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Abstract

Globally, there are several million individuals with life-threatening invasive fungal diseases

such as candidiasis, aspergillosis, cryptococcosis, Pneumocystis pneumonia (PCP), and

mucormycosis. The mortality rate for these diseases generally exceeds 40%. Annual medi-

cal costs to treat these invasive fungal diseases in the United States exceed several billion

dollars. In addition to AIDS patients, the risks of invasive mycoses are increasingly found in

immune-impaired individuals or in immunosuppressed patients following stem cell or organ

transplant or implantation of medical devices. Current antifungal drug therapies are not

meeting the challenge, because (1) at safe doses, they do not provide sufficient fungal clear-

ance to prevent reemergence of infection; (2) most become toxic with extended use; (3)

drug-resistant fungal isolates are emerging; and (4) only one new class of antifungal drugs

has been approved for clinical use in the last 2 decades. DectiSomes represent a novel

design of drug delivery to drastically increase drug efficacy. Antifungals packaged in lipo-

somes are targeted specifically to where the pathogen is, through binding to the fungal cell

walls or exopolysaccharide matrices using the carbohydrate recognition domains of patho-

gen receptors. Relative to untargeted liposomal drug, DectiSomes show order of magnitude

increases in the binding to and killing of Candida albicans, Cryptococcus neoformans, and

Aspergillus fumigatus in vitro and similarly improved efficacy in mouse models of pulmonary

aspergillosis. DectiSomes have the potential to usher in a new antifungal drug treatment

paradigm.

Why is there a need for improved efficacy of antifungal drugs?

Several fungal pathogens account for the vast majority of invasive mycoses: There are globally

approximately 750,000 cases of candidiasis, 500,000 cases of Pneumocystis pneumonia (PCP),

3,000,000 cases of pulmonary aspergillosis, 220,000 cases of cryptococcosis, and 900,000 cases

of mucormycosis each year [1,2]. The annual medical costs in the US in 2017 from invasive

Aspergillus, Candida, Pneumocystis, Cryptococcus, and Mucor species-related infections were

1.5 billion, 3 billion, 600,000 million, 200 million, and 120 million US dollars, respectively [3].

Annual mortality rates for these diseases range from 10% to 90% [1,2], even though most
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patients receive antifungal drug therapy. First-line antifungals, azoles such as fluconazole that

target ergosterol biosynthesis, polyenes such as amphotericin B (AmB) that target ergosterol

directly, and echinocandins such as anidulafungin that target β-1,3 glucan synthesis, are some-

times ineffective at clearing fungal infections so as to prevent reemergence of the infection

[4,5]. Unsatisfactory drug efficacy is also atttributed to other factors such as drug toxicity with

extended treatment and the emergence of resistance to the current antifungals [6–8]. To

improve antifungal therapy, one critical and challenging approach is to develop new antifun-

gals with novel modes of action. Another approach is to increase the efficacy and reduce toxic-

ity of currently available and future antifungals. At present, antifungals delivered to patients

have no particular affinity for fungal cells. Hence, off target effects and host toxicities have sig-

nificantly limited the efficacy of antifungal therapy. Our goal with DectiSomes is to dramati-

cally improve the effectiveness of antifungal drugs by targeting them to fungal cells and away

from host cells (Fig 1).

What are DectiSomes?

DectiSomes represent a novel pan-antifungal drug targeting technology. Current antifungal

therapies rely on free antifungal drugs or untargeted liposomal or micellar drugs, which dis-

tribute randomly to fungal and mammalian cells alike. By contrast, DectiSomes are drug-

loaded liposomes coated with a protein(s) that targets them to fungal cell walls and their exo-

polysaccharide matrices (Fig 1A) [9,10]. DectiSomes bring antifungal drugs in close proximity

to fungal cells to increase their local concentrations and to lower their concentration in host

cells, thereby lowering the mg/kg effective dose of drug needed to control the pathogen [9–11],

reducing host toxicity, and allowing temporally extended treatment regimens. All these effects

should lead to better fungal clearance and better patient outcomes.

