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ABSTRACT
Fungal infections account for approximately 2.5 million deaths globally each year and

billions of dollars in healthcare costs annually in just the United States. However, only three
primary classes of antifungal drugs exist to treat these infections. Issues with these classes of
antifungal drugs include organ toxicity and rising levels of drug resistance. The polyene
amphotericin B (AmB), which targets ergosterol in the fungal cell membrane, has been described
as the “gold standard” of antifungal treatments due to its broad spectrum of activity. However, it
also has an affinity for cholesterol, thus leading to severe side effects that limit its use. The
liposomal formulation of AmB was designed to address these issues; although this was an
improvement over the original formulation, the toxicity concerns are still a prevalent limiting
factor. To address these issues, our research group created a targeted antifungal liposome
(DectiSome), in which the liposome’s surface is coated with Dectin immune receptors that
specifically recognize fungal cells. Dectin-1 and Dectin-2 DectiSomes have improved targeting
efficacy over untargeted liposomes in vitro against the clinically relevant fungal pathogens
Aspergillus fumigatus, Candida albicans, and Cryptococcus neoformans. This work focuses on
evaluating additional uses for this novel technology. The findings presented here demonstrate

that (1) Dectin-1 DectiSomes have improved targeting efficacy in vitro against Rhizopus



delemar, a common causative agent of mucormycosis, (2) a novel Dectin-3 DectiSome has
improved targeting efficacy in vitro against R. delemar, C. albicans, and C. neoformans, and (3)
a biotinylated Dectin-1-coated liposome has potential as a fungal cell pull-down tool to facilitate

additional analyses.
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CHAPTER 1
INTRODUCTION
Prevalence and Relevance of Fungal Infections

The fungal kingdom is estimated to contain several million species, although only
approximately 150,000 have been characterized (Rokas, 2022). Approximately 200 species are
capable of infecting humans (Fisher et al., 2020). However, their impact on public health cannot
be overstated. Approximately 2.5 million deaths are directly linked to fungal infections globally
each year (Denning, 2024). Fungal infections are predominantly associated with
immunocompromised individuals, and these infections are expected to increase due to the rise of
such conditions (such as diabetes, various cancers, and organ transplants). However, it is also
worth noting that certain fungal infections, such as histoplasmosis and valley fever, can occur in
immunocompetent individuals. The total economic burden of fungal infections on the U.S.
healthcare system was estimated to be $11.5 billion in 2019, including $7.5 billion in direct costs
(Benedict, Whitham, and Jackson, 2022).

Human fungal pathogens can be found in a variety of environments. Some pathogens,
such as Aspergillus fumigatus, Candida albicans, and Cryptococcus neoformans, can be found
worldwide (Rokas, 2022). Coccidioides spp. can be found in dry soil in the western U.S., while
Histoplasma spp. can be found in bat guano in the Mississippi River Valley (One Health, 2019).
Candida albicans can exist as a commensal species in the human microbiota but can cause

invasive infections under certain circumstances (Kumamato, Gresnigt, and Hube, 2020).



Infections from Candida auris, a multidrug-resistant pathogen that was first characterized in
2009, are often acquired in hospitals (Forsberg et al., 2019).

Fungal infections are primarily acquired through spore inhalation or infection of open
wounds. A healthy immune response includes pattern recognition receptors (PRRs) that identify
unique characteristics of these fungi, such as cell wall components. Broadly speaking, these
PRRs trigger signaling cascades that lead to, among other things, cytokine production and the
recruitment of additional immune cells to target the pathogen.

The World Health Organization recently published a list of human fungal pathogens to
prioritize for further research. Notable mentions include Aspergillus fumigatus, Candida albicans
and Cryptococcus neoformans in the critical priority group, and Rhizopus delemar (Mucorales)
in the high priority group (World Health Organization, 2022). The latter three pathogens, which

are the focus of this dissertation, are further discussed in the following subsections.

Candida albicans

As mentioned previously, C. albicans can exist as a human commensal species or
cause serious infections. Its dimorphic switching between the yeast form and the hyphal form
(Mukaremera et al., 2017) and its ability to form dense biofilms on a variety of surfaces (such as
dentures and implants) contribute to its ability to cause severe disease. It is the most common
causative agent of candidiasis (Pappas et al., 2018). Approximately 1.5 million cases of invasive
candidiasis occur each year, with an estimated mortality rate of 63% (Denning, 2024). The
treatment regimen for invasive candidiasis is usually an echinocandin for the initial stage
followed by a transition to an azole, although the polyene amphotericin B (AmB) is an available

alternative (Pappas et al., 2016; Barantsevich and Barantsevich, 2022).



The C. albicans strain used in this dissertation is SC5314, a common reference
strain originally isolated in 1984 from a disseminated candidiasis case (Gillum, Tsay, and Kirsch,
1984). The C. albicans cell wall contains two layers: (1) an inner layer containing chitin, short
O-linked mannans, and (primarily) B-glucans, and (2) an outer layer containing long N-linked
mannans (Gow and Lenardon, 2023). Although the presence of these particular carbohydrates
enables the recognition of C. albicans by immune receptors such as the Dectins, the dynamic
nature of the fungal cell wall helps C. albicans evade the immune response and survive despite
the use of an antifungal treatment. For example, in response to the use of echinocandins, which
target B-glucan synthase, C. albicans upregulates chitin synthesis pathways as a compensatory
mechanism (Walker et al., 2008). B-glucan exposure is also regulated in response to various
conditions, thus further minimizing the possibility of immune receptor recognition (Chen,
Wagner, and Reynolds, 2022). However, it has also been reported that f-glucan exposure
becomes more prevalent over the duration of a typical infection compared to the initial stages,
thus explaining the involvement of B-glucan-recognizing immune receptors in candidiasis

infections (Wheeler et al., 2008).

Cryptococcus neoformans

C. neoformans has a worldwide distribution but is primarily found in decaying
matter and bird guano (May et al., 2016). Unique characteristics that enable its virulence include
melanin production and a capsule with varying degrees of thickness depending on environmental
circumstances (Ristow et al., 2023). It can cross the blood-brain barrier and lead to cryptococcal
meningitis. Although cryptococcal meningitis can occur among different groups of

immunocompromised patients, it is most notably associated with HIV/AIDS. Approximately



19% of AIDS-related mortality is linked to cryptococcal meningitis cases globally (Rajasingham
et al., 2022). The overall mortality rate for cryptococcal meningitis is estimated at 75%
(Denning, 2024). The treatment regimen usually involves some combination of an azole, AmB,
and/or 5-flucytosine (Spadari et al., 2020). Cryptococcus spp. have intrinsic resistance against
echinocandins despite the presence of the drug class’s enzymatic target (Denning, 2003). The
mechanism(s) that cause(s) this resistance are still unclear (Mukaremera, 2023).

The C. neoformans strain used in this study is H99, a common reference strain
that was originally isolated in 1978 from a Hodgkin’s disease patient (Janbon et al., 2014). The
C. neoformans cell wall primarily contains a mix of B-glucans, chitosan, and chitin, while the
surrounding capsule primarily contains glucuronoxylomannan and galactoxylomannan
(Mukaremera, 2023). In addition to protecting the glucans from immune cell recognition, the

capsule itself does not elicit a strong immune response (Zaragoza and Casadevall, 2004).

Rhizopus delemar

R. delemar (formerly R. oryzae) is a saprotroph that is part of the Mucorales
order, which as a whole has a worldwide distribution; species-specific variation in distribution
has been observed (Hoenigl et al., 2022). Virulence characteristics include the production of a
unique toxin (mucoricin) and a set of spore coat proteins (cotH) that help facilitate invasion into
a host (Soliman et al., 2021; Tahiri et al., 2023). It is the most common causative agent of
mucormycosis. Despite varying incidence rates from country to country, 900,000 cases are
estimated to occur globally each year (Prakash and Chakrabarti, 2019). In particular, India
experienced a surge in COVID-19-associated mucormycosis cases; a potential link between the

presence of Mucorales-rich cow dung in India and cultural practices that enable spore dispersion



has been discussed (Skaria et al., 2022). The treatment regimen usually involves a combination
of AmB and either isavuconazole or posaconazole; surgery to remove infected tissue is also
critical (Smith and Lee, 2022). Echinocandins are not effective against Rhizopus despite the
presence of the enzymatic target (Reed et al., 2008).

The R. delemar strain used in this study is 99-880, a clinical strain originally
isolated in 1999 from a rhinocerebral mucormycosis case (Broad Institute). The Rhizopus cell
wall is not as thoroughly characterized as the cell walls of Candida and Cryptococcus.
Miscellaneous studies have elucidated the presence of specific components rather than the
precise structure. Enzymatic analyses indicate that chitosan, chitin, glucosamine, and N-
acetylglucosamine are important components (Tominaga and Tsujisaka, 1981). Genome analyses
indicate that R. delemar has 23 chitin synthases and 34 chitin deacetylases, further validating the
importance of chitin and chitosan to its cell wall (Ma et al., 2009). Mucoran and mucoric acid,
which contain glucuronic acid and mannose units, have also been reported (Lecointe et al.,
2019). Specific links between the dynamic cell wall and immune response recognition/evasion
are still being elucidated. However, it is known that f-glucan exposure during Rhizopus hyphal

formation contributes to immune recognition via Dectin-1 (Chamilos et al., 2010).

The Urgent Need for Effective Antifungals

There are only three primary classes of antifungals - the polyenes, the echinocandins, and
the azoles - that have been approved for treating serious infections since the 1950s. Briefly, the
echinocandins and azoles have enzymatic targets (f-1,3-glucan synthase and lanosterol 14-a
demethylase, respectively). Pros include the existence of oral formulations (azoles) and the

minimal potential of drug-drug interactions (echinocandins). Cons include the rising likelihood



of drug resistance since these classes have enzymatic targets instead of structural targets.
Polyenes target ergosterol, which is found in the fungal cell membrane. The first polyene,
fungicidin (now known as nystatin), was reported in 1951 as a product of a Streptomyces noursei
strain from a Virginian farm soil sample (Hazen and Brown, 1951; Hazen and Brown, 1952).
The class has since expanded to include amphotericin B (AmB) and natamycin, among others.
AmB, the focus of this dissertation, is further discussed below.

AmB was discovered in the 1950s as a product of a Streptomyces nodosus isolate that
originated from a Venezuelan soil sample, and it was patented in 1954 (Dutcher et al., 1954). It
consists of three main components: a polyol region, a polyene region, and a mycosamine unit
(Volmer, Szpilman, and Carriera, 2010). The structural role and relevance of each region in
relation to antifungal activity is still being elucidated. However, it is known that the mycosamine
unit is required for AmB to interact with ergosterol, and the loss of this unit results in no
antifungal activity (Palacios et al., 2011; Palacios, Anderson, and Burke, 2007).

The exact mechanism of action is still under debate. The original model indicated that
polyenes create pores in the fungal cell membrane by forming complexes within the lipid bilayer,
therefore causing ion leakage and cell death (Mesa-Arango et al., 2012). However, in one study,
Gray et al. (2012) generated two derivatives of AmB: one that does not bind to ergosterol, form
ion channels, or have antifungal activity (amphoteronolide B) and one that can bind to ergosterol
but cannot form ion channels (C35deOAmB). By studying these derivatives in comparison to
AmB in vitro, they showed that polyene-mediated fungal cell death requires binding to ergosterol
but does not require the formation of ion channels. Anderson et al. (2014) proposed that AmB
aggregates into an extramembranous sterol sponge that can extract ergosterol out of the fungal

cell membrane; they showed that saturating AmB with ergosterol prior to treating fungal cells



significantly reduced AmB’s ability to extract ergosterol from fungal cell membranes and,
therefore, kill fungal cells. Mesa-Arango et al. (2014) showed that the production of reactive
oxygen species (ROS) is also a critical component of AmB’s effectiveness; ROS accumulation in
fungal cells increased after AmB treatment, whereas the pretreatment of fungal cells with a
respiratory chain inhibitor led to a significant reduction in AmB’s ability to induce ROS
accumulation. In summary, AmB’s mechanism of action against ergosterol is a multifaceted
process that is still being elucidated.

AmB is known to have a broad spectrum of fungicidal activity and, therefore, has been
described as the “gold standard” of antifungal treatments (Saravolatz et al., 2003). However, it
has several issues that have limited its clinical use. For example, AmB can also bind to
cholesterol, albeit with a lower affinity compared to ergosterol (Kotler-Brajtburg et al., 1974;
Readio and Bittman, 1982). A known side-effect is nephrotoxicity, which can ultimately lead to
renal failure (Deray, 2002). Hepatotoxicity has also been reported, albeit rarely, since AmB can
accumulate in the liver (Inselmann, Inselmann, and Heidemann, 2002).

Another issue is that AmB has poor solubility in water due to its amphipathic structure; it
oligomerizes in aqueous solutions and forms insoluble aggregates (Torrado et al., 2008; Faustino
and Pinheiro, 2020; Barratt and Bretagne, 2007). The oral bioavailability is reportedly as low as
0.2-0.9%, and this has severely hindered the development of oral formulations (Serrano and
Lalatsa, 2017). The first AmB formulation to be licensed for mycoses treatment was AmB
deoxycholate (Fungizone®), which is administered intravenously. In this formulation, AmB is
complexed with sodium deoxycholate, a bile salt detergent that improves both the solubility of
AmB in water and the stability of the subsequent aggregates that form in the solution (Cavassin

et al., 2021). The particle size is less than 25 nm (Cavassin et al., 2021). However, the aggregates



dissociate almost immediately after the treatment is administered, causing the drug to be released
into the bloodstream (Fanos and Cataldi, 2000). Additionally, the sodium deoxycholate itself
could potentially contribute to the treatment’s toxicity since bile salts can act on cell membranes
(Zager, Bredl, and Schimpf, 1992).

Attempts at developing safer alternatives to Fungizone® led to the FDA approval of three
lipid-based treatments in the mid-1990s: Abelcet®, Amphocil®, and AmBisome®. In Abelcet®,
AmB is complexed with a ratio of certain lipids and suspended in 0.9% sodium chloride to form
ribbon-like structures that range from 1,600 nm to 11,000 nm in size (Adedoyin et al., 1997;
Cavassin et al., 2021). In Amphocil®, AmB is complexed with cholesteryl sulphate to form a
colloidal dispersion of disc-like structures that range from 100 nm to 140 nm in size (Adler-
Moore and Proffitt, 2008). Improvements with these treatments compared to Fungizone®
include the ability to safely administer higher doses of AmB and higher concentrations of AmB
being measured away from the kidneys. However, shortcomings of these treatments include
infusion-related events and low lipid transition temperatures that can prevent the complexes from
reaching their intended targets before disintegrating (Adedoyin et al., 1997; Hilery, 1997).

In AmBisome®, AmB is intercalated into the lipid bilayer of liposomes that are
approximately 100 nm in size (Adler-Moore and Proffitt, 2008). Liposomes are spherical
vesicles in which a lipid bilayer surrounds an aqueous core; therefore, they can package
hydrophobic or hydrophilic compounds. Since the 1960s, liposomes have been used as drug
delivery vehicles to treat diseases ranging from viral infections to different types of cancer.
Pharmacological benefits of liposomes include an extended half-life for the drugs and a general
reduction in drug toxicity (Hua and Wu, 2013). However, one limitation of conventional

liposomes is that they are removed from circulation by the reticuloendothelial system (RES,



which contains the liver and spleen), thus limiting their overall effectiveness (Papahadjopoulos et
al., 1991). Stealth, or pegylated, liposomes were generated to circumvent this; they contain
polyethylene glycol, a polymer coating that improves the stability of the liposomes and interferes
with RES recognition (Papahadjopoulos et al., 1991; Sercombe et al., 2015; Gregoriadis, 2016).
AmBisome® exhibits similar improvements (such as higher standard drug dosages) over
Fungizone® compared to the other formulations. Despite these improvements, infusion-related
events and off-target effects (nephrotoxicity, hepatotoxicity, etc.) are still prevalent with the use
of AmBisome® (Stone et al., 2016). Therefore, our research group wondered if the addition of a
targeted specificity mechanism could help minimize these side effects and improve treatment

efficacy.

From Liposomes to Targeted Liposomes

Targeted drug delivery can be classified into two categories: passive targeting involves
the accumulation of the drug through the enhanced permeability and retention effect of tissues of
interest, while active targeting involves the incorporation of a molecule that specifically
recognizes the target of interest (Torchilin, 2010). Targeted drug delivery is a focus of cancer
research, but targeted liposomes in medical mycology is a developing field of study. To our
knowledge, our DectiSomes are the first published example of a targeted antifungal-loaded
liposome (Ambati et al., 2019b). However, at least one other published example of a targeted
antifungal liposome has emerged since then. An AmB-loaded liposome coated with a chitin-
binding protein had increased antifungal activity against C. neoformans compared to the
uncoated liposome (Taniguchi et al., 2022). Our targeting mechanism of choice is the Dectin

immune receptors, which are further discussed below.



