRS) recognize fungal pathogens and signal the innate
immune response. Many PRRs are produced constitutively, while some are induced upon
infection. They are primarily expressed on the surface of dendritic cells. Their cognate
ligands are fungal oligoglycans, glycolipids, glycoproteins, or other fungal extracellular
components. There are more than two dozen members in the C-type-lectin (CTL) receptor
superfamily recognizing diverse oligoglycans with potential as targeting proteins [41].
Thirteen of the human CTL receptors recognize twenty genera of fungal pathogens,
essentially all of the best characterized fungal pathogens [42,43]. At the onset of this
project, the four C-type lectin receptors that we now study, Dectin-1, Dectin-2 (Mincle),
DC-SIGN, and Dectin-3 (MCL), were known to recognize 19, 7, 6 and 2 of these 20

genera (Table 2) [42]. The number of fungal species that are recognized by C type lectins

is currently underrepresented given the limited literature on less common fungal pathogens
and their extracellular carbohydrates. Toll-like receptors such as TLR2 and TLR4 also
recognize oligoglycans and lipopolysaccharides [44,45]. Upon binding to their cognate
ligands, these and other PRRs detect and signal the presence of an ongoing infection,
triggering innate resistance mechanisms [46,47]. It appears that PRRs are often concentrated
in plasma membrane microdomains (a.k.a. lipid rafts) of immune cells to enhance their
effectiveness [48]. Clustering of PRRs makes functional sense, because PRRs generally bind
their cognate fungal ligands most efficiently as homo- or heterodimers or multimers and may
act coordinately [49,50].

The highly evolved mammalian immune system is encoded by more than 1,600 genes

and composed of even more proteins due to the expression of different protein isoforms
[51,52]. Many of these genes are in gene families derived from gene duplication and
subsequent evolution of paralogs for specialized functions. For example, the C-type lectin
family members recognize different cognate glycan ligands, but are evolved from a

single ancient origin. For most individuals with healthy immune systems, this gene set is
sufficient to combat the daily exposure to invasive fungal pathogens. In addition, nutrient
immunity (e.g. restriction of free iron) provides additional protection from fungal infections
[53,54,55,56,57].

In comparison, fungal pathogens have smaller genome sizes and limited numbers of
virulence related genes (VRGSs) with which to resist the host immune system and/or to
attack animal hosts. There are obligate pathogens with contracted haploid genomes as
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small as 2.9 Megabase pairs (Mbp) harboring only approximately 3,000 protein-coding
genes, smaller than that of £. co/i[58]. Most opportunistic fungal pathogens, including
Candida, Aspergillus, Cryptococcus, and Mucor species such as Rhizopus, have haploid
genomes on the order of 20 to 50 Mbp, carrying approximately 7000 to 13,000 protein-
encoding genes. About 20% of their genomes likely encode essential genes and 10-20%
encode virulence-related genes [59,60,61]. That said, successful fungal pathogens have
evolved various mechanisms for evading and resisting host innate and adaptive immunity.
This includes phase transitions in Candida albicans and Coccidioides immitis, capsule
production in Cryptococcus neoformans, melanization in Aspergillus fumigatus, a-(1,3)-
glucan biosynthesis in some Histoplasma capsulatum isolates, and mycotoxin production in
Rhizopus delemarand Talaromyces marneffei. All these fungi produce degradative enzymes
(e.g., proteases, lipases) to assist their colonization and invasion. Their cell wall and
extensive extracellular matrices also present a formidable barrier for the host. These host-
resistance mechanisms, particularly in opportunistic fungal pathogens, may have evolved
under selective pressure in their natural ecosystems [62].

In addition, fungi have evolved various means to adapt to different environmental niches,
some of which make them highly successful in colonizing animal or human hosts. Here are
two examples. (1) Fungi use three fundamentally different methods to solubilize and take
up iron from their environment — electrochemical reduction of ferric (111) iron to ferrous (1)
iron, the chelation of ferric iron, or the extraction of heme bound iron— and there is a wide
variation in how these three mechanisms are employed [63,64,65]. The utilization of the
various mechanisms for managing iron appear to be distributed stochastically among both
ancient phyla in the fungal tree of life and even among recently diverged family members
such as C. albicansand S. cerevisiae [64,65,66]. (2) Sterols are incorporated into bilipid
membranes to impart membrane flexibility and fluidity. The property replacing cholesterol
with ergosterol in the bilipid cell membranes, which is often thought of as fundamental to
fungi and a common target of antifungal drugs, is in fact, only found in half of the fungal
phyla or subphyla [67]. Cholesterol, Stigmatast-7-enol, 24-ethyl cholesterol, are among
sterols employed instead of ergosterol. Which sterol is employed in the fungal membrane

is only partially correlated with fungal pathology [67]. Fortunately, most human fungal
pathogens synthesize and utilize ergosterol in their membranes and other forms of sterols are
close enough in structure to ergosterol, that we expect them to be similarly impacted by the
antifungal Amphotericin B (AmB).

2.3 Fungal pathogens are dispersed throughout the fungal tree of life.

The several million fungal species are separated into several phyla and perhaps 15 or more
subphyla. Some of these groups of fungi date their divergence from a common fungal
ancestor near to the origin of the fungal kingdom [29]. Furthermore, fungal pathogens

of animals/humans appear to have emerged numerous times among nearly all the various
fungal subphyla. Hence, within the fungal kingdom, fungal pathogens do not have a
common phylogenetic origin that distinguishes them from other members of the kingdom
[68]. Many opportunistic pathogens appear to have evolved first as degraders of plant
material and animal waste. For example, the basal subphyla Chytridiomycota (e.g., the
amphibian pathogen Batrachochytrium dendrobatidis) and Blastocladiomycota (e.g., the
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mosquito pathogens, Coelomomyces spp.) split off from the rest of the fungal tree as

much as 800 MYA, way before the emergence of insects and amphibians 360 to 500

MYA. The Saccharomycotina appear to have split off of the main fungal tree of life only
350 million years ago [29], which could have been concordant with the explosion in the
number of land animal hosts at that time. One of our investigated pathogens, C. albicans,

is classified as a commensal fungus associated with endothermic animals. As to our other
three pathogens of interest, A. fumigatus belongs to the subphylum Pezizomycotina (a sister
subphylum to the Saccharomycotina) in the phylum Ascomycota, C. neoformans belongs
to the subphyla Agaricomycotina in the phylum Basidiomycota, and R. delemarto the
subphyla Mucormycotina in the phylum Zygomycota, which split off from the main fungal
tree 350, 400, and 600 MYA, respectively [29]. In any case, it is clear that fungal pathogens
and “groups” of pathogens have ancient and diverse origins. They have had the time and
genetic potential to evolve distinct and sometimes convergent strategies of virulence to
different animal hosts.

2.4 Environmental reservoirs of fungal pathogens

Knowledge about environmental reservoirs of opportunistic fungal pathogens can be used

to limit the exposure of high-risk individuals to pathogens, assist diagnosis, or restrict the
emergence of drug resistant strains. Opportunistic fungal infections primarily occur when
the host’s health is compromised. Studies on environmental reservoirs of human fungal
pathogens have accelerated recently because of the ability to perform rapid genotyping

of SNPs or haplotypes, whole genome sequencing of a large numbers of isolates, or
metagenomics on environment/host samples. Here are a few examples pointing the direction
forward.

A. fumigatus is one of the better elucidated examples of the important role played by
environmental reservoirs of an opportunistic fungal pathogen [69,70,71]. This fungus
commonly lives off of decaying plant materials [72]. Most infections occur from inhalation
of airborne spores and begins as pulmonary aspergillosis in an individual with compromised
immunity. Hospital acquired infections are rare except under special circumstances such

as disturbances to contaminated air handling systems [73]. Phylogenetic comparisons of
A. fumigatusisolated from clinical and environmental settings around the globe using,

for example, genetic polymorphisms in short tandem repeats [74,75] or whole genome
sequencing [70,76], revealed that most genetic branches of the tree contain both clinical
and field isolates. In other words, clinical strains are typically derived from natural local
environmental reservoirs.