We’ve made 2 types of DectiSomes so far (Fig 1B), based on Dectin-1 [10–12] and Dectin-2

[9], the mammalian immune receptors for oligoglucans and oligomannans, respectively. We

first prepared AmB-loaded liposomes, AmB-LLs [10]. AmB-LLs are pegylated analogs of the

widely used commercial drug AmBisome. We then coated the AmB-LLs with the carbohydrate

recognition domains of Dectin-1 [10,12] and Dectin-2 [9] to make DEC1-AmB-LLs and

DEC2-AmB-LLs, respectively. Two Dectin monomers float together and form dimers that

bind specifically to oligoglucans and oligomannans found in the cell walls, exopolysaccharide

matrices, and biofilms of fungal pathogens [13]. The presence of a large number of Dectin

molecules on each liposome ensures efficient and high avidity binding when liposomes

encounter fungal ligands at multiple sites on fungal cells. Together, Dectin-1 and Dectin-2 rec-

ognize essentially all of the 20 phyla of evolutionarily divergent fungal pathogens including the

5 major pathogens mentioned above [13]. Given that most antifungal drugs are hydrophobic

or amphiphobic and may be incorporated efficiently into a liposomal membrane to improve

drug tissue penetration and extend their half-life, we anticipated that DectiSomes would func-

tion as effective pan-antifungal agents.

What is the evidence that DectiSomes are more effective than untargeted

drugs?

A strong indication that DectiSomes are more effective than untargeted drugs came first from

in vitro fungal cell binding and killing studies (Table 1). DEC1-AmB-LLs and DEC2-AmB-

LLs bind to the cell walls and more efficiently to the exopolysaccharide matrices of in vitro

grown Aspergillus fumigatus, Candida albicans, and Cryptococcus neoformans 50- to 200-fold

more strongly than untargeted AmB-LLs [9,10]. Binding is oligoglycan cognate specific, such

that the oligoglucan laminarin specifically inhibits DEC1-AmB-LL binding [10], and yeast
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oligomannan specifically inhibits DEC2-AmB-LL binding [10]. DEC1-AmB-LLs kill and/or

inhibit the growth of A. fumigatus cells 5- to 50-fold more efficiently than untargeted AmB-LLs

delivering the same concentrations of AmB based on a reduction in rates of conidial germina-

tion, a reduction in hyphal extension from germlings, and a loss of metabolic activity of grow-

ing hyphae [10]. Similarly, DEC2-AmB-LLs kill and/or inhibit the growth of A. fumigatus, C.

albicans, and C. neoformans 2- to 90-fold more efficiently than untargeted AmB-LLs using a

range of AmB concentrations [9].

Fig 1. DectiSomes are designed to target antifungal drugs specifically to fungal cells. (A) Coating antifungal drug-

loaded liposomes with glycan-binding proteins concentrates drugs on fungal cells. Current antifungal drugs are

untargeted (left side). Having no selective affinity for fungal cells over host cells demands higher doses of antifungal

drugs to inhibit or kill fungal cells. DectiSomes (right side) are drug-loaded liposomes coated with the glycan

recognition domains of glycan-binding host receptors such as dectins. They bind specifically to fungal cell walls and

their extracellular matrices within biofilms, which reduce the effective dose needed to clear fungal infections and host

toxicity. Infection sites composed of fungal cells with Y or F morphologies are shown. (B) Structure of a DectiSome.

One iteration of a DectiSome is an antifungal drug-loaded liposome coated with the glycan recognition domain of a

Dectin. We coupled its glycan-binding domain (purple globular structure) to a lipid carrier to make DEC-PEG-DSPE,

which is intercalated into the liposomal membrane via the DSPE moiety. Dectin monomers floating in the liposome

membrane form dimers as they bind to fungal oligoglycans (yellow sugar moieties). Rhodamine-B-DHPE is

intercalated via its DHPE moiety to allow fluorescent monitoring of liposome binding to fungal cells. Amphiphobic

antifungal drugs (blue ovoid structure) are positioned within the lipid bilayer of liposomes. Each approximately