The Roles of Dectins

C-type Lectin Receptors (CLRs) are defined as proteins that contain at least one C-type
lectin-like domain (CTLD); by this broad criterion, there are at least 1,000 proteins that can be
further categorized into 17 subgroups with a variety of functions (Brown et al., 2018). Although
commonly associated with the ability to bind carbohydrates, CLRs are also capable of binding a
variety of substrates such as lipids, other proteins, and even ice (Brown et al., 2018). Mammalian
CLRs contain three main components: the CTLD, a stalk domain, and a transmembrane domain.
Our truncated versions of Dectins contain the CTLD (which we also refer to as the carbohydrate
recognition domain or CRD) and a portion of the stalk domain.

Dectin-1 (CLEC7A), Dectin-2 (CLEC6A), and Dectin-3 (CLEC4D; also known as MCL
or macrophage C-type lectin) are expressed on a variety of immune cell types, such as dendritic
cells, neutrophils, and macrophages. Dectin-1 primarily recognizes -glucans, which are present
in a wide variety of pathogenic fungal genera. Dectin-2 and Dectin-3 primarily recognize alpha-
mannans, although Dectin-3 also recognizes some unique components such as
glucuroxylomannan in the Cryptococcus capsule and trehalose 6,6’-dimycolate in
Mpycobacterium spp. (Huang et al., 2018; Zhao et al., 2014). Dectin-2 reportedly recognizes more
genera than Dectin-3, but this is potentially because Dectin-3 is not as thoroughly characterized.
Dectin-2 and Dectin-3 are also capable of forming a heterodimer that has a greater affinity for
mannans compared to their homodimers (Zhu et al., 2013). In addition to their broad recognition
activity, Dectins are significantly smaller than antibodies that may recognize similar ligands

(Meagher et al., 2023), making this an ideal choice for a targeting mechanism.
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DectiSomes: Targeted Antifungal Liposomes

Given that one of the limitations of liposomal AmB is off-target effects and subsequent
organ-associated toxicity, our research group wondered if a targeting mechanism could be
incorporated onto liposomal AmB to minimize those effects. Since Dectins are known to
specifically recognize various fungi as part of the human immune response, our research group
generated DectiSomes - targeted antifungal-loaded liposomes - as a potential answer to this
question. The four primary components of DectiSomes are (1) the liposome itself, (2) AmB
intercalated into the lipid bilayer, (3) the respective Dectin receptor at the surface, and (4)
rhodamine B at the surface for fluorescence microscopy purposes (Figure 1).

When constructing DectiSomes, the carbohydrate recognition domain and partial stalk
domain sequences of Dectins are codon-optimized. A histidine tag, a flexible spacer region, and
several lysine residues are added to the N-terminus of the final sequence. This construct is cloned
into the pET-45b+ plasmid, which is subsequently used for E. coli transformations. The Dectin
protein is purified and modified to add a DSPE-PEG lipid moiety to the lysine residues; this lipid
moiety enables integration into the liposome bilayer. AmB is dissolved in dimethyl sulfoxide in
excess and incubated with liposomes for a final drug concentration of approximately 11 mol%,
which is comparable to the standard AmBisome® drug concentration. These drug-loaded
liposomes are then incubated with the lipid-conjugated Dectin protein and thodamine B-DHPE
to generate the final DectiSome product. The DectiSome’s Dectin coating, with its high affinity
for fungal-specific glycans, is predicted to guide the DectiSomes toward their intended target -
the fungal pathogen - and away from off-target sites such as host cells. This promotes a more
concentrated diffusion of the drug around the fungal cell, therefore lowering the required

effective drug dosage and the risk of off-target effects.
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Prior to this dissertation project, our research group had shown that DectiSomes coated
with either Dectin-1 or Dectin-2 bound to A. fumigatus, C. albicans, and C. neoformans more
effectively in vitro than uncoated, drug-loaded liposomes (hereafter referred to as untargeted
liposomes) or bovine serum albumin (BSA)-coated, drug-loaded liposomes, which were included
as a non-specific binding control. Using a combination of germination measurements and
metabolic activity assays, our research group showed that these DectiSomes also inhibited and/or
killed these fungi more effectively than the respective controls in vitro (Ambati et al., 2019a;
Ambati et al., 2019b). In parallel to this dissertation project, our research group has shown that
these DectiSomes exhibit improved efficacy in vivo in murine models of pulmonary
aspergillosis, disseminated candidiasis, and systemic cryptococcosis; they observed increased
DectiSome binding to infection centers, higher survival rates with the DectiSome treatment, and
lower levels of fungal burden in tissue samples (Ambati et al., 2021; Ambati et al., 2022; Pham
et al., 2024). Our research group also published a recent in-depth review about the overall project
(Meagher et al., 2023).

The goal of this dissertation is to expand upon the potential uses of DectiSomes as a
novel technology. This was pursued in three primary directions: evaluating efficacy against
different fungal pathogens, constructing additional types of DectiSomes, and repurposing
DectiSomes outside of an antifungal treatment. Chapter 2 focuses on the in vitro efficacy of
existing Dectin-1 DectiSomes on R. delemar. Chapter 3 focuses on the construction of Dectin-3
DectiSomes and their efficacy against several clinically relevant human fungal pathogens.
Chapter 4 focuses on the potential applications of DectiSomes as biological probes. Chapter 5

summarizes the outcomes of the previous chapters and discusses future directions.
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Figure 1: DectiSomes are targeted liposomes that are fungal-specific. Several DectiSomes
are bound to a fungal hypha. (Inset) A DectiSome has four main components: (1) the liposome
itself, (2) the antifungal amphotericin B in the liposomal membrane, (3) the fluorescent protein
rhodamine B at the liposomal surface, and (4) the respective Dectin monomers at the liposomal
surface. The Dectin monomers form dimers that facilitate binding to fungal-specific glycans,
such as cell wall carbohydrates. Figure made in BioRender.
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CHAPTER 2

TARGETED DELIVERY OF ANTIFUNGAL LIPOSOMES TO RHIZOPUS DELEMAR!

!Choudhury Q.J., Ambati S., Lewis Z.A., and Meagher R.B. (2022). Targeted delivery of
antifungal liposomes to Rhizopus delemar. Journal of Fungi 8 (4), 352. Paper link:
https://www.mdpi.com/2309-608X/8/4/352. Reprinted here with permission of publisher.

21



Abstract

Mucormycosis (a.k.a. zygomycosis) is an often-life-threatening disease caused by fungi
from the ancient fungal division Mucoromycota. Globally, there are nearly a million people with
the disease. Rhizopus spp., and R. delemar (R. oryzae, R. arrhizus) in particular, are responsible
for most of the diagnosed cases. Pulmonary, rhino-orbito-cerebral, and invasive mucormycosis

are most effectively treated with amphotericin B (AmB) and particularly with liposomal

formulations (e.g., AmBisome®). However, even after antifungal therapy, there is still a 50%
mortality rate. Hence, there is a critical need to improve therapeutics for mucormycosis.
Targeting AmB-loaded liposomes (AmB-LLs) with the pathogen receptor Dectin-1 (DEC1-
AmB-LLs) to the beta-glucans expressed on the surface of Aspergillus fumigatus and Candida
albicans lowers the effective dose required to kill cells relative to untargeted AmB-LLs. Because
Dectin-1 is an immune receptor for R. delemar infections and may bind it directly, we explored
the Dectin-1-mediated delivery of liposomal AmB to R. delemar. DEC1-AmB-LLs bound 100-
to 1000-fold more efficiently to the exopolysaccharide matrix of R. delemar germlings and
mature hyphae relative to AmB-LLs. DEC1-AmB-LLs delivering sub-micromolar
concentrations of AmB were an order of magnitude more efficient at inhibiting and/or killing R.
delemar than AmB-LLs. Targeted antifungal drug-loaded liposomes have the potential to

improve the treatment of mucormycosis.

Introduction
Globally there are approximately 900,000 individuals with mucormycosis, mostly in
India!?. Among those at particular risk are patients with lung diseases; neutropenic patients, such

as those receiving prolonged immunosuppression for hematopoietic stem cell transplants;
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patients receiving long-term treatment for inflammatory diseases; and patients with diabetic
ketoacidosis, COVID-19, or AIDS?*-!°. The number of reported cases of mucormycosis has
increased 6- to 7-fold in the last four decades’, paralleling the increasing numbers of individuals
on immunosuppressants and very recently COVID-19. Among the diverse Mucoromycota'!, the
genus Rhizopus and one species in particular, Rhizopus delemar (R. oryzae, R. arrhizus), are
responsible for 50% or more of all diagnosed cases”!>!3. R. delemar is an opportunistic pathogen
living in soil on rotting vegetation. The primary infection route is via inhalation of its
sporangiospores, which leads most commonly to pulmonary and rhino-orbito-cerebral
infections'®. Liposomal amphotericin B (AmB) followed by isavuconazole (ISZ) and/or
posaconazole (POS) are the most commonly prescribed antifungals'®. The surgical removal of
infected tissue prior to antifungal therapy significantly improves the outcome!®!”. However, even
with antifungal therapy and surgery, there is still approximately a 50% to 99% mortality rate
within several months of diagnosis depending upon the level of dissemination at the time of
accurate diagnosis and treatment’!41618_ Clearly, there is a critical need for improved antifungal
therapies for mucormycosis.

The immune response to infections caused by Rhizopus spp. is mediated by signaling
from the C-type lectin pathogen receptor Dectin-1 (CLEC7A4)!2. Dectin-1 is expressed on the
surface of some classes of leukocytes, including dendritic cells and neutrophils. Indirect evidence
suggests Dectin-1 may bind directly to oligoglucans expressed by Rhizopus'®°. Two Dectin-1
monomers float together such that their extracellular carbohydrate recognition domains (CRDs)
form homo-dimers that bind with high affinity to beta-glucans in the cell wall and/or the
exopolysaccharide matrices of pathogens?!. We have been developing DectiSomes as anti-

infective agents, using C-type lectin pathogen receptors to target liposomes loaded with
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antifungal drugs to pathogenic fungi?*?*, We have shown that the CRD and stalk region of
Dectin-1 may be tethered to liposomes loaded with antifungal drugs, targeting these liposomes
specifically to beta-glucans on the surface of fungal pathogens?**. As designed, Dectin-1 CRD
monomers float in the liposomal membrane and form the functional homo-dimers necessary for
beta-glucan binding. Dectin-1-coated, AmB-loaded liposomes (DEC1-AmB-LLs) bind to the cell

walls and exopolysaccharides of Aspergillus fumigatus and Candida albicans orders of

magnitude more strongly than untargeted AmBisome®-like AmB-LLs. DEC1-AmB-LLs also
inhibit and/or kill in vitro-grown A. fumigatus 100-fold more efficiently than AmB-LLs,
reducing the in vitro effective dose for 90% killing more than 10-fold. Considering that Dectin-1
might bind directly to R. delemar, we explored the binding of DEC1-AmB-LLs to R. delemar

and their potential to enhance the efficacy of antifungal liposome treatment.

Materials and Methods
Fungal Strain and Culture Conditions

All studies were performed with R. delemar strain 99-880 (ATCC MYA-4621).

Sporangiospore stocks were stored frozen at —80°C in 20% glycerol and were prepared fresh for
the following experiments by harvesting sporangiospores from potato dextrose agar (PDA;

ThermoFisher, Cat# 0013-01-4, Waltham, MA, USA) plates. PDA plates were inoculated with 2
x 10° R. delemar sporangiospores, which were evenly spread with sterile glass beads and

incubated at 37°C. After three days, 1X phosphate-buffered saline (PBS) + 0.05% tween was
added to the surface of the plates, and sporangiospores were scraped from the surface into a

sterile 250 mL beaker. The sporangiospores were then filtered through a 40 um cell strainer

(Fisherbrand, Cat# 22363547, Rockingham County, NH, USA) into a 50 mL conical tube. The
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tube was centrifuged at room temperature for five mins at 1200 x g. The supernatant was

removed, and the sporangiospore pellet was resuspended in either 1 mL of PBS + 0.05% tween
for short-term storage at 4°C or in 1 mL of 20% glycerol in sterile deionized water for long-term
storage at —80°C. Titers were determined via hemocytometer counts. Sporangiospores stored at

4°C remained 99% viable for one to two months.

Liposome Preparations and Fluorescent Tagging of Dectin-1

We prepared 100 nanometer (nm)-diameter pegylated AmB-LLs that contained 11 mole
% AmB and 2 mole % rhodamine relative to moles of liposomal lipid as previously described?’.
Pegylation extends the half-life of packaged drugs by significantly reducing opsonization and
phagocytosis?®2’. We previously showed that our pegylated AmB-LLs significantly

outperformed commercial AmBisome®

at reducing fungal burden in a mouse model of
candidiasis®®, presumably because of pegylation. The AmB-LLs were then coated with either 1
mole % Dectin-1 or 0.33 mole % bovine serum albumin (BSA; Sigma-Aldrich, Cat# A-8022, St.

Louis, MO, USA), also as described, which achieves the same microgram protein concentration

on the surface of the two liposome preparations?. Liposomes were stored at 4°C in RN#5 buffer
(0.1 M NaH2PO4, 10 mM triethanolamine pH 8.0, 1 M L-arginine, 100 mM NaCl, 5 mM
EDTA, and fresh 5 mM 2-mercaptoethanol)?®, and all preparations were adjusted to contain 600
uM AmB. Each liposome preparation was freshly reduced with 1 mM 2-mercaptoethanol (BME;
Sigma-Aldrich, Cat# M7522, St. Louis, MO, USA) on a monthly basis and again just prior to
use. Rhodamine B-conjugated Dectin-1 protein, DEC1-Rhod, was prepared following the

protocol we described previously for rhodamine-tagging Dectin-228.
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Liposome Binding Activity

In order to prepare fixed agar plugs for microscopy (Supplemental Figure S2.1), R.
delemar sporangiospores were plated on 1.5% agar plates made with RPMI-1640 media lacking
phenol red dye (Sigma-Aldrich, Cat# R8755, St. Louis, MO, USA) + 0.165 M MOPS (3-(N-

morpholino)propanesulfonic acid) (Sigma-Aldrich, Cat# M1254, St. Louis, MO, USA)*

adjusted to pH 7 and incubated at 37 °C for either 6 to 8 h to sample swollen sporangiospores
and germlings or overnight until the hyphal colonies were approximately 6 cm in diameter. A
sterile 7 mm-diameter cork-borer was used to remove plugs from the plate with germlings or
from the periphery of hyphal colonies to obtain elongating hyphae. Plugs were deposited into a
24-well plate containing 1 mL of 1x PBS and washed once. Plugs were fixed for one hour in

freshly-prepared 3.7% formaldehyde (J.T. Baker, Cat# 2106-01, Phillipsburg, NJ, USA) and

washed 3 times in PBS before being stored overnight at 4°C. Plugs were blocked in liposome
dilution buffer 1 (LDB1; 1x PBS + 0.5% BSA + 1 mM BME) for one hour. Dectin-1- and BSA-
coated liposomes were diluted to 1:100 w/v (protein/buffer). AmB-LLs were similarly diluted.
Plugs were incubated with liposomes for two hours at room temperature with shaking at 50 rpm
and washed once with the LDB1 buffer in the dark. A 25 mM stock of calcofluor white (CW;
Bayer Corp., Blankophor BBH, CAS 4193-55-9, Pittsburgh, PA, USA) stored in dimethyl
sulfoxide (DMSO; Sigma-Aldrich, Cat# D8418, St. Louis, MO, USA) was diluted 1:5000 in 1x
PBS + 5% DMSO, added to the wash, and incubated with the agar plugs for 30 min. After one
more wash, plugs were placed on a microscope slide with the hyphal colony facing upward,
fitted with a cover slip, and imaged under epifluorescence on a Leica DM6000 compound
microscope at 5x or at 63x under oil immersion?. CW cell staining was imaged in the DAPI

channel (Ex360/Em470) and rhodamine B-tagged liposomes in the Texas red channel
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(Ex560/Em645). The area of red fluorescent liposome binding was quantified using Imagel
(imagej.nih.gov/ij, v. 1.53a; accessed on 4 May 2020). The following sequence of commands
was used: Image > (8 bit), followed by Image > Adjust > Threshold > Apply. The commands
Analyze > Measure were used to place the area data for each image in a file in Excel (v.
16.16.27). Live hyphal plugs were prepared by omitting the formaldehyde and subsequent wash
steps.

In order to assess the specificity of DEC1-AmB-LL binding, fixed hyphal plugs were
prepared as described above. DEC1-AmB-LLs were preincubated with either 0.5 mg/mL of
laminarin (Sigma-Aldrich; Cat# L-9634, St. Louis, MO, USA) or 0.5 mg/mL yeast mannans
(Sigma-Aldrich; Cat# M3640, St. Louis, MO, USA) for 30 min at room temperature. These
liposomes were added to the hyphal plugs and incubated for two hours at room temperature with

50 rpm shaking in the dark. The plugs were then processed and imaged as described above.