Infection of high-risk individuals by various pathogenic species of Mucormycota, with
Rhizopus spp. being the most common [77], come primarily from inhalation of spores
derived from native soils, dust, animal excreta and decaying plant materials [78]. The
prevalence of particular Mucor species varies dramatically across different geographic
locations [78]. Until the COVID-19 pandemic, pulmonary mucormycosis was considered
a relatively rare fungal disease across the globe, but reports surged with progression of the
pandemic [10,79,80]. The burden of spores of mucor species in soil, dust, animal excreta,
and the air appears to be higher in tropical countries, increasing the risk of exposure and
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infection [81]. Consistent with this distribution, COVID associated mucormycosis remained
relatively rare in most of northern Europe, but southern France with its tropical climate

had a higher proportion of cases [82]. A vastly disproportionate number of cases of
COVID-associated mucormycosis were reported in India [7,78,83], likely reflecting a large
environmental reservoir of mucor species and the large agriculture population with higher
exposure due to various agricultural practices [84]. A metagenomic study should begin to
define and quantify the sources of Mucor pathogens.

Candida albicans has long been considered a commensal pathogen inhabiting the bodies

of warm-blooded animals and humans. It was thought to be most frequently transmitted
directly or indirectly among its hosts. Yet standing against this view, human clinical isolates
are (1) distributed among highly genetically divergent clades. (2) It grows at a wide range
of temperatures such as those in the natural environment, whereas well-adapted commensal
pathogens are expected to have temperature growth optima near human body temperature
of 370C. (3) C. albicans has been isolated from soil, water, and plant material, and some
environmental isolates are closely related to human pathogens [85,86,87,88,89]. A recent
analysis of three C. albicans strains isolated from the bark of exceptionally old oak trees

in an ancient English woodland pasture revealed that two tree isolates are more closely
related to clinical isolates of C. albicansthan most of the other clinical isolates are to each
other. The data suggests that Candlida albicans could be an opportunistic pathogen with more
recent environmental origins [89]. These data prompt another question that we can begin

to answer using metagenomics: what fraction of invasive fungal disease cases arise from
environmental sources vs those from transmission within human populations.

As the classification of commensal and opportunistic pathogen may depend upon finding
the suitable host, Casadevall [90] introduced the concept of the “pathogen potential” of
a microbe. Pathogen potential may be expressed as a continuum of values that take into
account many properties including the fraction of individuals that become infected at a
defined inoculum, mortality, communicability, and the time from infection to disease.

In the last decade, Candida auris has emerged as a problematic life-threatening invasive
pathogen. It is generally spread within healthcare facilities and causes harm to patients

who are already seriously ill [91]. Initial hospital-associated outbreaks often occur from
multidrug resistant strains, making it difficult to control [92,93,94]. Seemingly simultaneous
outbreaks have occurred on multiple continents and most often from genetically distinct
geographically-defined clades. As fewer than one in two thousand patients were positive
for C. auris, when first admitted to the hospital, this fungus is unlikely to be a common
human commensal. Strains sensitive and multidrug resistant were recently isolated from
coastal marine environments on the remote Andaman and Nicobar Islands, hundreds of
miles from the coast of Southwestern India [95,96]. Sequencing of the ribosomal DNA
internal transcribed spacer regions demonstrated that they were distantly related to hospital
isolates. More detailed analysis of global environmental isolates will yield even more useful
information about the reservoirs of multidrug resistant C. auris isolates. This study also
raises the interesting question: what selective forces might have led to multidrug resistance
in environmental reservoirs.
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In summary, data on Aspergillus and Mucor species as opportunistic pathogens with

large environmental reservoirs fit conventional wisdom, while the latest genomic and
environmental distribution data on C. albicans and C. auris challenge concepts of purely
anthropological reservoirs for these species. Here are a few conclusions. First, we are

in the early stages of understanding the environmental sources and origins of all fungal
pathogens, and metagenomic studies on many pathogens will be informative. Second, some
fungal pathogens are likely to be more pervasively distributed in the natural environment
than previously suspected. Third, restricting human exposure to fungal pathogens will be
difficult to achieve, but it has been possible with the appropriate construction of hospital
facilities. Finally, the problem of nearly ubiquitous exposure of many human populations
to environmental sources of drug resistant fungal pathogens, emphasizes the need for better
pan-antifungal therapeutics.

2.5 Conserved components of fungal cell walls and exopolysaccharide matrices
contribute both to their protection and vulnerability

Fungal cell walls and exopolysaccharide matrices vary widely among pathogens from
different phyla and subphyla and they contribute to fungal survival in distinct hostile

host environments [97,98,99]. The cell walls of nearly all fungal pathogens share a chitin
layer adjacent to their membrane, with one exception being Prneumocystis spp. The most
common remaining components in the cell wall include different glycans, glycolipids, and
glycoproteins that are stacked upon each other in different orders [100]. Variations in
layering, length of glycan oligomers, chemical crosslinking of sugars, and other chemical
modifications of all these components contribute to the complex presentation of different
fungal cell wall components to the host immune system [100,101,102,103]. As a particular
example, an oligomannan matrix lies outside of the oligoglucan matrix in the C. albicans
cell wall [100]. Although 50% of the Candlida cell wall is composed of oligoglucans, the
outer oligomannan layer effectively masks oligoglucans from recognition by the host innate
and adaptive immune systems [104,105,106], including binding by the oligoglucan specific
C-type lectin Dectin-1 and by oligoglucan-specific antibodies [105,107,108].

The matrices of exopolysaccharide (EPS) contribute to fungal pathogenicity by promoting
adherence to host tissues or medical devices [98,99,109,110] and confer fungal resistance
to host immune attack and antifungal drugs [110,111,112,113,114]. The EPS often extends
long distances from the cell (e.g., tens to hundreds of microns). For example, the capsule
of C. neoformans, which includes the proximal components of a highly extended EPS, may
comprise 80% to 90% of the cell volume [115,116] and is copiously shed from cells. It is
the basis for the rapid and sensitive diagnosis of cryptococcosis used clinically. A primary
issue confronting the biomedically relevant analysis of EPS is that its composition appears to
vary widely dependent upon the fungal growth environment, the strain genetic background,
and the developmental stage of the fungus. The general composition of EPS matrices
overlaps among divergent groups of pathogens in containing oligoglucans, oligomannans,
glycolipids, and mannoproteins. But the EPS of subsets of fungal pathogens also contain
other novel crosslink variants, distinct oligoglycans, novel glycoproteins, and DNA that
appear to contribute to adherence and pathology [109,111,117,118,119,120,121].
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These diverse polymers and particularly the oligoglycans are the cognate ligands recognized
by families of PRRs (e.g., C-type lectins) as vertebrates launch an immune response. The
large subset of the most conserved polymers recognized by Dectin-1, Dectin-2, Dectin-3,
and DC-SIGN are central to the successful targeting of DectiSomes to diverse fungal
pathogens in our pan-antifungal strategy.

2.6 Limited classes of antifungal drugs

There is an overwhelming need for new and effective antifungal drugs [122,123]. Currently,
there are four major classes of small molecule antifungal drugs in common clinical use to
treat invasive fungal infections: triazoles, echinocandins, polyenes, and nucleotide analog
antimetabolites [123,124,125,126]. Most of the antifungal drugs listed on the CDC fungal
disease web site [3] or in market reports on antifungal drugs [124] as commonly used in

the clinic to treat aspergillosis, candidiasis, cryptococcosis, mucormycosis and Prneumocystis
pneumonia were first reported to have antifungal activity in vitro and/or in animal models
several decades ago (Table 1). Very few new antifungals have made it to the clinic in the last
two decades [124]. Amphotericin B (AmB), perhaps the most commonly used therapeutic
drug against a wide range of fungal pathogens, was already used clinically in the 1950s
[127,128,129,130,131]. Among proposed mechanisms of AmB’s antifungal activity, is that
it binds to ergosterol and other membrane sterols and thereby interferes with fungal plasma
membrane integrity, which leads to cell death [132]. Liposomal AmB (e.g., AmBisome®)

is still one of most widely used first line antifungal drugs, in spite of AmB’s toxicity. The
improved efficacy of liposomal AmB over other AmB formulations was first reported in the
1980s [132] and it was approved by the FDA for clinical use in 1997 [133]. Liposomal AmB
is commonly used as the standard of comparison when new drugs are being put through

the gauntlet of testing. The antimetabolite 5-fluorocytosine (5-FC) was first shown effective
against fungi in 1968 [134,135], although it is not used in monotherapy but in combination
with other antifungals such as AmB. After being taken up by fungi, 5-FC is metabolized first
to 5-fluorouracile (5FU) and then to 5-fluorouridine 5°-triphosphate, which interferes with
fungal RNA synthesis and hence protein synthesis. The azoles, and particularly itraconazole
[136,137,138] and fluconazole (FLZ) [139,140,141], were introduced as antifungals in

the mid 1980s. Azoles interfere with the synthesis of ergosterol and other membrane

sterols. Liposomal formulations of FLZ have reported advantages over solubilized FLZ
[142,143,144]. However, to be effective at killing fungal cells, azole drugs must be delivered
at much higher doses (e.g., hundreds of mg/kg) than most other antifungals. Although the
candin family of antifungals were discovered in the 1970s [145,146], newer echinocandin
analogs such as caspofungin, micafungin, and anidulafungin are only used in the clinic since
early 2000s. They all interfere with fungal beta-glucan synthesis. The laboratory efficacy of
anidulafungin was first reported in the mid 1990, and FDA approval for its clinical use was
granted in 2006 [147]. Compared to AmB and azoles, echinocandins are effective against a
more limited set of fungal pathogens and not at all against Cryptococcus.