100-nm diameter liposome contains approximately 1,500 Dectin monomers, thousands of antifungal drug molecules,

and 3,000 rhodamine molecules. DECAU : TheabbreviationlistinFig1hasbeenupdated:Pleaseverifythatallentriesarecorrect:, dectin; DHPE, dihexadecanoyl-glycero-phospho-ethanolamine; DSPE,

distearoyl-glycero-phospho-ethanolamine; F, filamentous; PEG, poly(ethylene glycol); Y, yeast.

https://doi.org/10.1371/journal.ppat.1009699.g001
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Another indication that DectiSomes are more effective than untargeted drugs came from in

vivo studies using animal models of mycoses (Table 1B). We employed a neutropenic/leuko-

penic mouse model of pulmonary aspergillosis [11], which mimics the chemo-immunosup-

pression of patients with solid tumors, hematologic malignancies, or immune disorders such

as AIDS and patients preconditioned for stem cell mobilization and hematopoietic cell trans-

plantation. DEC2-AmB-LLs delivered by oropharyngeal aspiration bind 30-fold more effi-

ciently to exopolysaccharide associated with fungal infection sites in the lungs than AmB-LLs

[11]. DEC2-AmB-LL treatments delivering AmB at 0.2 mg/kg dose reduce the fungal cell bur-

den in the lungs 12- to 42-fold more efficiently than AmB-LLs [11]. This is a 25-fold lower

dose than that reported for the AmB-LL analog AmBisome (5 mg/kg) to produce an order of

magnitude reduction in fungal burden in related mouse models or recommended for clinical

treatment of aspergillosis [11]. At 0.2 mg/kg AmB, DEC2-AmB-LLs dramatically improve

mouse survival relative to AmB-LLs [11]. We observed a similar drop in lung fungal burden in

a steroid immunosuppression mouse model of pulmonary aspergillosis using a similar treat-

ment regimen [11]. This latter murine model mimics the glucocorticoid immunosuppression

of patients for diseases of chronic inflammation such as asthma and rheumatoid arthritis, for

some leukemias, and for post-organ transplantation therapy. We are currently examining the

efficacy of DectiSomes in mouse models of invasive candidiasis, pulmonary mucormycosis,

and cryptococcal meningitis.

In summary, both in vitro and in vivo data show that Dectin targeting of liposomal AmB

dramatically improves drug efficacy and lowers the effective dose. Yet there are concerns, par-

ticularly with species such as C. neoformans, which is coated with a thick capsule composed of

biochemically complex exopolysaccharides and the capsule sheds copiously during infection.

DectiSomes bound to soluble fungal glycans might have reduced antifungal activity. Further-

more, liposomes are only moderately effective at penetrating the blood–brain barrier. We do

not know if coating them with dectins will help or hinder this limitation. We hope to address

these issues experimentally in the near future.

Table 1. Performance of Dectin-coated AmB-loaded liposomes targeted to fungal cells, relative to untargeted AmB-LLs.

A. In vitro assays

DectiSomes Pathogen (disease) Increase in

liposome

bindinga

Increase in killing/growth inhibitionaAU : PleasenotethattheindicatorsinTable1andinfootnoteshavebeenrearrangedalphabetically; fromlefttorightacrossthetableheadingsandthenacrosseachrow;movingdownward:Pleaseconfirmthatthechangesarecorrect:

DEC1-AmB-LLs A. fumigatus (aspergillosis) >200-fold 5- to 50-fold

C. albicans (candidiasis) Yesb N.D.c

C. neoformans (cryptococcosis) Yesb N.D.c

DEC2-AmB-LLs A. fumigatus (aspergillosis) >50-fold >30-fold

C. albicans (candidiasis) >100-fold Approximately 90-fold

C. neoformans (cryptococcosis) >100-fold Approximately 10-fold

B. In vivo assays in murine models of pulmonary aspergillosis

DEC2-AmB-LLs Increase in liposome binding in lungsa Reduction in

fungal burden

in the lungsa

Increase in days

of survival vs

AmB-LLsd

Increase in percent of surviving miced

Neutropenic model 30-fold 12- to 42-fold 3.5 to 18.4 days 8% to 58%

Steroid model N.D.c 8- to 22-fold N.D.c N.D.c

aRelative to untargeted AmB-LL delivering the same AmB concentration.
bQualitative observation.
cN.D., not done.
dSurvival study terminated 24 days after infection.

https://doi.org/10.1371/journal.ppat.1009699.t001
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Why use dectins and not monoclonal antibodies in designing targeted

liposomes?