Liposome Inhibition Activity

In order to determine the inhibitory concentration of AmB delivered by DEC1-AmB-LLs
relative to AmB-LLs, two variations of the following assay were performed. Eight hundred R.
delemar sporangiospores were plated in 90 uL of liquid RPMI + 0.165 M MOPS (pH 7) in
individual wells of 96-well microtiter plates. Ten uL of each liposome type (AmB-LLs, BSA-

AmB-LLs, and DEC1-AmB-LLs) delivering different concentrations of AmB were immediately

added to the respective wells, and the plates were incubated for 24 or 48 h at 37°C with 120 rpm
shaking. In one variation, after the first 24 h, the center of each well was imaged with an EVOS
imaging system (AMG F1) at 10x magnification. After 48 h, an overview picture of the entire

96-well plate was taken. In the second variation, the cell density (OD at Ag10) and metabolic
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activity were measured at 24 h using a Bio-Tek Synergy HT fluorescent microtiter plate reader.
Twenty microliters of the CellTiter-Blue (CTB, Promega; Cat.# G8080; Madison, WI, USA)

resazurin reagent was added to each well according to the manufacturer’s instructions. The plate

was incubated at 37°C for two hours. The pink fluorescence in each well was quantified
(Ex485/Em590). The background fluorescence in wells lacking cells was subtracted.
To determine metabolic activity following a short exposure to targeted and untargeted

AmB-LLs, 5000 R. delemar sporangiospores were plated in 90 uL of liquid RPMI + 0.165 M

MOPS (pH 7) in a 96-well microtiter plate. The plate was incubated at 37°C for eight hours until

uniform germination and mature hyphae were observed. The liposome treatments were added as

described above, and the plate was incubated for three hours at 37°C. The CTB assay was then

performed as described above.

Data Management

Quantitative imaging data from ImageJ were initially managed in Excel. Imaging data
were then moved to Graph Pad Prism 9 (v. 9.3.1), where scatter bar plots were prepared and
standard errors were estimated. p values were estimated in Excel using the Student’s two-tailed t

test, T.TEST, for various comparisons.

Results
Dectin-1 Targeted DECI1-AmB-LLs Bind to R. delemar

To determine if Dectin-1 would target liposomes to R. delemar, we grew R. delemar on
the surface of agar plates and stained the cells with thodamine B-tagged liposomes. Liposome

staining was viewed top down by epifluorescence. Figure 2.1 shows the binding of BSA-AmB-
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LLs, AmB-LLs, or DECI-AmB-LLs to early stages of germinating R. delemar sporangiospores.
Cells are visible due to the fluorescent stain CW. DEC1-AmB-LLs bound efficiently to the
exopolysaccharide matrix and, to a lesser extent, the cell wall of swollen and germinating
sporangiospores (Figure 2.1C), while BSA-AmB-LLs and AmB-LLs did not bind efficiently
(Figure 2.1A,B). DEC1-AmB-LLs also bound efficiently to the exopolysaccharide matrix of
germlings (Figure 2.1F), while BSA-AmB-LLs and AmB-LLs did not bind efficiently (Figure
2.1D,E). By measuring the area of red fluorescent liposome binding to randomly photographed

fields of CW-stained germlings, we quantified the binding efficiency. DEC1-AmB-LLs bound

126-fold (p = 7.4 x 10_4) more efficiently than AmB-LLs (Figure 2.1G). The fact that essentially
all germlings efficiently bound to DEC1-AmB-LLs is made evident by examining the
distribution of data in the scatter bar plot.

Figure 2.2 examines liposome binding to hyphae grown on agar. DEC1-AmB-LLs
(Figure 2.2C) bound efficiently to exopolysaccharide distributed all along the majority of the
hyphae, while control liposome binding was barely detectable (Figure 2.2A,B). Figure 2.2D

quantifies these data, showing that DEC1-AmB-LLs bound approximately 1900-fold (p = 1.3 x

10_10) more strongly than AmB-LLs. At 63x magnification (Figure 2.2E) we observed that
DEC1-AmB-LLs bound along the cell wall (see arrows) and even more strongly to extracellular
deposits of exopolysaccharide. We could not confirm if binding that appeared to be on the cell
wall was to the cell wall itself or to small deposits of exopolysaccharide on the wall surface. We
performed a parallel binding experiment on live hyphae (Figure 2.2F) and observed that DEC1-
AmB-LLs bound 368-fold more strongly than AmB-LLs (p = 0.002). It is likely that the water
solubility of some exopolysaccharides in unfixed cell preparations removed a portion of their

beta-glucans, accounting for the slightly lower level of binding relative to that observed for fixed
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cells*®. The remodeling of the exopolysaccharide matrix in live cells could also account for some
loss of binding. Complete biological replicates gave similar results for both fixed and live cells
(Supplemental Figure S2.2). It is worth noting that coating AmB-LLs with BSA (BSA-AmB-
LLs) did not significantly alter binding (Figures 2.1G and 2.2D,F). Hence, there does not
appear to be a significant non-specific affinity of protein-coated liposomes for Rhizopus.

It seemed possible that the 100 nm-diameter size of our DEC1-AmB-LLs limited
penetration and binding to cell wall beta-glucans. Therefore, we labeled hyphae with rhodamine-
conjugated Dectin-1 protein. Dectin-1 is projected to have a diameter measured in tens of
angstroms?!. We labeled fixed hyphae with DEC1-Rhod. The exopolysaccharide staining pattern
was indistinguishable from that of DEC1-AmB-LLs (Supplemental Figure S2.2C).

The glycan specificity of Dectin-1-targeted liposome binding to R. delemar was
evaluated by a competitive inhibition study with laminarin (6 kDa), which contains cognate beta-
glucan ligands, and yeast mannan (133 kDa), which is composed of various oligomannans
(Figure 2.3). Dectin-1 binds to various beta-glucan crosslink variants with dissociation constants
(e.g., Kds) ranging from mM to pM>!. Laminarin is expected to contain many, but certainly not
all, of the variously crosslinked oligoglucan structures found among fungal polysaccharides.
DEC1-AmB-LLs were preincubated with laminarin or yeast mannan before being bound to
mature R. delemar hyphae. Relative to the DEC1-AmB-LL untreated control (Figure 2.3A),
laminarin inhibited DEC1-AmB-LL binding (Figure 2.3C), whereas yeast mannan did not

(Figure 2.3B). We quantified the area of red fluorescent liposome binding from multiple images.

Laminarin inhibited DEC1-AmB-LL binding 4.2-fold (p = 4.7 x 10_8) relative to the DEC1-
AmB-LL untreated control (Figure 2.3D). A biological replicate of this experiment is shown in

Supplemental Figure S2.3.

30



DECI1-AmB-LLs Efficiently Inhibit and/or Kill R. delemar

Multiple assays were used to examine the ability of liposomal AmB to reduce the
viability and/or growth of R. delemar. First, we inoculated 96-well microtiter plates with R.
delemar sporangiospores and immediately added BSA-AmB-LLs, AmB-LLs, and DEC1-AmB-
LLs, delivering final concentrations of AmB ranging from 6.4 uM in a two-fold dilution series
down to 0.0125 uM (Figure 2.4). Visual inspection of the plate revealed that the minimum
inhibitory concentration (MIC) after 48 h of growth for DEC1-AmB-LLs was 0.4 pM, while that
for AmB-LLs and BSA-AmB-LLs was 3.2 uM, an 8-fold difference (Figure 2.4A). It was
possible to take a closer look at each well after only 24 h of growth, when the hyphae were less
densely packed; images taken at 10x magnification revealed a similar result (Figure 2.4B).
DEC1-AmB-LLs delivering 0.4 uM AmB effectively inhibited growth, while AmB-LLs and
BSA-AmB-LLs delivering 1.6 and 6.4 uM, respectively, inhibited growth. A complete biological
replicate of this experiment, shown in Supplemental Figure S2.4, suggests a similar reduction
in the MIC by DEC1-AmB-LLs relative to AmB-LLs.

Secondly, using the same regimen for growing and treating cells as in Figure 2.4, we
quantified cell density and metabolic activity (Figure 2.5). We found that DEC1-AmB-LLs
delivering a range of concentration from 0.2 uM to 1.6 pM AmB were significantly more

effective at reducing cell density and metabolic activity than AmB-LLs. For example, at 0.4 uM,
DEC1-AmB-LLs reduced cell density 23.6-fold (p = 5.8 % 10_4) (Figure 2.5A) and metabolic

.. -2, . . : .
activity 75-fold (p =3.9 x 10 ) (Figure 2.5B) relative to AmB-LLs. CTB is a metabolic
activity assay that measures the reduction of resazurin to fluorescent resorufin, which is
dependent upon an intact electron transport chain in living cells. Preliminary experiments using

this CTB assay design had shown improved dose-dependent inhibition and killing activity for
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DEC1-AmB-LLs in this range of AmB concentrations relative to AmB-LLs (Supplemental
Figure S2.5A). Replicates of these experiments are shown in Supplemental Figure S2.5B,C.
Third, we wished to determine how rapidly targeted liposomes had an impact on
metabolic activity. Sporangiospores were germinated to early hyphal stage, treated for three
hours with BSA-AmB-LLs, AmB-LLs, and DEC1-AmB-LLs delivering 1.56 uM, 3.12 uM, and

6.25 uM AmB, and assayed with CTB reagent (Figure 2.5C). At 3.12 and 6.25 pM AmB,

DEC1-AmB-LLs were 1.9-fold (p = 0.003) and 3.2-fold (p = 1.5 x 10_4) more effective at
reducing metabolic activity than AmB-LLs, respectively. A biological replicate gave a similar

result (Supplemental Figure S2.5D).

Discussion

Dectin-1 recognizes beta-glucans that are present in fungal cell walls and
exopolysaccharide matrices but are sometimes masked by other molecular components. We
showed that Dectin-1 was extremely efficient at targeting AmB-loaded liposomes, DEC1-AmB-
LLs, to R. delemar swollen sporangiospores, germlings, and mature hyphae. We observed
DEC1-AmB-LLs bound primarily to the exopolysaccharide matrix and less so to the cell wall or
to exopolysaccharide deposited close to the cell wall. Rhodamine-tagged Dectin-1 protein bound
with the same specificity to R. delemar’s exopolysaccharide. Hence, it appears that the 100 nm-
size of DEC1-AmB-LLs did not significantly limit liposome access to its cognate ligands.
DEC1-AmB-LLs were significantly and dramatically more effective at inhibiting and/or killing
Rhizopus in vitro than untargeted AmB-LLs or BSA-AmB-LLs. Using both cell growth and
metabolic assays, we observed that DEC1-AmB-LLs delivering sub-micromolar concentrations

of AmB were significantly more efficient at inhibiting and/or killing R. delemar than untargeted
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AmB-LLs. We were able to detect significant loss of metabolic activity within three hours of
treatment.

AmB has several partially validated antifungal activities related to its affinity for
ergosterol (Erg) in the fungal bilipid membrane, including opening ion channels in the membrane
to cause lethal ion leakage and extracting Erg from the lipid bilayer to the membrane surface,
which also compromises the membrane?2. Our results do not distinguish among the various
mechanisms of AmB’s activity. Yet, our data robustly demonstrate that that Dectin-1-targeted
DEC1-AmB-LLs were more efficiently associated with R. delemar’s exopolysaccharides and
had greater antifungal activity than either AmB delivered in AmB-LLs or our protein-coated
control BSA-AmB-LLs. Therefore, it does not appear that AmB itself plays a measurable role in
the enhanced efficacy of targeted liposomes.

Each DEC1-AmB-LL DectiSome contains several thousand molecules of rhodamine B
that enhance signal intensity and more than a thousand Dectin-1 receptor molecules on its
surface, enabling multimer formation that enhances the avidity of binding to cognate
oligoglycans®. If a C-type lectin receptor protein was used alone in a fungal cell binding study
and assayed by immunofluorescence, signal intensities might be reduced by orders of magnitude
relative to that achieved by a fluorescent DectiSome. This makes DectiSomes excellent reagents
for examining the direct binding of different C-type lectins to various pathogens?*2>28,

The Mucoromycota is an ancient division of the fungal kingdom that contains a large
number of morphologically diverse human pathogens that cause mucormycosis**-**. They are
estimated to have diverged from a common ancestor in the fungal tree of life nearly 1.3 billion

years ago>>3%. Hence, it is not surprising that the glycan composition of the Mucoromycota cell

19,37-39 30,40-42

wall and exopolysaccharide matrix appear to be distinct from other pathogenic fungi
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The sporangiospore and hyphal cell wall*® and the exopolysaccharide matrix* each are
composed of approximately 43% glucose; other components include lower amounts of N-acetyl-
glucosamine, mannose, fructose, lipids, proteins, and phosphate*®3°. Considering that Dectin-1
recognizes oligo-beta-glucans, it is not surprising that Dectin-1-targeted liposomes bound to
Rhizopus. The weaker binding we observed to the cell wall relative to the exopolysaccharide of
Rhizopus suggests that most of the cell wall oligoglucans were masked from DEC1-AmB-LL
binding. Experiments with DectiSomes targeted by the oligo-mannan-specific C-type lectin

Dectin-2 are ongoing.

While liposomal AmB formulations such as AmBisome® delivering as much as 10
mg/kg/day are significantly less toxic than alternative AmB therapies, the several-months-long
therapies needed to clear mucormyecosis still result in infusion-related reactions and
nephrotoxicity*-*. If DEC1-AmB-LLs can reduce the effective dose of liposomal AmB and/or
reduce the duration of treatment in the clinic, this should reduce the risk of patients developing
toxic effects from AmB. Salvage therapies after patients become intolerant to AmB include very
high doses of posaconazole (POS) or isavuconazole (ISZ) on the order of hundreds of
mg/kg/day*->°. Even if Dectin-1-targeted liposomes improve the performance of POS or ISZ by
10-fold in the clinic, it may not be cost-effective to prepare targeted liposomes that deliver tens
of mg/kg/day doses of these drugs. However, our data also suggest that DEC1-AmB-LLs kill
Rhizopus faster than untargeted therapies. Enhanced speed of killing may enable patients to clear
Rhizopus infections with drug regimens of shorter duration or with fewer treatments, reducing
the risk of AmB toxicity.

Immunoliposomes have been used in the clinic for some time to target anti-cancer drugs

to cancer cells and tumors. They generally improve drug efficacy several-fold over untargeted
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drugs®!-33. Although conceptually DectiSomes function similarly to immunoliposomes by
targeting drugs to pathogenic cells, DectiSomes have some distinct advantages®*. C-type lectin
receptors such as Dectin-1 generally recognize a much wider variety of target ligands than
monoclonal antibodies, which supports their development as pan-antifungal reagents. Dectin-1 in
particular recognizes the beta-glucans produced by nineteen of the twenty genera of pathogenic
fungi'?. Once developed for one fungal pathogen in the clinic, it should not be difficult to
broaden their application to other pathogens. In addition, C-type lectins are much less expensive
to produce than monoclonal antibodies, which will favor their development as reagents to treat

fungal diseases in less wealthy countries 4>’

. Finally, low production costs may encourage the
pharmaceutical industry to expend the large amounts of capital needed to develop DectiSomes.

In conclusion, there is a pressing demand for more effective therapeutics to treat
mucormycosis because even after surgery and drug treatment, there is still a high mortality rate.
We have shown order of magnitude improvements in the in vitro performance of AmB against R.
delemar when delivered by Dectin-1-targeted liposomes. It appears that targeting liposomal
AmB to the exopolysaccharide matrix of Rhizopus is sufficient to significantly improve
liposomal drug performance. Future experiments will focus on mouse models of mucormycosis,
including determining if Dectin-1-targeted liposomes bind to R. delemar at infection sites in the
lung, reduce fungal burden in the lungs, and improve mouse survival. We also will need to

confirm that Dectin-1-targeted liposomes work effectively against other clinically relevant

members of Mucoromycota®® in light of their ancient diversity>*.
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Supplementary Materials
The following supporting information can be downloaded

at: https://www.mdpi.com/article/10.3390/j0f8040352/s1, Figure S2.1: Preparing samples of R.

delemar growing on the surface of agar plugs for top-down epifluorescence microscopy. Figure
S2.2: The quantification of DEC1-AmB-LL binding to fixed and live cells and images of DEC1-
Rhod binding. Figure S2.3: The beta-glucan specificity of Dectin-1-targeted liposome binding
to R. delemar. Figure S2.4: Inhibition and killing assays based on cell growth and density.