Subsequent to the introduction of these classes of antifungals, newer chemical analogs were
introduced, which often show modest improvement in efficacy against a limited number

of species [148]. Fortunately, a number of novel classes of antifungals are now in clinical
development [122], and hopefully some will be applied in the clinic in the near future.
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Nonetheless, there is an urgent need to dramatically improve the performance of existing
and future classes of antifungal drugs. This is the major goal driving our efforts to develop
DectiSomes.

2.7. Antifungal drug resistance

Increasing numbers of drug resistant fungal pathogens have become a serious problem
facing public health and food security [165,166,167]. Resistance has been reported for all
antifungal drugs and resistance to some classes of drugs in all major genera of human fungal
pathogens [168]. This problem is exacerbated by the fact that the natural environment is

a source of some, if not most, drug resistant fungi. Here are examples to illustrate our
emerging understanding of the problem.

The environmental reservoirs of Aspergillus spp. appear to play a major role in the
epidemiology of aspergillosis caused by drug resistant isolates [70,76,169]. Azoles such

as fluconazole, posaconazole, and isavuconazole (Table 1) target fungal cytochrome P450s
in A. fumigatus, Cyp51A and CYP51B (the equivalent of Erg11 in yeasts), and hence

block sterol and particularly ergosterol synthesis [170]. More and more patients appear

to have been infected by pre-existing Cyp51 mutant azole resistant strains (i.e., not from

the clinic) [71]. Tandem repeat mutations in the Cyp51A promoter such as TR34 and

TRA46 cause protein overexpression [171]. Amino acid substitutions such as V46F, L98H,
Y121F, V172M, and T289A are either known or molecularly modeled to reduce Cyp51
protein binding to azoles [172,173,174]. In some clinically resistant strains, these regulatory
and structural gene mutations are often found together (e.g., TR34/L98H and TR46/Y121F/
T289A). A. fumigatus strains with these same combinations of resistance alleles have now
been found in agricultural soils from North and South America, Africa, Europe and Asia
[70,71,76,175]. Whole genome sequence based phylogenetic analysis reveals distinct clades
of A. fumigatus strains with subsets of particular azole resistance mutations. [70,76]. Hence,
the emerging view is that agricultural practices, including the widespread and extended use
of azole pesticides, have contributed to the selection and subsequent global dispersal of
azole-resistant Aspergillus strains now found in the clinic.

Multidrug resistant (MDR) fungi arise from several mechanisms. Specific combinations

of specific drug resistance mutant genes can lead to MDR. But more commonly, MDR

fungi result from mutations leading to overexpression of individual members of the large
ABC transporter gene family. When overexpressed, ABC transporters more efficiently pump
out multiple classes of antifungals resulting in MDR phenotypes [176]. The genomes of
most opportunistic fungal pathogens such as A. fumigatus [177], C. albicans[93,178], C.
neoformans [179] and R. delemar[180] encode a few to several dozen ABC transporters
[176]. Gene amplification of just one ABC transporter can lead to MDR.

2.8 Host toxicity of antifungal drugs

After extended or recurrent treatments at effective doses that control or clear fungal
infections, essentially all antifungals become toxic to humans. For example, amphotericin
B formulations, nucleotide analog antimetabolites (e.g., 5-FC), triazoles, and echinocandins
are hepatoxic and/or nephrotoxic [181,182]. Amphotericin B is one of the most toxic,
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earning the name “Amphoterrible” [183]. The toxicity is believed mainly due to its affinity
to cholesterol, the human equivalent of ergosterol. AmB is incorporated into animal cell
membranes, resulting in loss of osmotic integrity and causing anemia, nephrotoxicity, and
cardiotoxicity [132]. Yet, AmB remains one of the most effective and widely employed first
line antifungals, because it is a fungicidal broad-spectrum drug capable of rapidly reducing
or clearing fungal burden. Liposomal formulations of AmB such as AmBisome® improve
performance and show somewhat reduced nephrotoxicity and infusion toxicity as compared
to detergent solubilized micellar AmB [184,185,186,187,188,189].

The azoles must be delivered at high mg/kg doses to be effective, but even one of the best
tolerated azoles, fluconazole, causes hepatotoxicity [181,190]. Because the azoles inhibit
important host liver P450s, drug-drug interactions are a major impediment for azole drugs
in patients that are already under multiple medications. For example, by inhibiting the P450-
dependent turnover of other life-saving medications commonly taken by immunosuppressed
patients, azoles increase the toxicity of other drugs [191,192,193]. Echinocandins may be
the least toxic [183], but they may result in facial swelling, rash, fever and some alterations
in hepatic enzyme activity [194]. Furthermore, they are not effective against Crypfococcus
either in vitro or in vivo [195]. The antimetabolite 5-FC, once being converted to 5-FU, a
common anticancer drug, interferes with bone marrow synthesis of lymphocytes [196] with
the potential outcome of fatal anemia [197].

In conclusion, employing most currently available antifungal formulations and treatment
regimens required to be effective anti-infectives, some patients may suffer from severe
drug toxicity. This potential violation of the Hippocratic injunction is a major dilemma for
prescribing physicians and likely complicates and delays their decision tree for treatment.

3.0 DectiSomes

The numerous problems posed by pathogenic fungi and the limitations of current therapeutic
antifungal drug strategies to control them led directly to our team’s invention of DectiSomes.
DectiSomes are novel class of drug-delivery vehicle that may address the major limitations
of current antifungal therapies, including patient toxicity and poor fungal clearance.
DectiSomes are comprised of three major components (Fig. 2): (1) a lipid nanoparticle

(e.g., a liposome), (2) an anti-infective therapeutic (e.g., AmB), and (3) a C-type lectin
polypeptide (e.g., Dectin-1) that serves to target the drug-loaded liposomes to fungal
pathogens inside the host and away from host cells.

3.1 C-type lectins as targeting proteins

There are more than two dozen members of the CTL superfamily recognizing diverse
oligoglycans [41]. Among these, the four C-type lectins we have employed as liposome
targeting proteins, namely Dectin-1, Dectin-2, Dectin-3 and DC-SIGN, are encoded by
murine CLEC7A, CLEC6A, and CLEC4D and by human CD209, respectively. Each
has an extracellular Carbohydrate Recognition Domain (CRD) that recognizes their
cognate ligands, a stalk or neck region, a membrane spanning domain, and intracellular
signaling domain. The native forms of the four C-Type lectins are expressed and often
co-expressed on the surface of several types of leukocytes and most often dendritic cells
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[198,199,200,201,202]. They act as receptors to signal an early innate immune response
to Candida, Aspergillus, Cryptococcus, and Rhizopus species[200,201,203,204,205,206].
They respond rapidly upon binding to fungal cells, cell membrane fragments, or soluble
polysaccharides [204]. DEC1-/- and DEC2-/- null mice are more susceptible to most
fungal infections than wild type [199,201,204,207,208,209,210]. DEC3-/- null mice are
deficient in stress signaling in response to C. neoformans infection, but are not more
susceptible to pulmonary infection [211]. Human dendritic cell DC-SIGN participates in
internalizing C. albicans and A. fumigatus cells and in signaling responses to infection
[212,213,214].

The physical properties of the CRD and stalk or neck regions of these four C-type lectins
are given in Table 2 along with examples of the known synthetic cognate ligands. They are
of similar size, 19 to 23 kilo-Daltons (kDa). Their CRD regions have modestly homologous
amino acid sequences with 32 to 53% identity of residues for any pairwise comparison.
They have six similarly placed cystine residues that are necessary to form three 3-disulfide
crosslinks that stabilize the characteristic C-type CRD folded structure [50].