DectiSomes are in essence a novel type of immunoliposomes. Traditionally, immunolipo-

somes are liposomes targeted to disease cells by monoclonal antibodies. These antibodies

enable the delivery of bundled anticancer drugs specifically to tumors or dispersed cancer cells

and away from normal host cells. Antibody-targeted immunoliposomes generally increase

cancer cell-type specificity and reduce host cytotoxicity by 5- to 10-fold over passive delivery

of anticancer drugs [14,15]. Several antibody-targeted immunoliposomal pharmaceuticals

have been FDA approved. So why not use traditional immunoliposomes to improve the per-

formance of antifungal drugs?

We were concerned that antibodies might not be as efficacious an approach for targeting

liposomes to fungal pathogens for 2 primary reasons. First, high-affinity monoclonal antibod-

ies made to fungal cell antigens may be too specific to allow development of a pan-antifungal

drug delivery system [16]. They may react with only a few genera of fungi [16] or only recog-

nize a specific growth stage of a single species [17]. Nor is it clear if any single monoclonal

could recognize the numerous different variants in glycan structures. That said, an antibody

may be identified in the future that is suitable for targeting drug-loaded liposomes. By contrast,

Dectin-1 and Dectin-2 recognize most fungal pathogens [13] and have been shown to recog-

nize different stages of cell development [18,19]. Respectively, they recognized diverse cross-

link variants of beta-glucans [20] and alpha-mannans [21,22]. The avidity created by having

more than 1,000 Dectin molecules concentrated on each liposome [9,10] should compensate

for low-affinity epitopes. Secondly, the high cost of producing monoclonal antibodies is inhibi-

tory [23]. This is a serious concern given that many of the patients of invasive mycoses are

from resource-limited regions. We developed methods of biochemically manipulating and

producing functional carbohydrate recognition domains of dectins in Escherichia coli at a few

percent of the cost of producing and manipulating the same molar concentrations of monoclo-

nal antibodies in cultured mammalian cells [9,10]. Low reagent protein cost and high-affinity

binding to diverse pan-fungal pathogens are essential for DectiSomes to have a global impact

on fungal disease thearapy.

What needs to be done to justify clinical trials on DectiSomes and ensure

sufficient financial investment?

Even with strong governmental support for the clinical development of new antifungal drugs,

the process for just one new drug takes a major commitment of drug industry resources and

an investment of 200 to 300 million US dollars [6]. Thus, much remains to be done to make

DectiSomes a clinical reality. (i) Showing the efficacy of DectiSomes in mouse models of more

and diverse fungal diseases beyond aspergillosis, including candidiasis, cryptococcosis, mucor-

mycosis, and PCP, will establish the pan-antifungal properties of this technology and give drug

companies the rationale and incentive to invest in the technology. (ii) Demonstrating efficacy

against systemic as well as other types of fungal infections such as fungal keratitis and onycho-

mycosis would dramatically expand the potential patient populations and market for Decti-

Some-based antifungals. (iii) Showing that DectiSome targeting improves the performance of

azole and echinocandin antifungals would allow drug companies to repurpose all 3 major clas-

ses of antifungal drugs currently off patent. We are particularly interested in testing if Decti-

Somes loaded with echinocandins could be used to treat cryptococcosis. Currently,

echinocandins are not effective against Cryptococcus either in vitro or in vivo, despite the fact

that cryptococcal β-1,3-glucan synthase is highly sensitive to echinocadins [24]. (iv) Demon-

strating that increased drug efficacy of DectiSomes can overcome some forms of dose-
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dependent resistance for existing drugs will further expand their clinical use. (v) The human

dectins share the same predicted 3D structures as their mouse paralogs, but are 30% to 40%

divergent in their amino acids sequences. Parallel studies are needed on the human dectins.

(vi) Finally, establishing the efficacy of the targeted delivery of liposomal drugs to the extracel-

lular oligoglycans of protozoan parasites would open an enormous new field of application

[25].
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