Figure S2.5: Inhibition and killing assays based on metabolic activity.
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Figure 2.1. Dectin-1-targeted AmB-loaded liposomes, DEC1-AmB-LLs, bind efficiently to
germinating sporangiospores and germlings of R. delemar. (A-C) Representative
fluorescence images of swollen R. delemar sporangiospores (63x magnification) on an agar
surface are shown. Sporangiospores were either treated with BSA-AmB-LLs (A), AmB-LLs (B),
or DEC1-AmB-LLs (C). (D-F) Representative fluorescence images of R. delemar germlings
(63x magnification) are shown. Germlings were either treated with BSA-AmB-LLs (D), AmB-
LLs (E), or DEC1-AmB-LLs (F). (G) The area of red liposome binding (logio) was quantified as
shown (N = 9). Standard errors and p-values are included. Size bars indicate 10 and 30 micron
scales.
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Figure 2.2. Dectin-1-targeted liposomes bind efficiently to R. delemar hyphae. (A-C)
Representative fluorescence images of R. delemar hyphae (5x magnification) are shown. Hyphae
grown on an agar surface were fixed and either treated with BSA-AmB-LLs (A), AmB-LLs (B),
or DEC1-AmB-LLs (C). (D) The area of red liposome binding (logio) for fixed cells was
quantified as shown (N = 7). (E) A fluorescence image of DEC1-AmB-LLs binding to fixed R.
delemar hyphae at 63x magnification is shown. (F) The area of red liposome binding (logio) for
live hyphae was quantified as shown (N = 7). Standard errors and p-values are included. Size
bars indicate 400 and 20 micron scales for the 5x and 63x images, respectively.
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Figure 2.3. DEC1-AmB-LL binding to R. delemar is beta-glucan specific. (A-C)
Representative fluorescence images of R. delemar hyphae (5x magnification) on an agar surface
are shown. Hyphae were treated with DEC1-AmB-LLs that had been preincubated either with
control buffer (A), yeast mannans (B), or the beta-glucan laminarin (C). The size bar indicates
200 microns. (D) The area of red liposome binding (linear plot) was quantified (N = 7). Standard
errors and p-values are included.
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Figure 2.4. Qualitative DEC1-AmB-LL inhibition and killing assays based on cell growth
and density. (A) R. delemar sporangiospores diluted into liquid RPMI + MOPS media were
immediately treated with either BSA-AmB-LLs, AmB-LLs, or DEC1-AmB-LLs delivering the

indicated AmB concentrations and incubated at 37°C. An overview image showing hyphal
density was taken 48 h after treatment. The two-headed arrow indicates the range at which
DEC1-AmB-LLs significantly inhibited R. delemar growth as compared to the control liposome
treatments. (B) Images of the center of each well from the same plate had been taken 24 h after
treatment at 10x magnification. The two two-headed arrows indicate the ranges at which DEC1-
AmB-LLs significantly inhibited R. delemar growth compared to the controls at this earlier time
point. The size bar indicates 400 microns.
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Figure 2.5. Quantitative DEC1-AmB-LL inhibition and killing assay based on cell density
and metabolic activity. (A) Microtiter plate-grown cells were treated with liposomes delivering
the indicated concentrations of AmB for 24 h and cell density was quantified. (B) The same 24 h
microtiter plate-grown cells were incubated with CTB reagent and metabolic activity was
quantified. (C) R. delemar sporangiospores were diluted into liquid RPMI + MOPS media and
incubated at 37°C for 8 h. R. delemar hyphae were then treated for 3 h with either BSA-AmB-
LLs, AmB-LLs, or DEC1-AmB-LLs at the noted AmB concentrations or treated with buffer
alone (buffer control). The residual metabolic activity was quantified as relative fluorescence
units (RFU) generated from the electrochemical reduction of the CellTiter-Blue reagent to a
fluorescent product (N = 3). Standard errors, fold differences, and p-values are indicated.
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Supplementary Figure S2.1. Preparing samples of R. delemar growing on the surface of
agar plugs for top down epifluorescence microscopy. Sporangiospores were germinated and
grown to different developmental stages on the surface of agar plates in RPMI-MOPS media.
Seven-mm circular plugs were removed with a sterile cork-borer, transferred to 24-well
microtiter plates, and washed once submerged in PBS. The cells were fixed in 3.7%
formaldehyde in PBS for 1 hr or left live, and washed thrice in PBS. The details of the liposome
staining protocol is given in the text.
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Supplementary Figure S2.2. The quantification of DEC1-AmB-LL binding to fixed and live
cells relative to control liposome binding. Panels A and B in this figure show biological
replicates of the experiments in Figure 2.2D and 2.2F. See the legend to Figure 2.2 for details.
Panel C shows the labeling of R. delemar hyphae with rhodamine B-conjugated Dectin-1,
DEC1-Rhod, photographed at 5x and 63x using epifluorescence. CW-stained hyphae are shown
in green, and DEC1-Rhod staining is shown in red. Size bars indicate 400 and 20 micron scales
for the 5x and 63x images, respectively.
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Supplementary Figure S2.3. The beta-glucan specificity of Dectin-1-targeted liposomes,
DEC1-AmB-LLs, binding to R. delemar. This figure shows a biological replicate of the
experiment in Figure 2.3D. See the legend to Figure 2.3 for details.

49



A. 48 hrs
uUMAMB 64 32 16 08 04 02 0.1 0.05 0.025 0.012

>
=
®
=

7

>

=

i

-

—

()
&)

)

=\
af
e

O
m
(@)
i
>
3 |
™ |
— |
=
(7]
(’*’.u
\&5

\
- - p
- of 4 )
@ >
D

o
m
(@)
v
>
=
®
?
.
(7
/ \ ¢

B. 24 hrs
64uM  32uM

Supplementary Figure S2.4. Inhibition and killing assays based on cell growth and density.
Panels A and B in this figure show biological replicates of the experiments in Figure 2.4A and
2.4B, respectively. See the legend to Figure 2.4 for details.
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Supplementary Figure S2.5. Inhibition and killing assays based on cell density and

metabolic activity. Panel A shows the residual metabolic activity of cells treated with targeted
and untargeted liposomes delivering a wide range of AmB concentrations for 24 hrs. Panels B
and C show replicates of the cell density and CTB assay experiments in Figure 2.5A and 2.5B.
Panel D shows a replicate of the CTB assay in Figure 2.5C. See the legends in the main text for

details.
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CHAPTER 3
DECTIN-3-TARGETED ANTIFUNGAL LIPOSOMES EFFICIENTLY BIND AND KILL

DIVERSE FUNGAL PATHOGENS!

!Choudhury Q.J.*, Ambati S.*, Link C.D., Lin X., Lewis Z.A., and Meagher R.B. (2023).
Dectin-3-targeted antifungal liposomes efficiently bind and kill diverse fungal pathogens.

Molecular Microbiology 120 (5): 723-739. Paper link:
https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.15174. Reprinted here with permission of

publisher. (*Co-first authors)
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Abstract

DectiSomes are anti-infective drug-loaded liposomes targeted to pathogenic cells by
pathogen receptors including the Dectins. We have previously used C-type lectin (CTL)
pathogen receptors Dectin-1, Dectin-2, and DC-SIGN to target DectiSomes to the extracellular
oligoglycans surrounding diverse pathogenic fungi and kill them. Dectin-3 (also known as MCL,
CLEC4D) is a CTL pathogen receptor whose known cognate ligands are partly distinct from
other CTLs. We expressed and purified a truncated Dectin-3 polypeptide (DEC3) comprised of
its carbohydrate recognition domain and stalk region. We prepared amphotericin B (AmB)-
loaded pegylated liposomes (AmB-LLs) and coated them with this isoform of Dectin-3 (DEC3-
AmB-LLs), and we prepared control liposomes coated with bovine serum albumin (BSA-AmB-
LLs). DEC3-AmB-LLs bound to the exopolysaccharide matrices of Candida albicans, Rhizopus
delemar (formerly known as R. oryzae), and Cryptococcus neoformans from one to several
orders of magnitude more strongly than untargeted AmB-LLs or BSA-AmB-LLs. The data from
our quantitative fluorescent binding assays were standardized using a CellProfiler program,
AreaPipe, that was developed for this purpose. Consistent with enhanced binding, DEC3-AmB-
LLs inhibited and/or killed C. albicans and R. delemar more efficiently than control liposomes
and significantly reduced the effective dose of AmB. In conclusion, Dectin-3 targeting has the

potential to advance our goal of building pan-antifungal DectiSomes.

Introduction
In 2017, it was estimated that globally, there were approximately 750,000 cases of
candidiasis, 900,000 cases of mucormycosis, and 220,000 cases of cryptococcosis (Bongomin et

al., 2017). These three invasive fungal infections (IFIs) account for more than half of IFI-
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associated deaths annually (Banerjee et al., 2021; Bongomin et al., 2017; Brown et al., 2012;
Low & Rotstein, 2011; Varshney et al., 2017). Death rates are very high even following
antifungal drug treatment, and in many cases of mucormycosis, the surgical removal of infected
tissue is necessary. Candida albicans, Rhizopus delemar (R. oryzae), and Cryptococcus
neoformans are the most common causative pathogens, respectively, and are the test species in
the following study.

Our goal has been to design targeted pan-antifungal liposomes, DectiSomes, which
greatly improve the delivery and performance of antifungal drugs. DectiSomes are defined as
liposomes loaded with an anti-infective drug and targeted to pathogenic cells via a pathogen
receptor protein such as a C-type lectin (CTL). DectiSomes have several distinct advantages over
more classical antibody-targeted immunoliposomes, including a wider range of cognate ligands,
lower cost, and greater avidity (Meagher et al., 2021, 2023). We have previously demonstrated
the potential of three CTLs, Dectin-1 (CLEC7A), Dectin-2 (CLEC64), and DC-SIGN (CD209),
to efficiently target Amphotericin B-loaded DectiSomes to four human fungal pathogens: C.
albicans, R. delemar, C. neoformans, and Aspergillus fumigatus (Ambati et al., 2022; Ambati,
Ellis, et al., 2019, 2021; Ambati, Ferarro, et al., 2019; Ambati, Pham, et al., 2021; Choudhury et
al., 2022; Meagher et al., 2021). One or more of the CTL-targeted DectiSomes dramatically
lowered the effective dose of Amphotericin B (AmB) when these pathogens were grown in vitro.
DectiSomes were also shown to be effective at reducing fungal burden and/or improving mouse
survival in murine models of aspergillosis and candidiasis (Ambati et al., 2022; Ambati, Ellis, et
al., 2021; Ambati, Pham, et al., 2021).

We hoped to enhance the pan-antifungal performance of DectiSomes by employing

Dectin-3 (MCL, Macrophage C-type Lectin, CLEC4D) (Flornes et al., 2004; Goyal et al., 2018;
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Wilson et al., 2015). Dectin-3 is expressed by several lymphoid cell types, particularly dendritic
cells and macrophages. It is less well studied than the other CTLs. Dectin-3 was initially reported
to recognize the Ascomycete Candida spp. and the Basidiomycete Cryptococcus spp. (Goyal et
al., 2018; Hole et al., 2016; Huang et al., 2018), and shortly thereafter the Ascomycetes
Paracoccidioides brasiliensis (Preite et al., 2018) and Prneumocystis carinii (Kottom et al.,
2019). When expressed in the membrane of lymphoid cell types, dimers of Dectin-3's
extracellular carbohydrate recognition domain (CRD) bind to fungal glycans. Then its
intracellular immunoreceptor tyrosine-based activation motif (ITAM) signals a fungal infection.
Similar to Dectin-2, Dectin-3's CRD binds yeast alpha-mannans. Evidence for Dectin-3
recognition of a more expanded set of ligands comes primarily from analysis of artificial ligands
(Decote-Ricardo et al., 2019; Fonseca et al., 2009; Huang et al., 2018; Marr et al., 2004;
Martinez & Casadevall, 2007). Its potential to recognize diverse novel fungal glycan and
lipoglycan ligands was the rationale for building Dectin-3-targeted DectiSomes.

We cloned and expressed a truncated isoform of murine Dectin-3 containing its
extracellular CRD and stalk region (DEC3) and used it to coat Amphotericin B-loaded liposomes
to make the DectiSome DEC3-AmB-LL. We compared the ability of DEC3-AmB-LLs to bind,
inhibit, and/or kill three highly evolutionarily divergent and morphologically distinct fungal
pathogens—C. albicans (Ascomycete), R. delemar (Mucormycete, Zygomycete), and C.

neoformans (Basidiomycete)—as compared to untargeted control liposomes.

55



Results
Preparation of Dectin-3-targeted DectiSomes

We prepared Amphotericin B-loaded pegylated liposomes (AmB-LLs) with 11 to 12
moles percent AmB relative to 100 moles percent liposomal lipid, wherein AmB is intercalated
into the liposomal membrane (Ambati, Ferarro, et al., 2019). They have a similar AmB
concentration to the analogous commercial FDA-approved un-pegylated liposomal drug
AmBisome (U.S. Food and Drug Administration, 1997). We cloned the N-terminal portion of the
sequence encoding the CRD and stalk region of murine Dectin-3, which was codon optimized
for E. coli expression (hereafter referred to as truncated Dectin-3 or DEC3, Figure SF3.1). For
this liposomal presentation, we omitted the transmembrane and intracellular ITAM signaling
domains of Dectin-3. The E. coli-produced DEC3 polypeptide was affinity purified (Figure
SF3.2a,b) and coupled to a pegylated lipid to make DEC3-PEG-DSPE. The DEC3-PEG-DSPE
polypeptide was inserted via its DSPE lipid moiety into the AmB-LLs at 1 mole percent to make
the DectiSome DEC3-AmB-LL by methods we have described previously for other DectiSomes
(Ambati, Ellis, et al., 2019; Ambati, Ferarro, et al., 2019; Ambati, Pham, et al., 2021). The
construct allows the CRD and stalk region of DEC3 to float freely in the liposomal membrane
and to form functional homodimers and multimers (Meagher et al., 2021, 2023). Bovine serum
albumin (BSA) was also lipid-modified and inserted via its DSPE moiety, but at 0.3 moles
percent, accounting for its 3-fold higher molecular weight relative to our truncated Dectin-3
polypeptide (Ambati, Ferarro, et al., 2019). AmB-LLs and BSA-AmB-LLs served as negative,
untargeted liposome controls for non-specific binding and killing. It was assumed that the protein

coating of BSA-AmB-LLs would interfere with the untargeted interaction of AmB-LLs with
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fungal cells (LaMastro et al., 2023). All three types of liposomes were fluorescently tagged with

2 moles percent Rhodamine-B-DHPE loaded into the liposomal membrane.

Qualitative and quantitative assessment of DectiSome binding to three fungal pathogens

C. albicans, R. delemar, and C. neoformans were grown in vitro, treated with rhodamine
B-labeled DEC3-AmB-LLs, BSA-AmB-LLs, or AmB-LLs, washed, and then photographed
using fluorescence microscopy. Under the in vitro growth conditions used, C. albicans cells
exhibited both yeast and hyphal morphologies; R. delemar grew with a hyphal morphology; and
C. neoformans was in the yeast form. These experiments allowed the qualitative assessment of
liposome binding to various fungal cells of different morphotypes. The areas of rhodamine B red
fluorescence were measured from multiple photographs to quantify these binding data. We began
assessing fluorescent liposome binding area data by manually processing each image through
Imagel as done previously (Ambati, Ellis, et al., 2019; Ambati, Ferarro, et al., 2019; Ambati,
Pham, et al., 2021; Choudhury et al., 2022). To reduce the labor involved in quantifying
fluorescent liposome binding data and standardize the process, we created a CellProfiler pipeline,

AreaPipe, that automates quantitative image analysis (Figure SF3.3).

C. albicans

Dendritic cell Dectin-3 and purified epitope-tagged Dectin-3 polypeptides are reported to
recognize C. albicans, at least in part, via their binding to extracellular oligo-mannans (Goyal et
al., 2018; Wang et al., 2016; Zhu et al., 2013). Because Dectin-3's interactions with C. albicans
are the best characterized for any fungal pathogen, we began our analysis of DEC3-AmB-LLs

with this species. In our first experiment, C. albicans yeast cells were grown on microscope
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chamber slides for only 1.5 h in hyphal growth-inducing media, wherein they just reached the
yeast—hyphal transition stage of development. Fixed cells were stained with DEC3-AmB-LLs
and control liposomes and viewed top-down at high magnification (60%) using combined
epifluorescence and phase contrast microscopy (Figure 3.1). DEC3-AmB-LLs bound efficiently
to the exopolysaccharide (EPS) matrices surrounding all yeast-hyphal stage cells (Figure 3.1a),
while binding by control BSA-AmB-LLs and AmB-LLs was not detected (Figure 3.1b,c). Five
pixels were substituted for the zero values of liposome binding in some control images, which
was equivalent to the smallest numbers we had detected out of the 5 x 10° total pixel area in
some experiments. The area of DEC3-AmB-LL binding was approximately 9,700-fold larger
than for BSA-AmB-LLs or AmB-LLs (p < 0.0001, Figure 3.1d). The data are presented in a
logio scale scatter bar plot to reveal the dispersion of individual data points over a large dynamic
range that would have been obscured in a linear plot.