DectiSomes must deliver anti-infective drugs in close proximity to fungal cells in order to
increase the local concentration of the drug if they are to be more effective than untargeted
drug delivery methods. Further, to be worthy of clinical development, they must target
diverse fungal pathogens regardless of fungal cell morphologies in their hosts (Fig. 1). As
originally conceived, DectiSomes were designed to target oligosaccharides in both fungal
cell walls and EPS matrices. Our engineered DectiSomes employ the CRDs and all or

part of the stalk regions as targeting polypeptides, leaving off their membrane spanning

and signaling domains. The stalk regions (blue lines in Fig. 2) give flexibility to the
presentation of the CRDs on the liposome surface so that they may orient appropriately

to form functional dimers or multimers as they bind their cognate glycans. There are
multiple transcript isoforms of human DC-SIGN that incorporate different combinations

of 8 possible neck repeats. We engineered and tested two isoforms of human DC-SIGN.
DCS12 includes neck repeats 1 and 2. DCS12 is an endogenous isoform that we found

was superior in binding to several fungal species relative to another isoform with neck
repeats 7 and 8 (DCS78) [215]. Other combinations of stalk regions have not yet been
explored. We chose to work with the human DC-SIGN gene, because in mice there is

no clear ortholog but a family of related genes and proteins (e.g., SIGNR1, CD209-like
proteins). The known ligands of these four C-type lectins encompass most of the known
glycan components of the cell walls and EPS matrices of essentially all fungal pathogens,
including Aspergillus, Candida, Cryptococcus, and Mucor spp. [42]. In practice, however,
we discovered that the vast majority of Dectin-1, Dectin-2, Dectin-3, and DC-SIGN targeted
DectiSomes bind highly efficiently to EPS matrices and significantly less to cell walls. This
binding pattern could be due to limited access to the cell wall ligands, extensive chemical
crosslinking of otherwise cognate ligands, or both. Although DectiSomes bind primarily to
fungal EPS matrices, they do efficiently improve antifungal drug efficacy both in vitro and in
vivo relative to untargeted antifungals [107,215,216,217,218,219,220]. Hence, the physical
distance of EPS matrices from fungal cell bodies does not appear to significantly limit
DectiSome efficacy. In contrast to our primarily targeting the EPS, a recent study used a
related strategy to link the chitin binding domain of a chitinase to a lipid carrier and link this
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construct to the surface of AmB-loaded liposomes [221]. Chitin is the glycan layer closest to
the fungal plasma membrane and is briefly exposed during hyphal tip growth. These chitin
targeted liposomes bind efficiently to the hyphal tips of the ascomycete 7richoderma viride,
which results in modestly improved antifungal activity in vitro.

3.2 Construction of a DectiSome

The structure of a typical DectiSome is illustrated for a Dectin-1 targeted AmB-loaded
liposome, DEC1-AmB-LL, in Fig. 2.5. Dectin-2, Dectin-3 and DC-SIGN targeted liposomal
reagents have nearly identical compositions to this example. Each 100-nanometer diameter
DEC1-AmB-LL has approximately 1,500 molecules of Dectin-1 and 3,000 molecules of
Rhodamine B (Fig. 2.5). Each DEC1-AmB-LL has approximately 16,500 molecules of
AmB incorporated into its membrane or 11 moles percent AmB relative to moles of
liposomal lipid. Hence, our liposomes have the same size and AmB content as commercial
AmBisome®. One other difference between DectiSomes and AmBisome® is the presence of
pegylated lipid (5 moles %), which is not found in AmBisome®. Surface pegylation protects
liposomes from opsonization and phagocytosis, extends drug half-life in vivo, and improves
overall drug efficacy [232,233,234]. Currently, pegylation is widely used in commercial
liposomal drugs such as Moderna’s COVID-19 mRNA vaccine [235]. Most of our work

has been done starting with AmB loaded, rhodamine tagged, pegylated liposomes (AmB-
LLs) that were coated with the various targeting polypeptides (DectiSomes). AmB-LLs are
then used as controls, comparing their performance to, for example, DEC1-AmB-LLs. In
DectiSome binding experiments in vitro we also included bovine serum albumin coated
liposomes, BSA-AmB-LLs, and found that a protein coating alone did not skew our results.

3.3 DectiSomes are a new class of immunoliposome

DectiSomes represent a new class of cell-targeted therapy. The most commonly employed
targeting proteins for drug loaded liposomes have been monoclonal antibodies, antibody
fragments, or single chain antibodies that enable immunoliposomes to bind an antigen on
a specific pathogenic cell type or types and most commonly to cancer cells [236]. The
specific and focused delivery of immunoliposomes generally improves cell-type specificity
and drug effectiveness by 3- to 10-fold over passive delivery [237,238] and hence, reduces
host toxicity [236,239]. In a pioneering study published in 1998, AmB-loaded pegylated
liposomes (PEG-L-AmBs) were coated with a monoclonal antibody (34A) specific for the
vessel wall of pulmonary capillary cells [240]. 34A-PEG-L-AmBs reduced the burden of
A. fumigatus cells in the mouse lungs 2.5-fold and significantly improved mouse survival,
relative to the untargeted PEG-L-AmB control [240]. While they were not targeting fungal
cells, this study suggested that bringing AmB in closer proximity to the infection site
improves efficacy.

The CTLs are part of the mammalian immune system and similar to antibodies they
recognize foreign ligand structures. Therefore, DectiSomes are functional analogs of
immunoliposomes. However, they are structurally distinct. By employing the small pathogen
receptor CRDs of C type lectins (~20 kDa) to target liposomes instead of antibodies (1gGs
are typically 145 kDa), we appear to have circumvented many of the limitations and
problems associated with immunoliposomes (see Section 3.8).
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3.4 Engineering, production, and attachment of C-type lectin polypeptides to the surface
of liposomes

The extracellular CRD and stalk regions of the C-type lectins lacking their membrane
domains were originally called “soluble” isoforms, because they are more soluble than

the full-length proteins containing the hydrophobic membrane spanning domains and the
signaling domains. However, these truncated isoforms are still highly hydrophobic (Table 2),
aggregation prone, and are functionally unstable in normal biological buffers over periods
of hours or days. They are generally produced in animal cells at less than 1 mg/L of

media. These problems of insolubility, aggregation, and low yields have kept the price

of commercial sources of human or murine Dectin-1 (DEC1) and Dectin-2 (DEC2) (e.g.,
Abcam, SinoBiological) high (typically $300 to $5,000 U.S. dollars per 100 micrograms).
The dectins prepared from £. coli or from animal cells are usually made more soluble

by tethering the CRD and stalk region to moderately large peptide carriers such as the
56-amino-acid-long B1 domain of streptococcal protein G [241] or more commonly to

the 232-amino-acid-long Fc constant region of IgG1 antibody [203,242,243]. Fortunately,
glycosylation status of dectins does not appear to affect their ligand binding [244,245,246].
In the last few years, we and others [224,226] overcame most of the yield, solubility,

and renaturation problems associated with producing large quantities of the C-type lectin
CRD polypeptides in bacteria by optimizing their codon preferences for £. coliand
manipulating them in their denatured random coil form until late stages in their production
and biochemical manipulation. Once manipulated to the surface of a DectiSome, we found
them to be much more stable.

Fig. 2 summarizes the key steps in making a DectiSome. In our constructs, we added a 6 a.a.
residue histidine tag and a 11 a.a. residue glycine-serine flexible spacer to the gene construct
(Fig. 2.1)[107,215,216,220]. The cost of making each polypeptide is almost negligible.
Extracting the polypeptides into 6 M guanidine hydrochloride (GuHCI) was essential to
high yields, whereas much less soluble protein was recovered from £. coli cell pellets using
8 M urea. After affinity purification on Ni+ resin (Fig. 2.2) [107,215,216,220], the lysine
tag is reacted with NHS-PEG-DSPE to make for example DEC1-PEG-DSPE (Fig. 2.3).