In our next experiment, C. albicans was grown on plastic microtiter plates until they
produced mature hyphal colonies a few hundred microns in diameter, fixed, treated with
liposomes, and viewed bottom-up using combined epifluorescence and bright field microscopy
(Figure 3.2). DEC3-AmB-LLs bound strongly (Figure 3.2a). Most of the binding appeared to be
to patches of hyphal-associated EPS at the periphery of the colonies, where hyphae had been
growing most rapidly, and less binding was associated with older cells at the center of colonies.
Control liposomes bound rarely (Figure 3.2b,c). The area of DEC3-AmB-LL binding was 1,150-
fold larger (Pmw < 0.0001) than for BSA-AmB-LLs and 43-fold larger (Pmw < 0.0001) than for
AmB-LLs (Figure 3.2d). We speculate that the stronger binding of AmB-LLs relative to BSA-
AmB-LLs may be attributed to non-specific binding of the liposomal membrane with

hydrophobic components on the cells, such as cellular membranes (LaMastro et al., 2023),
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wherein a coating of BSA interfered with this interaction. Biological replicates of these two

experiments with C. albicans showed similar results (Figure SF3.4a,b, respectively).

R. delemar

Dectin-3 has not previously been reported to recognize Mucormycetes such as R.
delemar. Because R. delemar does not stick efficiently to plastic or glass growth substrates
(Ibrahim et al., 2005), we cultured the cells on agar media in petri dishes, where we have shown
that they stick efficiently (Choudhury et al., 2022). Agar plugs were removed, fixed, washed,
stained with rhodamine B-labeled DEC3-AmB-LLs, AmB-LLs, and BSA-AmB-LLs, and in
some cases also with calcofluor white (CW) for chitin, and washed extensively to remove
unbound liposomes and CW (Choudhury et al., 2022). Stained cells were viewed top-down by
epifluorescence and, in some experiments, also by phase contrast.

R. delemar cells were grown for 6 h to the germling stage or 15 h to the mature hyphal
stage. We found that DEC3-AmB-LLs bound strongly to fixed swollen sporangiospores and
germ tubes of germling stage cells (Figure 3.3a). By contrast, binding by the control liposomes
was rarely observed (Figure 3.3b,c). DEC3-AmB-LL binding was heavily concentrated in the
EPS deposits (yellow arrows). There was some staining that appeared to be tightly associated
with the cell wall (white arrows), but it was not possible to distinguish binding to the cell wall
itself from EPS that was closely allied with the cell wall. The patchy nature of the staining along
the cell wall may be accounted for either by the deposition of small amounts of EPS proximal to
the cell wall or by small regions in the cell wall containing cognate ligands of Dectin-3 that are
exposed, thus enabling DEC3-AmB-LL staining. The area of red fluorescent DEC3-AmB-LL

binding was 164- fold larger (Pmw = 0.0022) than that for BSA-AmB-LLs and 188-fold larger
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(Pmw = 0.0022) than that for AmB-LLs (Figure 3.3d). We did not observe preferential binding
by AmB-LLs relative to BSA-AmB-LLs.

When fixed hyphal colonies of R. delemar were examined (Figure 3.4), we again
observed that DEC3-AmB-LLs bound to cell-associated EPS deposits (Figure 3.4a), which are
more obvious in a higher magnification image (Figure 3.4b). Control liposomes seldom bound
(Figure 3.4c,d). The area of DEC3-AmB-LL binding was 614-fold larger (Pmw < 0.0001) than
for BSA-AmB-LLs and 39-fold larger (Pmw < 0.0001) than for AmB-LLs (Figure 3.4e).
Consistent with the data for C. albicans, the AmB-LLs showed higher levels of non-specific
binding than the BSA-AmB-LLs.

When live mature hyphal colonies were examined (Figure 3.5a—d), we observed that
DEC3-AmB-LLs bound to hyphal-associated EPS deposits in a pattern similar to fixed hyphae
(Figure 3.5a) and control liposomes seldom bound (Figure 3.5b,c). The relative area of DEC3-
AmB-LL binding was less dramatic than for fixed cells. The area of DEC3-AmB-LL binding
was 21-fold larger (Pmw = 0.0012) than for BSA-AmB-LLs and 73-fold larger (Pmw = 0.0006)
than for AmB-LLs. Perhaps the dynamic nature and turnover of cognate ligand sites in the EPS
of live cells turn over DectiSome binding during the binding and washing steps, resulting in the
weaker binding observed in live cells relative to fixed cells. Biological replicates of these three

R. delemar liposome binding experiments showed similar results (Figure SF3.4c—e).

C. neoformans
Dendritic cell Dectin-3 was previously reported to recognize C. neoformans (Goyal et al.,
2018; Hole et al., 2016). Therefore, we anticipated that DEC3-AmB-LLs would bind to this

species. Colonies of C. neoformans were grown on minimal agar plates for 6 or 18 h. Agar plugs
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were removed, fixed, washed, stained with rhodamine B-labeled DEC3-AmB-LLs, AmB-LLs,
BSA-AmB-LLs, and CW, and washed extensively. Colonies were observed using top-down
epifluorescence (Figure 3.6).

Six-hr-old C. neoformans colonies were composed of only three cells to two dozen cells
(Figure 3.6). DEC3-AmB-LLs bound strongly to the EPS matrices associated with almost every
colony (Figure 3.6a), even those composed of only a few cells, while binding by control
liposomes was rarely observed (Figure 3.6b,c). DEC3-AmB-LLs bound to a 409-fold larger area
(Pmw < 0.0001) than BSA-AmB-LLs and a 155-fold larger area (Pmw < 0.0001) than AmB-LLs
(Figure 3.6d).

Eighteen-hr-old C. neoformans colonies were approximately 200 to 300 microns in
diameter (Figure 3.7) and composed of thousands of cells. DEC3-AmB-LLs bound to numerous
patches both within and at the boundary of mature colonies (Figure 3.7a). Some binding
appeared to be specific to the EPS matrix at the periphery of the colonies (yellow arrows), while
the binding that completely surrounded some small groups of cells might be specific to the cell
capsules or capsule-associated EPS of these spherical cells (white arrows). Binding by BSA-
AmB-LLs and AmB-LLs was seldom detected (Figure 3.7b,c), but is indicated for AmB-LL
binding by thin white arrows (Figure 3.7¢). DEC3-AmB-LLs bound to a 6,160-fold larger area
(Pmw < 0.0001) than BSA-AmB-LLs and to a 4,160-fold larger area (Pmw < 0.0001) than AmB-
LLs (Figure 3.7d). Biological replicates of these two C. neoformans liposome binding
experiments produced similar results (Figure SF3.4f,g). To confirm that DEC3-AmB-LLs
exhibit specific binding to fungal glycans, we tested the ability of various oligoglycans to inhibit
binding to 16-hr-old C. neoformans colonies and found modest inhibition by oligomannans as

expected and by glucuronic acid (Figure SF3.5) as recently reported in an independent study
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(Huang et al., 2018). The inhibition by laminarin shown in this experiment was unexpected and
inconsistent among experimental replicates. Importantly, neither DEC3-AmB-LLs nor control
liposomes BSA-AmB-LLs and AmB-LLs bound detectably to human HEK293T cells, as shown

in Figure SF3.6.

Binding by Dectin-3 protein

The exterior portion of the cell wall of C. albicans is rich in variously crosslinked
oligomannans and mannoproteins (Garcia-Rubio et al., 2020; Gow et al., 2017; Schiavone et al.,
2014). The cell walls of Mucorales species contain small amounts of variously crosslinked
mannans (Lecointe et al., 2019). The exterior portion of the C. neoformans capsule is rich in
glucuronoxylomannans (GXMs), which are a known ligand of Dectin-3 (Garcia-Rubio et al.,
2020, Gow et al., 2017). Therefore, we expected Dectin-3-targeted liposomes to bind to the cell
wall or capsule of all three species. Yet, we did not observe DEC3-AmB-LLs to be
unambiguously bound to their cell walls or capsules. We considered the possibility that the 100-
nanometer diameter of DEC3-AmB-LLs was simply too large to physically access the cognate
ligands of Dectin-3 within the highly crosslinked glycan matrices of the cell walls and/or
capsules. We estimate the rotational diameter of the 23 kDa MW truncated Dectin-3 polypeptide
(DEC3) to be only a few nanometers. To test this hypothesis of size limitation for liposome
binding, we directly conjugated rhodamine B (MW 0.48 kDa) to the Dectin-3 polypeptide to
make DEC3-Rhod. DEC3-Rhod bound to the EPS matrices surrounding the various
developmental stages of all three species and has comparable spatial distributions to those of
DEC3-AmB-LLs (Figure SF3.7a—e). The localization of both DEC3-AmB-LLs and DEC3-

Rhod staining varied widely from C. albicans colony to colony, as revealed by the distribution of
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data points in scatter bar plots, but no significant difference in binding was observed between the
two reagents. As with the liposomal reagents, the DEC3-Rhod protein reagent did not exhibit
clear, unambiguous binding to the cell walls or capsules. Thus, the binding pattern of DEC3-

AmB-LLs does not appear to have been dramatically altered by the physical size of liposomes.

Quantitative assessment of the inhibition and/or killing of three fungal pathogens
C. albicans, R. delemar, and C. neoformans were grown in vitro and treated with the
DEC3-AmB-LLs, BSA-AmB-LLs, and AmB-LLs using different temporal regimens, after which

growth, viability, and/or metabolic activity were quantified.

C. albicans

An overnight culture of C. albicans yeast cells was suspended into RPMI +10% FBS
hyphal-inducing media and aliquoted into 96-well microtiter plates. Shortly after hyphal
development was initiated (1.5 h, 37°C; see morphology in Figure 3.1), cells were treated with
the DEC3-AmB-LLs, BSA-AmB-LLs, or AmB-LLs at the indicated AmB concentrations.
Seventeen hours later, residual metabolic activity was measured using the CellTiter-Blue (CTB)
reagent (resazurin). Only live cells with an intact plasma membrane and a functional
mitochondrial electron transport chain can reduce resazurin to the fluorescent product resorufin.
The plate was incubated for approximately 60 min at 37°C, and the pink fluorescence of
resorufin was quantified. The data are presented in a logio scatter bar plot in Figure 3.8a. Cells
receiving DEC3-AmB-LLs delivering 0.3, 0.2, and 0.1 uM AmB showed respectively, 24-fold
(Pmw = 0.0003), 127-fold (Pmw = 0.0002), and 25-fold (Pmw = 0.0002) lower metabolic activity

than the corresponding BSA-AmB-LL-treated controls. Statistically significant reductions in
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metabolic activity were also observed relative to the AmB-LL-treated controls. Control
liposomes delivering 0.3 pM AmB began to have strong inhibitory activity, thus limiting the
resolution of differences at this and higher concentrations of AmB. A biological replicate

produced similar results (Figure SF3.8a).

R. delemar

R. delemar sporangiospores were plated in RPMI + 0.165 M MOPS (pH 7) media in 96-
well microtiter plates. DEC3-AmB-LLs, BSA-AmB-LLs, and AmB-LLs delivering different
concentrations of AmB were immediately added to the respective wells, and the plates were
incubated for 24 h at 37°C with shaking at 120 rpm. Cell density was measured as O.D. at Asio.
Cells receiving DEC3-AmB-LLs delivering 0.8, 0.4, and 0.2 uM AmB were 10.8-fold (p = 5.5 x
107°), 7.8-fold (p = 2 x 107*) and 1.4-fold (p = 0.024) less dense than the respective BSA-AmB-
LL-treated controls, and the 0.8 and 0.4 uM samples were similarly less dense than the
respective AmB-LL-treated controls (Figure 3.8b). After the cell density measurements were
taken, CTB reagent was added to each well, and the plate was incubated at 37°C for an
additional two hours. The pink fluorescence in each well was quantified. Cells receiving DEC3-
AmB-LLs delivering 1.6, 0.8, 0.4, and 0.2 uM AmB had 28-fold (p = 1.7 x 107°), 105-fold (p =
5.1 x1077), 19-fold (p = 2.9 x 107'1), and 1.79-fold (Pmw = 0.0079) lower metabolic activity than
the respective BSA-AmB-LL-treated cells (Figure 3.8¢c). DEC3-AmB-LLs-treated cells had
similarly reduced levels of metabolic activity relative to the AmB-LL-treated controls. Biological

replicates produced comparable results (Figure SF3.8b,c¢).
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C. neoformans

C. neoformans yeast cells grown overnight in YPD were plated at 10,000 cells per well in
96-well microtiter plates in RPMI + 0.165 M MOPS (pH 7) at 30°C. After a few hours of
incubation in YPD, when the cells had formed small colonies equivalent to those shown in
Figure 3.6, they were treated with liposomes delivering the indicated concentrations of AmB,
and the plates were incubated for 1 h at 30°C with shaking at 50 rpm. The media with unbound
liposomes was removed, CTB reagent in RPMI + MOPS media was added to each well, and the
plate was incubated for an extended period at 30°C. Cells receiving DEC3-AmB-LLs delivering
2.0 and 1.0 pM AmB showed only 1.32-fold (Pmw = 0.0002) and 1.26-fold (Pmw = 0.0002) lower
metabolic activity than the respective BSA-AmB-LL-treated controls (Figure 3.8d). There were
similar small reductions in CTB activity relative to the AmB-LL-treated controls. Because there
was small variability in the results among eight individual samples, these results were highly
statistically significant, but the fold improvements in inhibition by DEC3-AmB-LLs were clearly
marginal. A biological replicate produced similar results for the comparison at 2.0 uyM AmB but
not for 1.0 or 0.5 uM (Figure SF3.8d). Variations in this CTB assay design, such as longer drug
treatments or not removing unbound liposomes, did not improve the relative efficacy of DEC3-
AmB-LLs. Attempts to measure the efficacy of DEC3-AmB-LLs at reducing cell viability by
measuring reductions in cell density in microtiter plate assays, or reductions in CFUs in liquid
suspension cultures, or increases in propidium iodide staining of dead cells all failed to give
significant results. Apparently, these techniques were not sensitive or reproducible enough to

detect the small changes in cell viability revealed by CTB assays.
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Discussion

We have shown that Dectin-3's CRD targets DEC3-AmB-LLs specifically and efficiently
to the yeast—hyphal transition stage and mature hyphal stage of the Ascomycete C. albicans, to
the germling and mature hyphal stages of the Mucormycete R. delemar, and to small and large
colonies of the Basidiomycete C. neoformans. We've added R. delemar to the list of fungal
species recognized by Dectin-3's CRD and suggest the possibility that there are other target
pathogens for Dectin-3 yet to be discovered. These three fungal pathogens diverged from
common ancestral species several hundred million years ago and, hence, represent some of the
extreme ancient diversity within the fungal kingdom (Kuramae et al., 2006; Spatafora et al.,
2017; Taylor & Berbee, 2006). Fluorescent DectiSomes have tremendous power as probes for
the novel binding of CTLs, such as Dectin-3, because each liposome has a few thousand
rhodamine B molecules and each has more than a thousand DEC3 molecules, thus creating
avidity for target ligands. DEC3-AmB-LLs bound to the EPS matrices of these species, and there
was little, if any, binding to their cell walls and/or capsules. The much smaller DEC3-Rhod
protein reagent also did not bind unambiguously to cell walls and/or capsules. Fungal pathogens
are thought to produce EPS to adhere to host tissues and protect themselves from host immune
defenses. EPS shed into host serum could decoy immune responses away from fungal cells.
Dectin-3 may have evolved its ability to bind to the EPS associated with and shed from diverse
pathogens in order to aid in the complex host innate immune responses to infection. Our results
presented here on Dectin-3-targeted DectiSomes binding to and killing C. albicans and R.
delemar compare reasonably well with our previous publications on Dectin-1-, Dectin-2-, and

DC-SIGN-targeted DectiSomes (Meagher et al., 2023).
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Many CTLs form homodimers that form their glycan ligand binding sites at the junction
of the two CRDs (Cummings & McEver, 2022). In our previous studies, we constructed
liposomes containing the truncated forms of Dectin-1, Dectin-2, and DC-SIGN alone, as we have
done here with truncated Dectin-3. In each case, this resulted in the efficient targeting of
antifungal liposomes to fungal pathogens, and this design must have enabled homodimers to
form functional ligand binding sites. Each showed dramatically improved antifungal efficacy
over untargeted liposomal AmB toward one or more fungal pathogens, including Aspergillus
fumigatus, C. albicans, C. neoformans, and R. delemar grown in vitro (Ambati, Ellis, et al.,
2019; Ambeati, Ferarro, et al., 2019; Ambati, Pham, et al., 2021; Choudhury et al., 2022) and 4.
fumigatus and C. albicans in mouse models of pulmonary aspergillosis and invasive candidiasis
(Ambati et al., 2022; Ambati, Ellis, et al., 2021). However, these and several other CTLs are co-
expressed in mammalian dendritic cells and macrophages (Ariizumi et al., 2000; Hole et al.,
2016; Kitai et al., 2021; Sun et al., 2013; Yoshikawa et al., 2021; Zhu et al., 2013) and, hence,
have the potential to act cooperatively to enhance signaling. Dectin-2 and Dectin-3 appear to be
on the same membrane rafts in bone marrow-derived macrophages or when co-transfected into
monocyte/macrophage-like RAW?264.7 cells. This view of their linked behavior stems from
results showing that when either binds a cognate ligand or is treated with either Dectin-specific
antibody, the two CTLs are co-endocytosed (Zhu et al., 2013). The study used bimolecular
fluorescence complementation of Dectin-2 and Dectin-3 yellow fluorescent protein fusions in
HEK?293 cells to show that the co-expressed proteins physically interact on cell surfaces to form
heterodimers that have enhanced and perhaps novel ligand binding and signaling properties. The
implication is that physically connected heteromeric CRDs of the two CTLs are formed and have

novel properties of ligand recognition. By contrast, when co-transfected into embryonic kidney
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293T cells, Dectin-2 did not appear to form heteromeric complexes with Dectin-3 (Blankson et
al., 2022). Thus, it is possible that other factors are required for their linked behavior. Now that
we have shown that Dectin-3 functions efficiently when floating on a liposomal surface, we can
construct liposomes co-presenting Dectin-3 and Dectin-2 and test their interaction in a cell-free
system. If liposomal co-presentation of Dectin-2/Dectin-3 enhances and expands their ligand
binding properties, this should make a more effective pan-antifungal delivery vehicle than either
Dectin alone.