The excess of reagents and toxic GuHCI were removed by gel exclusion chromatography
into a 1 M arginine crowding buffer with reducing agent, which partially renature the
proteins [247,248]. Pegylated liposomes carrying an antifungal drug such as Amphotericin
B loaded liposomes (AmB-LL) were produced separately [107] and were the template

for constructing most DectiSomes. The lipophilic DSPE moiety of DEC1-PEG-DSPE and
the lipophilic DHPE moiety of Rhodamine-DHPE are inserted into the membrane of the
AmB-LLs (Fig. 2.4) by briefly incubating at 600C or 370C to form the final product
DectiSome (Fig. 2.5). Once loaded onto liposomes, all four types of DectiSomes, DEC1-
AmB-LLs, DEC2-AmB-LLs, DEC3-AmB-LLs, and DCS12-AmB-LLs, retain functionally
stable protein for several months with the periodic addition of fresh reducing agent. Bovine
serum albumin coated BSA-AmB-LLs were produced similarly except that GUHCI and
arginine were omitted from the various buffers. The microgram quantity of BSA was
equivalent to that of the C-type lectins, so that the total amount of protein coating on these
control liposomes was similar. The final preparations of each type of liposome or DectiSome
were highly concentrated for AmB (e.g., ~900 uM AmB and ~1.4 mg/mL C-type lectin)
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such that they typically had to be diluted 100- to 5,000-fold into PBS or liposome dilution
buffers or fungal cell growth media prior to their use in most test experiments. Calcium

aids in the folding and stability of the glycan binding pocket of the CRD, even for DEC1,
which was once thought to be calcium independent in its binding to beta-glucans [50,224].
In practice, we have not observed any significant measurable loss of activity for DectiSomes
diluted into PBS relative to that diluted into buffers with high calcium concentrations (e.g.,
2 to 10 mM CaCly). However, we normally dilute liposomes just before using them, which
may explain this lack of dependence on added calcium.

3.5 Validation pipeline

Once antifungal drug-loaded rhodamine-fluorescent liposomes (e.g., AmB-LLs) are coated
with the various CTLs or BSA, we follow the four steps in the validation pipeline illustrated
in Fig. 3. 1. We determine if a particular C-type lectin increases fluorescent liposome
binding to the pathogen in question magnitude more strongly than AmB-LL or BSA-AmB-
LL controls. 2. If there is efficient binding, we go on to confirm that this DectiSome
dramatically lowers the effective dose of AmB relative to AmB-LLs or BSA-AmB-LLs for
in vitro fungal cell growth inhibition and/or killing. 3. If the in vitro data are strong, we
employ mouse models of invasive fungal infection and demonstrate a reduction in fungal
burden in the effected organ(s), using DectiSomes delivering a very low dose of AmB,

a concentration at which AmB-LLs are relatively ineffective. 4. If there is a significant
reduction in fungal burden, we go on to demonstrate that DectiSomes improve animal
survival relative to AmB-LLs. The same pipeline is used for DectiSomes delivering other
antifungal drugs.

3.6 DectiSomes target evolutionarily diverse fungal pathogens

We performed most of the proof-of-concept experiments on pan-fungal targeting of
DectiSomes using A. fumigatus, C. albicans, C. neoformans, and R. delemar for

the following reasons. (1) These species represent the genera that are responsible

for the vast majority of mortality caused by mycoses and are themselves the most

common clinical isolate from each genus [3]. (2) They have ancient and highly

divergent evolutionary histories being members of the Ascomycota (Aspergillus, Candida),
Basidiomycota (Cryptococcus), and Zygomycota (Rhizopus). (3) They represent distinct
fungal morphotypes (yeast, dimorphic, and filamentous). (4) Most fungal species including
these four are coated by a thick cell wall and exopolysaccharide matrix rich in glucans,
mannans, and mannoproteins and/or glucuronoxylomannan (GXM), the targets of our fungal
cell selective targeting technology [249,250,251,252,253,254]. (5) There are problems
clearing patients of all four of these species making them most worthy of our focused
efforts. For example, at least 90% of relapses of cryptococcal infection are caused by

the original strains not cleared by the initial antifungal therapy [255]. Some classes of

drugs are not effective against a broad spectrum of fungal species (e.g., echinocandins are
ineffective against Cryptococcus and Rhizopus spp.). (6) These fungi are relatively tractable
in the laboratory and there are well-established mouse disease models. In summary, in
addition to their clinical importance, these four species reasonably represent the tremendous
evolutionary distance and the distinct lifestyles and cell morphologies among human
pathogens in the fungal kingdom and are good laboratory models.
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3.7 Progress with DectiSomes

Following the four steps in the validation pipeline in Fig. 3, our progress is summarized in
Table 3 and described in the following four corresponding sections.

3.7.1 DectiSome binding to fungi.—We have shown that several types of
DectiSomes, DEC1-AmB-LLs [107,217,218], DEC2-AmB-LLs [218,220], DEC3-AmB-
LLs, and DCS12-AmB-LLs [215] bind specifically to three or four of our four fungal

test species. We quantified the efficiency of red fluorescent DectiSome binding to our four
test species by comparing number of patches of red fluorescence in large fields of fungal
cells [107] or the total area of fluorescence associated with fungal cells [215,217,218,220]
to that of fluorescent negative control liposomes, AmB-LLs and BSA-AmB-LLs. Some

of our in vitro quantitative binding data are summarized in Table 3A. All four types of
DectiSomes tested bound to the four target species of all developmental stages analyzed.
DectiSomes showed from 25-fold to greater than 1,000-fold more efficient binding than
AmB-LLs. Example images of various DectiSomes binding to our four test species at
different developmental stages are shown in Fig. 4. DEC1-AmB-LLs bind to A. fumigatus
swollen conidia and hyphae (Fig. 4A, 4B) and to R. delemar germlings and hyphae

(Fig. 4C). DEC2-AmB-LLs bind to C. neoformans yeast cells (Fig. 4E) and C. albicans
hyphae (Fig. 4F). DC-SIGN DCS12-AmB-LLs bind to C. neoformans (Fig. 4G) and C.
albicans hyphae (Fig. 4H). These qualitative data illustrate the proximity of DectiSome
binding to fungal cells. Although not shown, control liposomes do not show any significant
binding [107,217,220,256,257]. DectiSomes mostly bind to fungal cell-associated EPS
matrices and not to the fungal cell walls as might have been expected. In the case of
Aspergillus and Rhizopus, we did detect the binding of some individual liposomes to their
cell walls [107,217]. The limited binding to cell walls is not specific to our house made
liposomes. When we coated commercial AmBisome® with a dectin and rhodamine B,
these AmBisomes modified into DectiSomes also showed EPS binding (DEC1-Ambisome
binding to C. albicans hyphae in Fig. 3D). The size of DectiSomes (~100 nm in diameter)
may not be a main factor that prevent them from binding to their cognate ligands in

cell walls, because our studies with rhodamine coupled Dectin-2 and DCS12 polypeptides
[215,220], which are estimated to have rotational diameters of only a few nanometers, have
shown similar specificity for EPS as their liposome labeled counterparts. Among possible
explanations, it is likely that chemical crosslinking of cell wall glycans alters target ligands
to limit binding.

DectiSomes have several advantages for demonstrating the specificity of C-type lectin
binding to fungal pathogens over the protein tagged with one or two fluorophore molecules.
First, each liposome contains 1,500 polypeptides, giving a greater chance of any one
liposome binding to a glycan ligand through multiple binding interactions and likely
stabilize binding via their avidity. Second, restricting the polypeptides to 2-dimensional
liposome surface versus soluble monomeric proteins diffusing around in solution provides a
greater chance for CTL oligomerization during ligand binding. Third, each DectiSome has
~3,000 rhodamine molecules, which enhance the fluorescent signal for each binding event.
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3.7.2. Invitro inhibition and killing.—We have made robust measurements of in
vitro inhibition and killing of all four fungal test species using multiple techniques. We
have measured hyphal extension in germlings, electrochemical redox activity of live cells
with Cell Titer Blue (CTB) reagent, colony forming units (CFUSs), cell density with
spectrophotometry, and live/dead viability staining with propidium iodide. Using any of
these experimental approaches, DectiSomes out-performed both controls, AmB-LLs and
BSA-AmB-LLs (Table 3). Fig. 5 shows a few examples: DEC1-AmB-LLs inhibiting hyphal
extension from germlings of A. fumigatus (Fig. 5A), DEC2-AmB-LLs inhibiting redox
activities of A. fumigatus (Fig. 5B) and C. albicans (Fig. 5C) using CTB reagent, and
DCS12-AmB-LLs reducing CFUs of C. neoformans (Fig. 5D). Our published experiments
used a variety of experimental designs with different lengths of drug exposure and growth
period, and DectiSomes outperforming controls in all these experiments. The optimal drug
concentration to resolve differences of DectiSomes from control BSA-AmB-LLs and AmB-
LLs varied from 0.05 to 3.0 uM AmB. In each experiment, we observed that DectiSomes
outperformed untargeted control liposomes, AmB-LLs and BSA-AmB-LLs, over about

a 5- to 10-fold range in these AmB concentrations. When delivering AmB at higher
concentrations, the control liposomes begin to significantly inhibit or kill the fungal cells,
eliminating any ability to resolve the superior performance of DectiSomes.

3.7.3. Fungal burden and survival in mouse models of fungal diseases.—Our
efforts to test DectiSomes in mouse models of invasive fungal diseases are in their early
stages and far from complete. Nonetheless, the results so far suggest that the strong in vitro
data (Fig. 4 & 5, Table 2) translate well to in vivo studies. Here are some examples of

the results using mouse models of systemic candidiasis and pulmonary aspergillosis (Fig.
6). DEC2-AmB-LLs significantly reduced the fungal burden of C. albicans in the kidneys,
the primary target organ of systemic candidiasis in this model (Fig. 6A) [218] and A.
fumigatus in the lungs (Fig. 6B) [219]. It is worth noting that when we coated commercial
un-pegylated AmBisome® with Dectin-2, DEC2-AmBisome preparations were significantly
better at reducing the burden of C. albicans cells in the kidneys than AmBisome® (Fig.

6C) [218]. This result suggests that our method of CTL targeting may be effective for most
bilipid membrane nanoparticles.

We performed a preliminary test of the advantage of employing pegylated liposomes in our
system by comparing the performance of AmB-LLs to AmBisome® in a mouse model of
invasive candidiasis. AmB-LLs reduced the fungal burden in the kidneys several fold more
than AmBisome® delivering the same AmB concentration [218]. Although there are slight
differences in other lipid membrane components between AmB-LLs and AmBisome® that
might have contributed to the difference in efficacy, the result is consistent with the current
concepts about the benefits of pegylation (more details at Section 3.2).

We have also used liposomes loaded with ten-moles percent anidulafungin (AFG-LLs), an
echinocandin class antifungal [218]. Dectin-2 targeted DEC2-AFG-LLs were 10-fold more
effective at reducing the kidney fungal burden in mouse candidiasis model than untargeted
AFG-LLs. This result suggests that the performance of many different antifungals efficiently
packaged in a liposome will be improved in a DectiSome.
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3.7.4. Mouse survival rates.—DEC2-AmB-LL treatment resulted in 50% of mice
surviving invasive candidiasis for 20 days relative to 100% mortality of the control mice
treated with untargeted AmB-LLs (Fig. 6D) [218]. DEC2-AmB-LL treatment resulted in
100% of mice surviving pulmonary aspergillosis for 20 days relative to 40% of the control
mice treated with AmB-LLs (Fig. 6E) [219]. In most of these experiments, only one to two
doses with DectiSomes delivering AmB at 0.2 mg/kg mouse weight were used to produce
such a significant effect. This is very low effective dose of AmB compared to what is
commonly used to improve survival using detergent solubilized AmB-DOC or AmBisome®
in mouse models (e.g., 5 to 20 mg/kg). When we treated human cells in culture with
DectiSomes delivering high AmB concentrations of 15 to 30 uM, we found DectiSomes
were of similar in toxicity to AmB-DOC, AmB-LLs, or BSA-AmB-LLs [107,220].

3.8 Summary of advantages and innovations associated with developing DectiSomes

DectiSomes offer many advantages as drug delivery system and several innovations have
made this possible. 1. Because of the extreme breadth of cognate glycan structures
recognized by the homodimers and heterodimers formed from a few CTLs, their potential as
pan-antifungal targeting agents far exceeds that of any handful of monoclonal antibody
reagents. For example, Dectin-1 binds diversely crosslinked beta-glucans with affinity
constants (Kds) ranging from 2.6 mM to 2.2 pM, a billion-fold range [222]. By contrast,
antibodies are generally high affinity reagents, specific for a restricted set of ligands or
fungal developmental stages [258] and do not appear to provide the breadth of ligand
specificities to be pan-antifungal targeting agents. Heterodimers, such as demonstrated by
Dectin-2/Dectin-3 heterodimers, may expand the range of cognate ligands beyond that of
their homodimers [201]. 2. The avidity created by having 1,500 CTLs on one liposome
makes up for the weaker affinity (e.g., high Kds) of CTLs for some ligands. 3. Based on
the surface area of a 100 nm diameter liposome (~31,400 nm?) and the Stokes radius of

a 22 kDa CTL polypeptide (~2.6 nm), we estimate 1,500 to 2000 CTL molecules will

fit on the surface of one liposome, whereas a 145 kDa antibody has a Stokes radius of

6.4 nm and thus only ~240 1gG molecules can fit. More targeting proteins should mean
greater avidity for cognate ligands. 4. The CRD and stalk regions of CTLs are highly
hydrophobic with a strong tendency to aggregate and precipitate, which is likely to have
limited their use previously as drug targeting proteins. We developed simple rapid methods
for producing and purifying these CTL polypeptides, working initially in random coil
buffers and later in crowding buffers, which allowed long-term protein storage and transition
of functional polypeptides into normal biological buffers and media. 5. We produce various
CTL polypeptides at 20- to 50-fold lower cost than for equivalent mg or molar amounts

of monoclonal antibodies. 6. Maintaining antibody integrity and function as they are
conjugated to a lipid carrier for insertion into an immunoliposome is often a problem.

We developed simple methods for modifying and attaching CTLs to liposomes, while
maintaining full activity [107,216,220,256]. 7. Even after extensive efforts to “humanize”
antibodies and antibody-related reagents, each has a unique new sequence, and hence, even
after extensive humanization many are too immunogenic to be useful, whereas we expect
the highly conserved human CTLs will be much less immunogenic. 8. The simplicity with
which we manipulate the CRDs of these CTLs suggests they could be used to target not only
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liposomes of very different size and lipid composition, but almost any kind of nanoparticle
drug delivery vehicle, each of which may offer their own therapeutic advantage [259].

3.9 Challenges to the clinical translation of DectiSomes

Our goal is to develop pan-antifungal DectiSomes worthy of commercial development to
eventually benefit patients with invasive fungal diseases. While our in vitro and in vivo data
are strong and encouraging, there are many scientific and technical questions that we wish
to address before moving DectiSomes to clinical testing. (1) We need to test DectiSomes
against more fungal species both in vitro and in vivo. Although we have in vitro data on
four diverse fungal pathogens, DectiSomes have only been tested in animals against two
pathogens (Table 3). (2) We have not yet examined the potential of combining multiple
types of DectiSomes concurrently or heterodimeric DectiSomes against one pathogen. (3)
We need to optimize DectiSomes for treatment of fungal diseases in various organs. For
example, we have not yet examined mice with cryptococcal meningitis or pulmonary
mucormycosis or fungal keratitis. AmBisome® is somewhat effective for treating patients
with cryptococcal meningitis [260]. Liposomal AmB administering high concentrations of
AmB (10 mg/kg) provides a transient reduction in the burden of C. neoformans in the mouse
brain 24 hr after treatment [261]. But the blood brain barrier likely reduces the penetration
of standard 100 nanometer liposomes into the brain. Because smaller nanoparticle particles
are known pass the blood brain barrier much more readily [262,263], we plan to examine
smaller DectiSomes. (4) We have examined DectiSomes loaded with AmB and AFG so far,
but other antifungal drugs should also be tested (Table 1). Even given the relatively low cost
of making DectiSomes, they will be more expensive to produce than detergent solubilized
drug. They may not be cost effective for drugs delivered at high mg/kg/day doses such as the
azoles. (5) In theory, increased local concentration of antifungals to the pathogen infection
sites by DectiSomes should overcome the issues caused by dose-dependent drug resistant
strains (or intermediate resistant strains). That said, we need to demonstrate experimentally
that DectiSomes can indeed overcome intermediate dose-dependent resistance both in vitro
and in vivo. (6) We have not yet fully tested DectiSome toxicity in animal cell models or
potential immunogenicity of DectiSomes. This will be done when we have a better estimate
of the range of effective doses and numbers of treatments in more mouse models of invasive
fungal disease.