The superfamily of CTL genes contains more than 30 members and several subgroups
based on the sequences of their CRDs and their functional structures and signaling domains
when positioned in the cell membrane (Drickamer & Taylor, 2015). Among the fifteen members
of structural group 2 CTLs, Dectin-3, Dectin-2, and DCSIGN (CD209) all recognize
oligomannans. This is a well-represented class of glycans that form part of the cell walls and
EPS matrices of most fungal pathogens (Briard et al., 2021; Drickamer & Taylor, 2015; Gow et
al., 2017; Goyal et al., 2018). However, our previous studies showed that Dectin-2- and DC-
SIGN-targeted liposomes stained fungal EPS matrices with little, if any, staining of fungal cell
walls or capsules (Ambati, Ellis, et al., 2019; Ambati, Pham, et al., 2021; Meagher et al., 2023).
In these previous studies, as herein, microscope observations showed that binding was primarily
localized to the material closely associated with the cells, but there was minimal binding tightly
associated with the cell wall. We have inferred that this material is EPS, which is also known to
contain cognate ligands of various CTLs. At the outset, we suspected that Dectin-3 would
recognize distinct fungal oligoglycans in both cell walls and EPS matrices and recognize diverse
fungal pathogens. First, Dectin-3 has a relatively distinct and divergent CRD amino acid

sequence when compared to the other two Dectins. Second, lymphoid cell Dectin-3 recognizes
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glucuronoxylomannan (GXM), which is characterized as a major glycan component of C.
neoformans capsules and a lesser component of their biofilms (Albuquerque et al., 2014; Huang
et al., 2018). GXM is not a single compound. It is composed of a heterogenous mixture of
polysaccharides that vary widely in their molecular weight from less than 10 kDa to 300 kDa
(Albuquerque et al., 2014) and are often crosslinked to other glycans, thus generating different
GXM variants. We previously stained in vitro-grown C. neoformans cells with the best-
characterized anti-GXM antibody 18B7 and found robust staining of GXM within the capsule of
most, but not all, individual cells and the EPS matrix associated with some cells (Ambati, Ellis,
et al., 2019). Dectin-2 liposomal staining only partially overlapped with that of the GXM
antibody. Using a variety of monoclonal antibodies to GXM, including 18B7, it was shown that
GXM encompasses many different immuno-epitopes that are heterogeneously distributed in the
C. neoformans capsule and EPS (Albuquerque et al., 2014). Because Dectin-3 is reported to
specifically recognize GXM, and GXM is a major glycan component of C. neoformans, we
anticipated the potential for highly preferential binding to C. neoformans, and in particular its
capsule, over binding to our other two test species. But instead, we only observed staining of the
EPS matrix in small colonies and sporadic staining of the EPS surrounding some cells in older
colonies. While it is possible that our DEC3-AmB-LL reagent recognized a very small subset of
C. neoformans GXMs in the cell capsule, proving this would require extensive immunochemical
and/or biochemical analyses. It is also possible that lymphoid cell Dectin-3 recognition of GXM
requires cooperation with other CTLs, and Dectin-3 itself does not itself bind GXM. Our study
does not attempt to identify the particular glycans or glycolipids recognized by Dectin-3, and our

results do suggest there is still much to be learned about Dectin-3's range of cognate ligands.

69



Based on the two to three orders of magnitude higher levels of DEC3-AmB-LL binding
to C. albicans, R. delemar, and C. neoformans relative to control liposome binding, we
anticipated orders of magnitude more efficient inhibition and/or killing of all three species. When
delivering the low concentrations of AmB of 0.1-1.6 uM, we showed that DEC3-AmB-LLs
reduced the viable cell metabolic activity of C. albicans and R. delemar one to two orders of
magnitude more efficiently than untargeted AmB-loaded liposomal controls. Under the
conditions of our assays, DEC3-AmB-LLs lowered the effective dose of liposomal AmB for
inhibition and/or killing of these two species by at least two orders of magnitude. By contrast,
and based on various assays, DEC3-AmB-LLs were much less effective at inhibiting or killing
C. neoformans. This was unexpected based on DEC3-AmB-LL's efficient binding to this species.
We cannot explain the lack of strong antifungal efficacy against C. neoformans.

As to the mechanism by which AmB-loaded DectiSomes, and DEC3-AmB-LLs in
particular, increase inhibition and killing of fungal pathogens relative to untargeted control
liposomes, AmB-LLs, our analog of AmBisome®, we propose the following. While it is known
that AmBisome® liposomes pass through the cell wall and plasma membrane (Walker et al.,
2018), it is reasonable to assume this transport process is relatively inefficient because the 60 to
90 nanometer diameter size of liposomes should impede movement through the cell wall and
membrane. While a small fraction of the untargeted liposomes will make it through the cell wall
and plasma membrane, most will diffuse far away from the cells or be washed away, and the
AmB from these liposomes will be at much lower concentrations. By contrast, when AmB-
loaded DectiSomes are bound to the EPS, their close proximity to fungal cells increases the
concentration of AmB diffusing from DectiSomes to fungal cells. The dimensions of AmB are

measured in 10's of Angstroms, and it is known to penetrate into the cell membrane. The
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argument that AmB from DectiSomes will diffuse more rapidly to fungal cells than untargeted
liposomal AmB is based on the Fokker—Planck equation showing that the rate of diffusion
proceeds as the inverse square of the distance (Fokker, 1914; Planck, 1917). In the case of
DectiSomes bound to the ligands in the EPS proximal to the fungal cells, there should be a more
rapid and efficient diffusion of AmB to cells than by most of the untargeted liposomal AmB,
which is more distant from fungal cells, and the rate of diffusion to fungal cells will be much
slower. Additionally, the fact that various DectiSomes bind primarily to the EPS offers a big
advantage to their antifungal activity. Depending upon their glycan compositions, the sheer size
of the EPS should generate more available cognate ligand binding sites than the cell wall. Hence,
EPS-bound DectiSomes should provide a larger reservoir of AmB than if they were bound only
to the cell wall.

While the goal is to develop DectiSomes as powerful pan-antifungal therapeutics, this
and our other recent studies leave many important issues unresolved (Meagher et al., 2023). We
have only just begun to test DectiSomes in mouse models of invasive fungal disease (Ambati et
al., 2022; Ambeati, Ellis, et al., 2021; Ambati, Pham, et al., 2021). Extrapolating from in vitro
binding and killing to in vivo studies is complicated by the fact that the glycan and lipoglycan
ligands produced by fungi are dependent upon their growth environment. Dectins such as Dectin-
3 have the advantage over antibody-targeted reagents in that a unique host Dectin sequence
should have low immunogenicity relative to variable antibody sequences that often produce host-
specific immunogenic responses. However, Dectin-1 and Dectin-3 recognize endogenous ligands
that discriminate self from non-self (Mori et al., 2017; Saijo & Iwakura, 2011), and as more is

known about Dectin-3, it may also be shown to recognize host ligands. Thus, there is the
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potential that CTL-targeted reagents could have toxicity issues. Our ongoing research explores a

wide variety of topics concerning the efficacy of DectiSomes as drug delivery agents.

Conclusions

We presented statistically well-supported data showing that Dectin-3-coated AmB-loaded
liposomes, DEC3-AmB-LLs, were an order of magnitude or more effective at binding to C.
albicans, R. delemar, and C. neoformans than either of our control liposomes, AmB-LLs and
BSA-AmB-LLs. DEC3-AmB-LLs bound primarily to their EPS matrices and not to their cell
walls or cell capsules. DEC3-AmB-LLs were similarly effective at inhibiting or killing C.
albicans and R. delemar, but much less effective against C. neoformans. Our positive data
showing the inhibition of hyphal stages of two highly divergent pathogens suggest that it would
be worthwhile to explore the efficacy of DEC3-AmB-LLs in mouse models of candidiasis and
mucormycosis and investigate the potential of Dectin-3 to act synergistically and perhaps form
heterodimers with Dectin-2 on the same liposomes. The CellProfiler pipeline AreaPipe was
introduced to automate and simplify the capture and quantification of fluorescent area data
within TIFF or JPEG images, replacing the tedious, time-consuming manual processing of area

data in ImagelJ.

Experimental Procedures
Fungal strains and growth conditions

C. albicans strain SC5314 (Gillum et al., 1984) was grown in YPD (1% yeast extract, 2%
peptone, 2% dextrose, ThermoFisher Cat#212750, #21677, Fisher Sci. Cat#D16-10,

respectively) liquid culture starting from a single colony on an agar plate and grown at 37°C
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overnight with vigorous shaking. Yeast cells were washed once into RPMI lacking phenol red
dye (Sigma-Aldrich, Cat# R8755) + 10% Fetal Bovine Serum (FBS) (GIBCO Cat#10437-028)
adjusted to pH 7.5, plated at 20,000 cells/well in 1 mL and 35,000 cells/per well in 0.1 mL, and
grown at 37°C to the germling or hyphal stage in wells of plastic 24-well or 96-well polystyrene
microtiter plates or on poly-L-lysine-coated glass microscope slides inside a glass chamber.
When indicated, cells were fixed in 3.7% formalin (J.T. Baker, #2106—01) diluted in PBS for 1 h
and washed three times in PBS before staining. The design of the reusable glass chambers and
assembled chamber slides for growing cells is shown in Figure SF3.9a,b.

Sporangiospore stocks of R. delemar strain 99-880 (f.k.a. R. oryzae and R. arrhizus,
ATCC MYA-4621) were prepared as described recently (Choudhury et al., 2022) and stored at
4°C, where they remained greater than 90% viable for more than a month. Sporangiospores were
germinated and grown to germling or hyphal stages on 1.5% agar plates made with RPMI +
0.165 M MOPS (3-(N-morpholino) propane sulfonic acid; Sigma-Aldrich, Cat# M1254)
(Andrianaki et al., 2018) adjusted to pH 7 and incubated at 37°C (Choudhury et al., 2022). Agar
plugs were removed and processed for top-down microscopic imaging (Choudhury et al., 2022).
For quantitative inhibition and killing experiments, cells were grown in liquid RPMI + MOPS
media diluted to 800 cells per 90 pL per well in 96-well microtiter plates. Because R. delemar
does not stick well to microtiter plates but does stick efficiently to micropipette tips, reagents
were added but never removed during growth and inhibition assays.

C. neoformans clinical isolate H99-alpha (Montone, 2009) was grown at 30°C in liquid
YPD (1% yeast extract, 2% peptone, 2% dextrose) with vigorous shaking overnight. Cells
prepared for microscopy were then plated on RPMI + MOPS agar plates and incubated at 30°C,

and agar plugs were later removed. Cells for viability assays were plated at 10,000 cells per 90
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uL per well in YPD in 96-well microtiter plates, grown for 4.5 h, and treated with liposomes,
after which the media was removed and replaced with RPMI + MOPS media containing CTB

reagent at the manufacturer’s recommended concentration.

Production of Dectin-3

Annotated Dectin-3-derived DNA and protein sequences are given in Figure SF3.1. The
219 amino acid (a.a.)-long sequence of the native murine Dectin-3 protein (NP_034949.3) was
obtained from the National Center for Biotechnology Information (Figure SF3.1a). The
sequence of the E. coli codon-optimized construct of murine Dectin-3 CRD and stalk region
truncated and modified for cloning into pET-45B and lipidation is shown in Figure SF3.1b and
was deposited at the U.S. National Center for Biotechnology Information (BankIT, HK-DEC3,;
accession number OQ366170). The sequence encodes a 199 a.a.-long modified truncated Dectin-
3 polypeptide, DEC3, beginning at its N-terminus with a vector-encoded N-terminal (His)s
affinity tag, an added flexible GlySerGly spacer, two lysine (K) residues, and another flexible
GlySerGly spacer, followed by the 176 a.a.-long N-terminal end of murine Dectin-3 (Figure
SF3.1¢). The E. coli strain BL21 containing the murine Dectin-3-pET45B plasmid was grown in
1 L of Luria broth at 37°C overnight without IPTG induction (Figure SF3.2) or with IPTG
induction at O.D. 0.7 Ao, followed by 4 more hours of growth. DEC3 was extracted from cell
pellets using a 6 M guanidine hydrochloride (GuHCI) buffer and purified on nickel affinity resin
in this buffer as described previously (Ambati, Ellis, et al., 2019; Ambati, Ferarro, et al., 2019).
After affinity purification, the protein was approximately 80% pure (Figure SF3.2b). In various
preparations, five to ten milligrams of affinity-purified protein were typically recovered per liter

of Luria broth culture.

74



Production of Dectin-3-coated drug-loaded liposomes (DEC3-AmB-LLs)

AmB-loaded liposomes, AmB-LLs, were prepared as described previously, except that
the drug loading was performed at 37°C instead of 60°C (Ambati, Ferarro, et al., 2019). Samples
of Dectin-3 were coupled to DSPE-PEG-3400-NHS (Nanosoft Polymers, 1544-3400) in the
same 6 M GuHCl buffer with the pH adjusted to 8.3 with triethanolamine and purified over Bio-
Gel P-6 acrylamide molecular exclusion resin in a 1 M Arginine crowding buffer pH adjusted to
7.3 (Bio-Rad Cat#150—0740) as we described previously for other CTLs (Ambati, Ellis, et al.,
2019; Ambeati, Ferarro, et al., 2019; Ambati, Pham, et al., 2021). DSPE-PEG-BSA was prepared
from BSA (Sigma, Cat#A-8022) by the same protocol, except that the coupling to DSPE-PEG-
NHS was performed in 0.1 M pH 8.3 carbonate buffer, and it was subsequently desalted by P-6
gel exclusion chromatography in 0.1 M sodium phosphate buffered saline pH 7.4 (Corning,
Cat#21-031-CV). Modified Dectin-3 and BSA were loaded into AmB-LLs at 1 and 0.33 moles
percent, respectively, relative to moles of liposomal lipid via their DSPE lipid moiety as
described previously (Ambati, Ellis, et al., 2019, Ambati, Ferarro, et al., 2019). Typical
preparations produced 800 pL of protein-coated liposomes with 1.1 mg of modified Dectin-3 or
BSA (~1.4 mg/mL) and AmB at 750 uM (0.69 mg/mL). For each new batch of AmB-loaded
liposomes, the volumes of DEC3-AmB-LLs, BSA-AmB-LLs, and AmB-LLs were adjusted to
have the same concentration of AmB, typically 750 uM, to simplify dilutions of the three

samples in subsequent experiments.

Liposome dilutions for binding and inhibition studies

For all liposome-binding experiments, DEC3-AmB-LLs were diluted such that the

Dectin-3 protein was at a concentration of 1 pug/100 pL (1:100 w/v) in respective growth media.
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AmB-LLs and BSA-AmB-LLs were diluted equivalently. For binding inhibition experiments,
DEC3-AmB-LLs (1:100 w/v) were preincubated for 30 min with the following oligoglycans at a
concentration of 10 mg/mL: yeast mannans extracted via alkaline extraction (Sigma Cat#
M7504) or detergent extraction (Sigma Cat# M3640), laminarin (Sigma Cat# L.9634), glucuronic
acid (Sigma Cat# G5269), or the liposome dilution buffer as a control. The
oligoglycan/DectiSome mixes were then added to pre-blocked C. neoformans plugs. For killing
studies, liposomes were diluted into growth media just before use, such that they delivered AmB

final concentrations of 0.1 to 2 pM.

Liposome binding to a human cell line

The human embryonic kidney epithelial cell line HEK293T was obtained from the
American Type Culture Collection (ATCC #CRL-3216). Cells were grown on 24-well plastic
microtiter plates in RPMI media plus 10% fetal bovine serum at 37°C with 5% COs.. Cells were
washed with PBS, fixed for 30 min with 4% freshly prepared formalin, and washed thrice more
with PBS. Cells were stained with thodamine-tagged DEC3-AmB-LLs, BSA-AmB-LLs, and
AmB-LLs as described for staining fungal cells. Images were taken bottom up on an inverted
revolving microscope at 10x magnification, combining the visible light channel and the

fluorescent Texas Red channel.

CellProfiler analysis of fluorescent liposome staining
All microscopy was performed on an ECHO Revolve microscope (model
#RVSF1000/Revolve R4). Red fluorescent liposome staining was captured in the TRITC

channel, CW chitin staining in the DAPI channel, visible light images using the Ph1 phase
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condenser, and combined images as Revolve's zoverlay.jpg files. As we began this project, we
manually captured the area of fluorescent staining image by image in ImageJ. The direct output
from ImageJ presents fluorescence as a fraction of the image area, as we presented in our
previous publications of DectiSomes and as shown in several supplemental figures herein
(SF3.4C through SF3.4G). A CellProfiler (v. 4.2.4)-based pipeline, AreaPipe (v. 5), was
developed to analyze photographic images (e.g., jpg, tiff) for the area of fluorescent reagent
binding (e.g., fluorescent liposomes) to cells (Carpenter et al., 2006). AreaPipe

(AreaPipe V5.cppipe) was deposited at the CellProfiler repository of published pipelines at the
Broad Institute (https://cellprofiler.org/published-pipelines). In short, the program eliminated the
manual quantification of fluorescent imaging data. Figure SF3.3 shows the original rhodamine
red fluorescent jpeg image of DEC3-AmB-LLs binding to a C. albicans hyphal colony (Figure
SF3.3A1) and compares the areas of fluorescence captured from the image using the manual
analysis method in ImageJ (Figure SF3.3A2) as done previously (Ambati et al., 2022; Ambati,
Ellis, et al., 2019, 2021; Ambati, Ferarro, et al., 2019; Ambati, Pham, et al., 2021; Choudhury et
al., 2022) to that obtained using AreaPipe (Figure SF3.3A3). When using the manual method,
each red fluorescent image (e.g., Figure SF3.3A1) jpeg or tiff was (1) loaded into ImagelJ, (2)
converted to an 8-bit black and white image under Image > Type, and (3) adjusted using
threshold settings to capture the appropriate red liposome binding area under Image > Adjust >
Threshold (30/255) > Apply. (4) These data were placed in a file using the Analyze>Measure
functions, and (5) the ImageJ data were copied and pasted into an Excel file for subsequent
quantitative analysis. To use AreaPipe, (1) CellProfiler was opened, (2) the jpeg or tiff images to
be analyzed were pasted into the indicated window, (3) AreaPipe (AreaPipe V5.cppipe) was

dragged into the indicated window, and the operator answered “yes” to “load pipeline?”; (5) two
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separate folders were designated for the output data files “Savelmages” and
“ExportToSpreadsheet”; (6) Analyze Images was selected; and (7) the quantitative area output
data was automatically loaded into a .csv file and the jpeg images of the segmented areas into a
folder (e.g., Figure SF3.3A3). Some effort was devoted to ensuring that AreaPipe accurately
captured even trace images with only a few pixels of liposomal fluorescence or could report zero
pixels of fluorescence, which was not uncommon among images of control liposome-treated
samples. Typically, AreaPipe processed 30 jpeg images in 3 min using a standard laptop, which
in our experience was at least 20-times faster than the manual processing in ImagelJ and avoided
the excessive eye strain associated with the manual method. The only difference in the output is
that the manual ImageJ method records a fraction of the fluorescent pixel area captured relative
to the entire image area, while AreaPipe reports the actual number of fluorescent pixels captured
from an image out of the total pixel area in images. In order to allow these data to be plotted on a
log scale, when zero pixels were recorded, we substituted a value of 5 pixels, and with the
manual method, when zero area was recorded, 0.0001 was substituted for the area, which was

close to the lowest values recorded experimentally.

Quantitative inhibition and killing studies

Up to four types of assays were used in attempts to quantify DectiSome inhibition,
killing, and/or survival after treatment with liposomal AmB. (1) Cell density was recorded at
As10 nanometers in 96-well microtiter plates (BioTeK Synergy HT microplate reader). (2)
Colony-forming units (CFUs) of C. neoformans were counted after plating dilutions of cells on
YPD and incubating at 30°C. (3) Propidium iodide staining of dead cells followed our previous

published protocol (Ambati, Ellis, et al., 2019). (4) CellTiter-Blue reagent (CTB, resazurin,
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Promega Cat#G8081) was used to measure the reduction in live cell metabolic redox activity,
with 20 pL of reagent being added to 100 pL of cells in 96-well microtiter plates. After CTB was
added, C. albicans, R. delemar, and C. neoformans were respectively incubated for
approximately 1 h at 37°C, 2 h at 37°C, and 18 to 24 h at 30°C before the fluorescent product
resorufin was measured at Ex485/Em590 (BioTek Synergy HT). We have not seen fluorescent
CTB assays of C. neoformans reported previously, but an XTT colorimetric redox assay had
been used previously (Martinez & Casadevall, 2007). Fluorescent CTB assays have a much
larger dynamic range than colorimetric XTT assays. Long incubation times (e.g., 24 h) with
CTB's resazurin dye are commonly used to measure the viability of Mycobacterium spp.

following drug treatments (Amin et al., 2009; Franzblau et al., 1998).

Data management

Data were recorded and managed in Excel (v. 16.69). The CellProfiler AreaPipe output
data were in the .csv file format, which is compatible with Excel. Scatter bar plots were prepared,
and standard errors from the mean were estimated in GraphPad Prism 9 (v. 9.5.0). Most of the
data were normally distributed, so the Student's two-tailed #-test was used to estimate p values
(T.TEST in Excel). In cases where the data for at least one sample in a comparison appeared to
be non-parametric in their distribution, p values were estimated using the Mann—Whitney U test

(Mann & Whitney, 1947) in Prism 9 and were indicated as Pmw values.
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Figure 3.1. DEC3-AmB-LLs bound efficiently to Candida albicans during the yeast—hyphal
transition stage of development. (a—c) respectively, show representative photographic images
of red fluorescent DEC3-AmB-LLs, BSA-AmB-LLs, and AmB-LLs binding to C. albicans in
the yeast—hyphal transition stage. After plating in media that stimulated hyphal development,
yeast cells were grown for 1.5 h to reach this stage. The scale bar corresponds to 10 um. Images
were acquired at 60x magnification and equivalently cropped to enlarge cells for presentation.
Composite images were prepared because the cells were widely dispersed in each 60x% field. (d)
The relative area of red fluorescent liposome binding (logio) was quantified using AreaPipe and
is shown in scatter bar plots. N = 10 for each bar. Standard errors from the mean and p values are
indicated.
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Figure 3.2. DEC3-AmB-LLs bound efficiently to Candida albicans hyphae. (a—c)
respectively, show representative photographic images of red fluorescent DEC3-AmB-LLs,
BSA-AmB-LLs, and AmB-LLs binding to 15-hr-old hyphal colonies. The scale bar indicates the
size of the hyphae photographed at 20x magnification. (d) The relative area of red fluorescent
liposome binding (logio) was quantified using AreaPipe and is shown in a scatter bar plot. N =10
for each bar. Standard errors from the mean and Pmw values are indicated.
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Figure 3.3. DEC3-AmB-LLs bound efficiently to Rhizopus delemar germlings. (a—c),
respectively, show representative photographic images of red fluorescent DEC3-AmB-LLs,
BSA-AmB-LLs, and AmB-LLs binding to CW-stained germinating sporangiospores and
germling germ tubes. Sporangiospores were germinated on an agar surface for 6 h. The scale bar
indicates the size of the germlings photographed at 20x magnification. The images were cropped
to show enlarged germlings. (d) The relative area of red fluorescent liposome binding (logio) was
quantified using AreaPipe and is shown in a scatter bar plot. N = 6 for each bar. Standard errors
from the mean and Pmw values are indicated.
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Figure 3.4. DEC3-AmB-LLs bound efficiently to fixed Rhizopus delemar hyphae. (a—d)
respectively, show representative photographic images of red fluorescent DEC3-AmB-LLs,
BSA-AmB-LLs, and AmB-LLs binding to CW-stained 15-hr-old hyphae grown on an agar
surface photographed at 10%, and (b) shows DEC3-AmB-LLs photographed at 20x
magnification. The scale bars indicate the size of the hyphae photographed at 10x (a, ¢, and d)
or 20x magnification (b). (d) The relative area of red fluorescent liposome binding at 10X (logio)
was quantified using AreaPipe and is shown in a scatter bar plot. N =9 for each bar. Standard
errors from the mean and Pmw values are indicated.
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Figure 3.5. DEC3-AmB-LLs bound efficiently to live Rhizopus delemar hyphae. (a—c)
respectively, show representative photographic images of red fluorescent DEC3-AmB-LLs,
BSA-AmB-LLs, and AmB-LLs binding to live CW-stained hyphae. The scale bar indicates the
size of the hyphae, which were photographed at 10x magnification. (d) The relative area of red
fluorescent liposome binding (logio) was quantified using AreaPipe and is shown

in a scatter bar plot. N =7 for each bar. Standard errors from the mean and Pmw values are
indicated.
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Figure 3.6. DEC3-AmB-LLs bound efficiently to the EPS matrices of small Cryptococcus
neoformans colonies. (a—c) respectively, show representative photographic images of red
fluorescent DEC3-AmB-LLs, BSA-AmB-LLs, and AmB-LLs binding to CW-stained 6-hr-old
colonies of C. neoformans grown on an agar surface. The scale bar indicates the size of the
colonies photographed at 20x magnification. (d) The relative area of red fluorescent liposome
binding (logi0) was quantified using AreaPipe and is shown in a scatter bar plot. N = 14 for each
bar. Standard errors from the mean and Pmw values are indicated.
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Figure 3.7. DEC3-AmB-LLs bound efficiently to large Cryptococcus neoformans colonies.
(a—c) respectively, show representative photographic images of red fluorescent DEC3-AmB-
LLs, BSA-AmB-LLs, and AmB-LLs binding to CW-stained 18-hr-old colonies of C. neoformans
grown on an agar surface. Yellow arrows indicate DEC3-AmB-LL binding to EPS deposits, and
large white arrows indicate binding that surrounds spherical yeast cells within the colonies. The
scale bar indicates the size of the colonies photographed at 20x magnification. The uncommon
red fluorescence of control liposome binding (white thin arrows in ¢) had to be greatly enhanced
relative to that for DEC3-AmB-LLs to make it visible for presentation. (d) The relative area of
red fluorescent liposome binding (logio) was quantified using AreaPipe and is shown in a scatter
bar plot. N =11 for each bar. Standard errors from the mean and Puw values are indicated.
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A. C. albicans metabolic activity after liposome treatment
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Figure 3.8. DEC3-AmB-LLs were efficient at inhibiting and/or killing two of the three
fungal pathogens examined. Candida albicans, Rhizopus delemar, and Cryptococcus
neoformans were grown in 96-well microtiter plates and treated with DEC3-AmB-LLs, AmB-
LLs, and BSA-AmB-LLs, delivering the indicated micromolar concentrations of AmB. Growth
inhibition and/or killing were assayed as reductions in cell density measured at As1o or reductions
in viable cell metabolic activity by measuring the electrochemical reduction of the redox dye
resazurin in CellTiter-Blue reagent to fluorescent resorufin after liposome treatment. (a) Residual
metabolic activity of C. albicans. (b) Cell density of R. delemar. (¢) Residual metabolic activity
of R. delemar. (d) Residual metabolic activity of C. neoformans. Cell density and metabolic
activity are shown in scatter bar plots. N =5 to 8 for each bar. Standard errors from the mean and

p or Pmw values are indicated.
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SF1A. Native mouse Dectin-3

>NP_034949.3 Mouse (Mus musculus)C-type lectin domain family 4 member
D isoform 1. Full length mouse Dectin-3. 219 a.a. residues. 25,619.07
kDa. Very hydrophobic (Tyr 4 residues, Trp 11, Phe 15, Vval 19, Leu 14,
Ile 7). With Cys reduced 2.594 0.D. or oxidized 2.6 0.D./mg/mL A280.
Aliphatic index 65.3, Hydropathicity GRAVE= -0.361. Instability index
37.6. Yellow highlighted amino acid residues 1 to 43 encode the N-
terminal signaling and transmembrane domains that were omitted in our
construct.

MWLEESQMKSKGTRHPQLIPCVFAVVSISFLSACFISTCLVTH

SF1B. HK-DEC3 (a.k.a. DEC3) His-Lys-modified murine Dectin-3 coding
sequence. DNA sequence encoding the truncated version of mouse DEC3
with codons optimized for expression in E. coli that was synthesized
by GenScript for subcloning into the expression vector pET-45b+. The
following sequence was ordered from GenScript. The synthetic sequences
(AAA, AAG) encoding the lysine residues for coupling to NHS-Rhodamine
or NHS-PEG-DHPE and the synthetic sequences (GGT TCA GGG TCT GGC)
encoding the gly,ser,gly,ser,gly flexible spacer are highlighted in
yellow.

GenScript
trimmed off the flanking underlined KpnI (GGTACC) and PacIl
(TTAATTAA) (subcloning sites bold black font) shown here from the order
because they are part of the vector pE45b+ into which GenScript
subcloned the sequence. The reading frame is indicated at the
beginning and end of the sequence by separating some individual
codons. An alanine codon GCT was added at the C-terminal end to
accommodate an in-frame Pacl sequence.

ATG GCA CAT CAC CAC CAC CAT CAC GTG GGT ACC
GGA AGT GGA AAA GGC AAG GGT TCA GGG TCT GGC

GCT TAA TTA A

SF1C. The modified MmsDectin-3 (HK-DEC3, DEC3) protein made from pET-
45B+ in E. coli has the following sequence. The his tag, lysine
residues, and gly,ser flexible spacer are shown in yellow. THelmouse

199 a.a. residues.
Mol Wgt. 23,024. PkI 6.52. Abs A280 2.6 OD/mg/mL. Aliphatic index:
53.77 indicating the protein has a large volume of hydrophobic side
chains and is likely to be unstable in aqueous buffers. Grand average
of hydropathicity (GRAVY): -0.638 indicating the opposite, that it may
be soluble. We expect that the six added recombinant histidine
residues dramatically influenced these conflicting values.
MAHHHHHHVGTGSGKGKGSGSG

NPHTVFWEKGESNDFMEEDCVVLVHVHEKWVWNDF PCHFEVRRICKLPGITFNWKPSKA*

Supplemental Figure SF3.1. Annotated Dectin-3-related sequences. SF3.1A. The amino acid
(a.a.) sequence of the full-length native Mus musculus Dectin-3 (MCL, CLEC4D, NP_034949.3,
219 a.a.). SF3.1B. Annotated DNA sequence of the E. coli codon-optimized recombinant
truncated DEC3-encoding sequence expressed herein to make DEC3 protein. SF3.1C. Annotated

a.a. sequence of the recombinant truncated isoform DEC3 polypeptide (199 a.a. residues)
expressed in E. coli and employed herein in DEC3-AmB-LLs and DEC3-Rhod reagents.
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SF2A. SDS PAGE analysis of modified Dectin-3 polypeptide
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SF2B. Histogram of purified Dectin-3 (HK-DEC3) from SDS-
PAGE gel, 5 ug sample from SF2A.
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Supplemental Figure SF3.2. SDS-PAGE analysis of the affinity purification of the
truncated isoform of Dectin-3 containing its CRD and stalk regions (DEC3). SF3.2A.
Sodium dodecyl sulfate polyacrylamide gel electrophoretic analysis of various protein fractions
containing recombinant DEC3 and control BL21 cells not expressing DEC3. On the left are
crude protein fractions from 3 randomly selected colonies (#2, #3, #4) expressing DEC3 (D3).
On the right are protein fractions from colony #1 grown to 1L in Luria broth, and from IPTG-
induced cells, and the affinity purified protein from Ni(II) column loaded on the gel at three total
protein concentrations (2, 5, 10 ug) to resolve the remaining contaminants. This is a 15%
acrylamide gel with 5% bis-acrylamide crosslinker. SF3.2B. A density scan of the 5 ug sample
estimating the purity of the protein.
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SF3A. Comparison of manual to CellProfiler AreaPipe image analysis of red

fluorescent DectiSome stained area

» ’-Q.‘_ e [
. -
4 el : o
SF3A1. Original red SF3A2. Manual capture of
fluorescent TRITC jpg image.  fluorescent area in ImageJ.
The entire image is Threshold setting 30/255.
composed of ~5x108 pixels. Reported as % of pixel area

captured.

SF3A3. AreaPipe automated
capture of red fluorescent
area. Reported as numbers of
pixels captured out of ~5x10°
pixels.

Supplemental Figure SF3.3. AreaPipe automated analysis of fluorescent area data for
liposome binding. Examples of the processing of fluorescent images that compare the output of
the manual ImagelJ to CellProfiler AreaPipe methods of capturing fluorescent area data.
SF3.3A1. An original red fluorescent jpg image of rhodamine B-tagged DEC3-AmB-LLs
binding to a C. albicans colony used to estimate the area of red fluorescence. SF3.3A2. The
fluorescent area captured using manual image processing in ImageJ using a Threshold setting of
30/255. SF3.3A3. The output image from the CellProfiler AreaPipe automated analysis of this
same image. Close inspection of this image shows that the areas captured by AreaPipe are

outlined in red.