Besides the scientific and technical questions that we need to address, there are financial
and physical constraints to bring DectiSomes to commercialization. On the positive side,
the U.S. Federal Food and Drug administration has provided some incentives for investment
in antifungal drug development [264,265]. One recent market study estimates the global
markets for over the counter and prescription antifungal drugs are each in excess of 7 billion
US dollars annually, and the market is growing steadily [124]. This same study estimates
the investment opportunity in antifungals is in excess of 25 billion US dollars over 5 years,
which should encourage investment into a dramatically improved antifungal therapeutic
options such as DectiSomes [124]. In addition, academic laboratories continue to develop
new antifungal agents [264,265,266,267,268,269,270].
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On the other hand, the lack of commercial funding for development of novel anti-infectives
is one major reason for the lack of new classes of FDA approved antifungal drugs [124].
There is strong aversion to investment on anti-infectives in general and in antifungals, in
particular, by big pharma, because so few new antifungals survive the rigors of clinical
testing and because of the high cost of clinical testing of relatively uncommon fungal
infections. New antifungal candidates generally fail because of host toxicity in preclinical
animal models or in clinical trials [271]. Lack of efficacy for clearing infections and/or
human toxicity may not be evident until late stages of cinical development after hundreds
of millions of dollars have already been spent [265,271,272]. Furthermore, while most FDA
approved anticancer drugs are covered under Medicare and Medicaid [273], there is no
such government policy to cover FDA approved antifungal drugs, dramatically reducing

the market for antifungals. For all theses reasons, most of big pharmaceutical companies
have divested themselves of antifugnal research and development programs [266]. Relatively
few small companies are devoted to new antifungal drug development, in part, because

of the cost to develop a single commerical product is so high [124,264,266]. However,

with promising pre-clinical data, high selectivity and predicted host safety, and their

broad spetrum (pan-antifungal therapy), DectiSomes may well become a poster child for
commercial success of a new era of antifungal therapy.

4.0 Conclusions

DectiSomes are a pan-antifungal drug delivery system that has the potential to overcome
many of the limitations of current antifungal therapies for the treatment of life-threatening
invasive fungal infections. DectiSomes are functional analogs of immunoliposomes, but
much simpler and much less expensive to construct. DectiSomes make use of the pan-
fungal recognition properties of C-type lectins pathogen receptors to target antifungal drug
loaded liposomes to diverse fungal pathogens. We have strong data showing DectiSomes
efficiently bind and inhibit and/or kill four of the worst fungal pathogens in vitro and

in vivo murine model data showing DectiSomes dramatically improved drug efficacy for
reducing fungal burden in organs and increasing mouse survival over untargeted antifungal
drugs. DectiSomes should provide dramatic improvements in drug efficacy in the clinic and
repurpose most classes of existing or novel antifungal drugs.
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A. Conventional un-targeted antifungal drugs are equivalently
distributed among fungal and animal cells alike
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Fig. 1. DectiSomes are drug-loaded liposomes coated with carbohydrate recognition domains of
mammalian pathogen receptors.

(A). Un-targeted antifungal drugs are equivalently distributed among fungal and animal
cells alike. Soluble antifungal drugs and antifungals packaged in micelles or liposomes
(e.9., AmBisome®) have no special affinity for fungal pathogens. (B). DectiSomes deliver
antifungal drugs specifically to fungal cells. Because they are coated with the CRD

of pathogen receptors such as the dectins, DectiSomes have a strong affinity for the
carbohydrates in the cell walls and EPS matrices of fungal cells and no particular affinity
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for animal cells. Concentrating antifungals at sites of infection reduces the effective dose.
Targeted delivery should also reduce the number of drug treatments needed to clear fungal
infections and hence reduce host toxicity. The left side of each image of A & B models a
filamentous fungal infection (e.g., Aspergillus in the lungs) and the right side an infection
by fungal cells with yeast morphology (e.g., Cryptococcusin a mucoid cyst in the brain).
Fungal cells are shown in dark blue, cognate ligand carbohydrates in cell wall and EPS in
green, and antifungal drugs in red.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Meagher et al. Page 37

Dectin-1 cloning, expression, purification, modification, and insertion into the
liposomal membrane.

1. Over-express 2. Affinity 3. DSPE tagging, gel 4. DectiSome
truncated purified as exclusion chromatography, assembly from
DEC1 random coil and partial renaturation three components

De : tin-1
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Fig. 2. Construction of a Dectin-1-CRD coated Amphotericin B loaded pegylated liposome,
DEC1-AmB-LL.

DEC1-AmB-LL serves as an example DectiSome. (A). Steps involved in Dectin-1 cloning,
expression, purification, modification, and insertion into the liposome membrane are shown.
1. Synthetic DNA encoding a truncated fragment of Dectin-1 (DEC1) including the CRD
and stalk region and N-terminal hisg and lysine (Lys) tags, but lacking the membrane
spanning and signaling domain, was cloned into an £. coli plasmid expression vector.

2. Dectin proteins from expressing £. coli cells were extracted into 6 M guanidine
hydrochloride (GuHCI) with beta-mercaptoethanol (BME) generating random coiled protein
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with its six reduced cysteine residues. The random coiled protein was affinity purified

on Ni(ll) resin. 3. A pegylated lipid moiety, PEG-DSPE, was coupled to the Lys tag

in the denatured proteins. Coupling reagents and GUHCI were removed by gel exclusion
chromatography into a 1 M Arginine BME crowding buffer that is proposed to partially
renature the protein and improve its final renaturation in biological buffers. 4. DEC1-AmB-
LLs were assembled by incubating a pegylated analog of AmBisome®, AmB-LLs, the lipid
modified DEC1 protein, and lipid modified rhodamine at 60°C, the transition temperature of
these liposomes. When these DectiSomes are diluted into biological buffers, the liposomal
DEC1 is proposed to reform three cystine bridges necessary for proper protein folding.

(B). A DEC1-AmB-LL is shown binding its cognate ligand an oligoglucan (green). The
typical structure and composition of a DectiSome are indicated. Based on the initial

lipid moieties of an un-pegylated liposome representing 100 moles percent of lipid, the
proportion of each additional reagent is shown and its mole percent indicated, diluting

the unmodified liposomal lipids to 83.5 moles percent. Each 100 nm diameter liposome
contains approximately 1,500 molecules of Dectin-1, 3,000 of Rhodamine-DHPE, 3,000 of
PEG-DHPE, and 17,000 of AmB. The DEC1-PEG-DSPE monomers are free to float in

the liposome membrane and form active dimers that bind Dectin-1’s cognate oligoglucans
[107]. Alternate functional AmB-loaded DectiSomes coated with the CRDs of Dectin-2,
Dectin-3 and DC-SIGN have been constructed similarly [215,217,220]. Dectin-2 coated
liposomes containing Anidulafungin instead of AmB have also been assembled by related
methods [218].
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Fig. 3. Validation pipeline to demonstrate the improved efficacy of different classes of
DectiSomes against diverse pathogens relative to untargeted antifungals.

Our validation pipeline for DectiSomes proceeds through four steps. (1) We characterize
and quantify DectiSome binding to various and diverse fungal pathogens. (2) We quantify
the effective dose of antifungal delivered by DectiSomes for inhibition and Killing in vitro
grown fungal cells. (3) Using mouse models of fungal disease, we quantify the effective
dose of antifungal delivered by DectiSomes to reduce fungal burden in target organs. (4)
Based on fungal burden experiments, we assay the dose(s) necessary to improve rates of
mouse survival. Data are quantified relative to untargeted drug loaded liposomes.
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A. DEC1-AmB-LLs B. DEC1-AmB-LLs C. DEC1-AmB-LLs D. DEC1-AmBisome
binding binding binding R. delemar binding C. albicans
A. fumigatus A. fumigatus hyphae germlings and hyphae
swollen conidia hyphae

10 microns ; 2N 400 microns
E. DEC2-AmB-LLs F. DEC2-AmB-LLs G. DCS12-AmB-LLs H. DCS12-AmB-LLs
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Fig. 4. Example images of DectiSomes binding to multiple developmental stages of diverse fungal
pathogens.

(A & B). DEC1-AmB-LLs binding to A. fumigatus swollen conidia and hyphae,
respectively. (C). DEC1-AmB-LLs binding to R. delemar germlings and mature hyphae.
(D). DEC1-AmBisome binding to C. albicans hyphae. (E). DEC2-AmB-LLs binding to C.
neoformans yeast cells. (F). DEC2-AmB-LLs binding to C. albicans hyphae. (G. & H).
DC-SIGN isoform coated DCS12-AmB-LLs binding to C. neoformans yeast cells and C.
albicans hyphae. All liposomes were tagged with Rhodamine B and the red epifluorescence
of their binding is shown in red. A, B. GFP fluorescently labeled cells. C, D, F, G. Cell
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chitin is stained with calcofluor white and their fluorescence is shown in green or blue. E, H.
Cells illuminated with bright field, but colored blue and green, respectively. C and G. Cells
were grown and imaged of the surface of agar. These are replicate images of cell staining not
shown in the original publications [107,215,217,218,219,220]. Size bars indicate the degree
of magnification.
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Fig. 5. Examples of in vitro killing or growth inhibition experiments on fungal pathogens by
DectiSomes.

(A). A hyphal length extension assay demonstrating DEC1-AmB-LLs selectively and
quantitatively inhibited the in vitro growth A. fumigatus relative to untargeted control
liposomes, AmB-LLs and BSA-AmB-LLs. (B). A Cell Titer Blue electrochemical reduction
assay demonstrating DEC2-AmB-LLs inhibited the growth of or killed in vitro grown A.
fumigatus. (C). A Cell Titer Blue assay demonstrating DEC2-AmB-LLs inhibited or killed
in vitro grown C. albicans. (D). DC-SIGN isoform coated DCS12-AmB-LLs killed or
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inhibited the growth of C. neoformans in liquid media as quantified by counting colony
forming units (CFUs). These data are from replicates of experiments not shown in the
original publications [107,215,219,220].
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A. C. albicans burden in B. A. fumigatus burden in  C. C. albicans burden in kidneys
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Fig. 6. Examples of fungal burden and survival studies employing DectiSomes.
(A). DEC2-AmB-LLs significantly reduced the fungal burden of C. albicans in the kidneys

in an invasive candidiasis model relative to control AmB-LLs. (B). DEC2-AmB-LLs
significantly reduced the fungal burden of A. fumigatus in the lungs in a pulmonary
aspergillosis mouse model. (C). DEC2-AmBisome significantly reduced the fungal burden
of C. albicansin the kidneys relative to AmBisome® in an invasive candidiasis mouse
model. (D). DEC2-AmB-LLs significantly improved the survival of mice with invasive
candidiasis relative to AmB-LLs. (E). DEC2-AmB-LLs significantly improved the survival
of mice with pulmonary aspergillosis. (D & E). The % surviving mice is plotted vs days
post-infection and mice were liposome treated on day 0 and day 1 respectively. One or two
doses of DectiSomes and AmB-LLs delivering 0.2 mg AmB/kg mouse wight were used

in each experiment. Buffer controls represent infected animals mock treated. A, C, D, E.
Neutropenic immunosuppression mouse models. B. A steroid immunosuppression mouse
model. A. B. C. Py is the Mann-Whitney P test for non-parametric data. Pgpyy is the
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Gehan-Breslow-Wilcoxon P test of survival data. The data are from replicate experiments of
those not shown in the original publications [215,218,219,274].
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Table 1.
First reported experimental evidence for the antifungal efficacy of drugs in clinical use against invasive fungal
infections
Drug class Antifungal Date Reference
Polyenes Nystatin 1951 [149,150]
Amphotericin B (AmB) ~1956 | [129,130,131]
Liposomal AmB ~1983 | [132,151]
Nucleotide antimetabolites | Flucytosine (5-flurocytosine) | ~1968 | [134,135]
Azoles Sulfamethoxazole 1974 [152,153]
Itraconazole ~1984 | [136,137,138],
Fluconazole (FLZ) ~1985 | [139,140,141]
\Voriconazole ~1996 | [154,155],
Posaconazole ~1996 | [156,157]
Isavuconazole ~2006 | [158,159]
Echinocandins Papulacandin B 1977 [146]
Anidulafungin (AFG) ~1996 | [160,161]
Caspofungin (CAS) ~1997 | [162,163]
Micafungin ~1999 | [164]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 May 01.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Meagher et al.

Table 2.

Cognate ligands of Dectin-1, Dectin-2, Dectin-3, and DC-SIGN isoform DCS12.

Page 47

C-Type Lectin/
Genelorganism

Properties of CRD and stalk/
neck regions a

Well defined glycan ligands

Pathogenic
fungal genera
recognized out of
20 [42]

CLEC6A | Mouse

11.4 BR, p| 5.58, Ongo 3.0

Dectin-1/ 20,247 Da, 177 a.a., branched beta-1,3-glucan polymers of at least 8 glucose 19/20 [42]
CLEC7A [ Mouse 32.8% HR, 14.1% BR, pl 6.77, units. Glucan phosphate > scleroglucan > laminarin >
ODyg 2.2 branched nonasaccharied, branched heptasaccharide >
heptasaccharide [50,222]
Dectin-2/ 19,486 Da, 166 a.a., 35.9% HR, high-manno- and mannopyranose oligo-saccharides. 7/20 [42]

Mannan-alpha-1-6-mannan > mannan-alpha-1-2-mannan
> Mannoglycan mannose and MangGIcNAc2> Mang
GIcNAc2 > Man;GIcNAc2 [223,224,225]

Dectin-3, MCL /
CLEC4D | Mouse

20,810 Da, 176 a.a., 37.5% HR,
14.2% BR, pl 5.89, OD.g 2.9

alpha-1,2-mannans, glucuronoxylomannan GXM, trehalose
6,6’-dimycolate TDM, fatty acid moieties of glycolipids
[201,205,226,227]

2/20 [42,198,227]

DC-SIGN DCS12
isoform/CD2091
human

22,648 Da, 199 a.a., 37.7% HR,
10.1% BR, pl 4.93, ODygo 2.45

long chain mannose-rich oligosaccharides
Man,o>Mans>Man, and for fucosylated blood

type antigens (e.g., the Lewis x trisaccharide),
lipomannans and glactomannans often found in protein
conjugates. Man9GIcNAc2 > Mannan-alpha-1,3 (mannan-
alpha-1,6)mannan> mannose [227,228,229,230,231]

6/20 [42]

aMoIecuIar weight in Daltons (Da), number of amino acid residues (a.a.), % hydrophobic residues (HR), % basic residues (BR),

predicted Isoelectric point (pl), optical density of reduced protein at A280 at 1.0/mg/mL (OD2g0). These parameters were obtained

from the National Center for Biotechnology Information or computed using https://web.expasy.org/protparam/andhttps://www.peptide2.com/
N_peptide_hydrophobicity_hydrophilicity.php/
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Table 3.

Summary of the performance of DectiSomes, relative to untargeted control drug loaded liposomes

A. In vitro assays
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DectiSomes (References) Pathogen Increases liposome binding® | Increases in vitro killing /
inhibition®
DEC1-AmB-LLs [107] [217] Aspergillus fumigatus >200-fold >50-fold
Rhizopus delemar >1,900-fold hyphae >70-fold
>120-fold germlings
Candida albicans >130-fold No data
Cryptococcus neoformans | Yes, but not quatified No data
DEC1-AmBisomef [218] C. albicans >90-fold No data
DEC2-AmB-LLs [220] A. fumigatus >50-fold >30-fold
C. albicans >100-fold >90-fold
C. neoformans >150-fold >10-fold
DEC2-AmBisomef [218] C. albicans >25-fold No data
DEC3-AmB-LLs [216] C. albicans yes yes
R. delemar yes yes
C. neoformans yes marginal
DCS12-AmB-LLs (DC-SIGN isoform) [215] | A. fumigatus >25-fold >70-fold
C. albicans >25-fold >50-fold
C. neoformans >30-fold >10-fold

B. In vivo assays in murine models of invasive fungal diseases

Liposome, antifungal, mouse model (Reference)

Increase in liposome
binding in effected
organ

effected organ

Reduction in fungal burden in

Increase in percent of
surviving miced

DEC1-AmB-LLs

0.2 mg/kg AmB
Systemic candidiasis neutropenic model [218] 24-fold in kidneysP 6-fold in the kidneysP 18% to 44%

DEC2-AmB-LLs

0.2 mg/kg AmB

[Zf;]lmonary aspergillosis neutropenic model 30-fold in lungs® 40-fold in the lungs® 0% to 58%
Pulmonary aspergillosis steroid model [219] aN.D. 20-fold in the lungs? aN.D.
Systemic Candidiasis neutropenic model [218] 50-fold kidneys 12-fold kidneys 8% to 58%

DEC2-AFG-LLs®
0.6 mg/kg AFG

Systemic Candidiasis neutropenic model [218]

9.8-fold kidneys

DEC2-AmBisomef
0.2 mg/kg AmB

Systemic Candidiasis neutropenic model [218]

6.1-fold kidneys
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