97



SF4A. Replicate of binding
to C. albicans yeast-hyphal
transition stage
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SF4C. Replicate of binding
to R. delemar germlings
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SF4F. Liposome binding to 6-h
old C. neoformans colonies

SF4B. Replicate of binding
to mature C. albicans
hyphal colonies
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SF4D. Replicate of binding
to fixed R. delemar hyphae

SF4E. Replicate of binding
to live R. delemar hyphae

;é 100- 2 1 %
S ol Xee - 627dold_____ g S 7840l __
= Ao % Pw=00002 | T ik % Pun=0.0006
£ I - L I e '.
2 Ly 1,690-fold - Paions - 1,
@ Pws00002 | @ X
o 19 i ! o 4
g ; ﬁ | g o0 9 %
o XX ]
2 0.01 = 2
& XXl & 0001
3 0.001- 4 v
o o
8 0.0001 $A Ixx 3
- T T Z 0.0001 r X T
ES NS 2N ES NN N
& & & & & &
X b ¥ ¥ ¥ ¥
@0 ) @0 Q‘E)v.
S v 9

r SF4G. Liposome binding to 18-hr

old C. neoformans colonies

S 104 X
S =3 g e 90tdold_____.
8" 104 \é%_} A 4940ld o 2T Puw<0.0001 !
- : Puw<0.0001 2 1] Iexxl !
=2 1+ XX | i = | |
c ! 1,790-fold i ] | 978-fold |
3 | Pnw<0.0001 Koo ! g - i_gulw<o.ouo1 |
8 | { ¢ x x|
= | X 9, g | |
2 i & 0.01= ! |
g 0.014 1 XK X 8. | |
8 X =
©  0.001=

8_ 0.001= X o
= <

& 0.0001 . PPN T X 0.0001 .

= 2 2 2
< NI AN > Y Y
2 & d d 4 4 4
S & & &

?,6‘ vs“ vs“ oY v,‘?' ¥
» ¥ & P
@0 D Q

98



Supplemental Figure SF3.4. Biological replicates of quantitative liposome binding
experiments. Liposomes targeted by DEC3, DEC3-AmB-LLs, bound more efficiently to the
EPS matrices associated with three fungal pathogens than untargeted control liposomes BSA-
AmB-LLs or AmB-LLs. Biological replicates of quantified fluorescent binding data are
presented. A. C. albicans in the early developmental transition from yeast cell to hyphal cell
morphology (replicate of experiment shown in Fig. 3.1). B. Mature C. albicans hyphal colonies
(replicate of experiment shown in Fig. 3.2). We attribute the high background values in this
figure to our having included CW during the original liposome staining, which causes some
aggregation and precipitation of liposomes, instead of adding it in a separate step as normally
done. C. R. delemar germlings (replicate of experiment shown in Fig. 3.3). D. R. delemar
formalin-fixed hyphae (biological replicate of experiment shown in Fig. 3.4). E. R. delemar live
hyphae (replicate of experiment shown in Fig. 3.5). F. C. neoformans very early-stage colonies
with only a few to a few dozen cells per colony (replicate of experiment shown in Fig. 3.6). G.
C. neoformans large colonies that are a few hundred microns in diameter (replicate of
experiment shown in Fig. 3.7). The relative area of red fluorescent liposome binding data were
quantified and are shown in scatter bar plots. N=6 to 12 images for each bar. Standard errors
from the mean and Pmw or P values are indicated. Areas of liposome binding were quantified in
ImagelJ using either the manual method that calculated the percent of the pixel area or the
CellProfiler AreaPipe automated pipeline that calculated the number of fluorescent pixels.
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Supplemental Figure SF5. Dectin-3
DectiSome binding inhibition
study on C. neoformans (16-hr-old

colonies)
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Supplemental Figure SF3.5. Inhibition of DEC3-AmB-LL binding to C. neoformans by
various glycans. DEC3-AmB-LLs were preincubated in PBS buffer alone or buffer containing
the various glycans indicated and then these samples of DEC3-AmB-LLs were incubated with
sixteen hr old fixed colonies of C. neoformans grown on agar, similar to the treatments shown in
Fig. 3.7. Colonies were photographed top down at 10X magnification (N=10 images for each
treatment). A scatter bar plot compares the area of fluorescent liposome binding for each glycan
treatment to the buffer treated control samples. Standard errors from the mean and Pmw values
are indicated.
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Supplemental Fig. SF6. Neither Dectin-3-coated DEC3-
AmB-LLs nor control liposomes bound efficiently to the

® {
DEC3-AmB-LLs BSA-AmB-LLs AmB-LLs
Supplemental Figure SF3.6. Neither DEC3-AmB-LLs, BSA-AmB-LLs, nor AmB-LLs have
measurable affinities for human HEK293T cells. Fixed HEK293T cells were incubated with
rhodamine labeled liposomes and washed similar to the treatments of fungal cells shown in Fig.
3.1 through 3.7. Cells were photographed bottom up at 10X magnification (see scale bar)

combining visible and red fluorescent channels. Only an occasional red dot of background
binding was observed for any of the three LNPs (see arrows in left-most and right most panels).

~ 100 micro}y
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SF7A. Dectin-3-Rhod SF7B. Dectin-3-Rhod SF7C. Dectin-3-Rhod
staining of C. albicans staining of R. delemar staining of C. neoformans
colony hyphae colonies

SF7D. Dectin-3-Rhod SF7E. Dectin-3-Rhod
staining of early-stage C. staining of R. delemar
albicans cells germlings

Supplemental Figure SF3.7. C. albicans, R. delemar, and C. neoformans stained with
Dectin-3 protein conjugated to rhodamine B, DEC3-Rhod. Images are of fixed cells stained
with DEC3-Rhod protein. A. C. albicans hyphal colony grown on a polystyrene plate. B. R.
delemar hyphal colony grown on agar. C. C. neoformans colony grown on agar. D. C. albicans
early-stage cells grown on polystyrene plate. E. R. delemar germlings grown on agar. Phase
contrast images of cells and epi-fluorescence of DEC3-Rhod staining was photographed bottom-

up (A, D) or top-down (B, C, E). These results should be compared to the staining by the
liposomal reagent DEC3-AmB-LL shown in Figs. 3.1 through 3.7.
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SF8A. C. albicans metabolic activity after liposome

treatment
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SF8B. R. delemar cell density after

liposome treatment
0.25=

0.20-

0.15+ 7.8-fold

X
0.10-

Average Absorbance (ODg, )

P=0.003

6.0-fold
P=1.3x1¢*

1.6 uM 0.8 uM

0.4 uM

0.2uM

0.1 uM

SF8C. R. delemar metabolic activity after

liposome treatment
15000

10000

94-fold
P=9.8x10%_

CTB Cell Viability Assay

12fold X
P=1.4x10¢

= §
' i
stfold | |X] |
P=2.9x1 !
XX x| ]
|
)
i
i

1.3-fold

Puw=0,0079
o

|
l§ |
i |

SF8D. C. neoformans metabolic activity after liposome

treatment
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Supplemental Figure SF3.8. Biological replicates of quantitative liposome inhibition and/or
killing experiments. C. albicans, R. delemar, and C. neoformans were grown in 96-well
microtiter plates and treated with DEC3-AmB-LLs, AmB-LLs, and BSA-AmB-LLs delivering
the indicated micromolar concentrations of AmB. A. Residual metabolic activity of C. albicans.
B. Cell density of R. delemar. C. Residual metabolic activity of R. delemar. D. Residual
metabolic activity of C. neoformans. Cell density and metabolic activity are shown in scatter bar
plots. N=5 to 8 for each bar. Standard errors from the mean and P or Pmw values are indicated.
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SF9. Reusable glass chambers for cell growth on
microscope slides

SF9A. Glass chambers. Left (fire SF9B. Chamber slides. Left (fire

polished side up). Right (ground polished side up). Right (ground
glass side up). glass side up) shows the
o DD O It continuous silicone greased contact
« 17mm Inner Diameter to the slide with no air bubbles. The
+ 2.5mm Wall thickness chamber is removed and replaced
* 11mm Tall with a coverslip for microscopy.

Supplemental Figure SF3.9. Reusable glass chambers for cell growth on glass microscope
slides. A. Cylindrical glass chambers 11 mm in height were cut from glass tubing with an outer
diameter of 21 mm and inner diameter of 17 mm (i.e., 2 mm thick wall). One side was fire
polished smooth (left) and the other side was rough polished (right) on a water-cooled sanding
wheel. B. Silicone grease was smeared evenly to the rough side. The chamber was applied to a
poly-L-lysine-coated microscope slide (Polysciences, Inc. Cat#22247) by pressing down with a
clockwise and counterclockwise rotational motion to exclude any air pockets in the grease at the
area of contact. The slide was turned over for inspection to ensure that the silicone grease seal
did not contain large air pockets. The chamber slides were autoclaved using a dry cycle before
use. The cells were grown in 1 mL of media within a chamber and then fixed, stained, and
washed. The glass cylinder was removed by rotating it and pulling upwards and replaced with a
glass cover slip, pressing down slowly to expel any excess silicone grease and media. The
aqueous chamber within the circular ring of silicone grease contained approximately 5 to 8 uL of
buffer once the coverslip was applied.
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CHAPTER 4
DECTISOMES AS POTENTIAL BIOLOGICAL PROBES

Introduction

The development of affinity chromatography over the last century has greatly expanded
both our ability to rapidly and efficiently purify biomolecules and cells and our understanding of
molecular interactions within a variety of biological systems. The range of options within this
methodology - from small-scale vs. large-scale studies to the types of immobilization ligands and
affinity resins - make this a versatile technique for basic and clinical research. The development
and diverse applications of this technology have been previously discussed in-depth (Hage and
Matsuda, 2015). One example of an affinity chromatography technique is the pull-down assay.
Within the context of traditional protein-protein interaction studies, a bait protein is tagged with
a known affinity tag, such as a series of histidine residues, and immobilized to a corresponding
affinity resin in a column. A solution of interest (perhaps containing a mixture of proteins) is
added to the column, and potential partners bind to the immobilized bait protein. The bait protein
is then released from the resin, and the newly-bound protein complexes can be further studied.

Given its broad applicability, affinity chromatography can be further divided into
subcategories. One example is lectin affinity chromatography (LAC), where non-immune system
lectins, such as concanavalin A (ConA) or wheat germ agglutinin (WGA), are used to
characterize various glycoproteins (Hage and Matsuda, 2015). Lectins can also be used to
differentiate between cell types via cell surface protein interactions (Rodriguez et al., 2020).

Common sources for LAC lectins include a variety of plants and vegetable seeds; however,
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many of these lectins are cost-prohibitive and have a very narrow range of known ligands
(Freeze, 2001).

DectiSomes were designed as a novel antifungal liposomal treatment with a unique
specificity for fungal pathogens. The addition of Dectins — C-type lectins that recognize fungal
cell wall carbohydrates — to the liposomal surface led to significant increases in binding activity
against several fungi compared to untargeted liposomes (Ambati et al., 2019a; Ambati et al.,
2019b; Choudhury et al., 2022; Choudhury et al., 2023). Some of the known ligands for Dectin-
1, Dectin-2, and Dectin-3 have been previously summarized (Meagher et al., 2023). However,
the complexity of these ligands cannot be overstated. For example, differences between linkage
patterns (a vs. B, 1,3- vs. 1,6-, N-linked vs. O-linked, etc.) have an effect on binding affinity.
This information is typically ascertained through a combination of techniques such as the use of
artificial ligands (Brown and Gordon, 2001), the construction of certain types of fungal mutants
(Esteban et al., 2011), or the manipulation of immune cell lines (Taylor et al., 2006). These
techniques, while informative, can inherently limit the range of ligands that can be studied to a
specific subset.

Given the crucial role of Dectins in the immune response, characterizing their broad
range of ligands has biological relevance. Since the Dectins in DectiSomes are conjugated to the
surface of the liposome, they should be able to mimic the behavior of Dectins found on the
surface of various immune cells; therefore, the binding activity of DectiSomes should be
indicative of genuine biological affinity rather than an artificial anomaly. The streamlined
production pipeline of DectiSomes has also been discussed at length (Meagher et al., 2023).

We wondered if DectiSomes could be utilized as an experimental tool to further

characterize Dectin-ligand interactions. DectiSomes have a big advantage over purified protein
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reagents because they are typically coated with more than a thousand Dectin proteins. Hence,
avidity should greatly enhance the binding and stability of probe-ligand complexes. For an
example specific to this discussion, given DectiSomes’ increased affinity for fungal cells, we
suspected that they could be adapted into a pull-down tool by incorporating biotin onto the
surface of the liposome. Biotin has an extremely high affinity for streptavidin (e.g., Kd = 10* M
(mol/L)), thus making this interaction an ideal choice for pull-down assays. Dectins have ligand
affinities in the 10 to 10”7 M range. Hence, there is the potential to release cognate ligands from
these Dectin-ligand complexes and not break the link between DectiSome and resin. This could
enable effective isolation of fungal cells from more complex sources. In addition, we evaluated
whether DectiSomes could be utilized as a microbial array tool for simultaneous analyses of
different types of Dectin-ligand interactions. This could further our understanding on topics
ranging from the functions of Dectins in the immune response to the identification of potential

ligands in various fungi.

Materials and Methods
Fungal cultures and growth conditions

Rhizopus delemar 99-880 is a clinical isolate that was generously provided by Dr.
Xiaorong Lin. Long-term (-80°C storage) and short-term (4°C storage) sporangiospore stocks
were prepared as recently described (Choudhury et al., 2022). Sporangiospores were grown in
liquid RPMI + 0.165M MOPS containing kanamycin and ampicillin at 37°C for subsequent
experiments.

Cryptococcus neoformans H99 is a clinical isolate that was generously provided by Dr.

Xiaorong Lin. Long-term (-80°C storage) stocks were stored in 15% glycerol. For short-term
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storage, the strain was plated on YPD plates containing kanamycin and ampicillin and incubated
at 30°C for up to two days. The plates were then stored at 4°C for future experiments. Cells were
picked with sterile sticks and inoculated in liquid YPD containing kanamycin and ampicillin at

30°C with 200 rpm shaking overnight for subsequent experiments.

Constructing biotinylated liposomes and binding liposomes to streptavidin beads

The carbohydrate recognition domain and partial stalk domain of Dectin-1 was purified
and modified with DSPE-PEG as previously described (Ambati et al., 2019b). DSPE-PEG-Biotin
(BroadPharm, Cat# BP-22723) was dissolved in a 1:5 ratio of dimethyl sulfoxide (DMSO) and
sterile water with a 5 minute heat treatment at 60°C. Rhodamine B-DHPE (ThermoFisher, Cat#
L1392) was dissolved in DMSO. The biotin, the rhodamine B, and the modified Dectin-1 protein
were incubated with pegylated liposomes (FormuMax, Cat# F20203A) at final mol% of 0.5
mol%, 0.5 mol%, and 1 mol%, respectively, relative to moles of lipid. Untargeted liposomes
contain only biotin and rhodamine B at equivalent mol%. Both batches of liposomes were
covered and incubated for 1 hr at 60°C to facilitate integration into the liposome bilayer.
Previous studies have shown that these lipid complexes are quantitively inserted into liposomes
during this incubation. The liposome batches were stored in RN#5 buffer (0.1M NaH>POs, 10
mM triethanolamine pH 8.0, 1M L-arginine, 100 mM NaCl, 5 mM EDTA, and 5 mM 2-
mercaptoethanol [BME]) at 4°C and periodically reduced with I mM BME in order to maintain
the protein’s structural integrity.

The liposomes were bound to streptavidin beads (ThermoFisher, Cat# 11205D)
immediately before the pull-down experiments according to the manufacturer’s protocol. Briefly,

5 uL of beads per treatment (i.e., DEC-Bio-LLs, Bio-LLs, beads control, etc.) were washed by
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suspending them in an equal volume (5 uL per treatment) of PBS (pH 7.4) and placing them on a
magnetic rack for 1 minute, after which the beads were noticeably bound to the magnet. The
buffer was removed, fresh PBS was added to the original volume (5 uL per treatment), and the
beads were resuspended. 5 uL of the respective liposomes (or 5 uL of PBS for the beads control)
were mixed with 5 uL of beads in 500 uL of PBS and incubated on a rotating platform for 30
mins at room temperature in the dark. The liposome-bead complexes were then washed five
times with 500 uL PBS + 0.1% BSA (pH 7.4) and finally resuspended in 10 uL of PBS. They

were stored at 4°C until they were used.

Pull-down experiments with Rhizopus delemar and biotinylated liposomes

R. delemar sporangiospores were diluted to 150,000 spores/mL in a 24-well plate
containing RPMI + 0.165M MOPS and incubated at 37°C until they showed early signs of
germination (~5-6 hours). The germlings were fixed with 3.7% formalin (diluted in PBS from a
37% formalin stock; J.T. Baker, Cat# 2106-01) for 30 mins at room temperature with gentle
shaking, followed by three PBS washes (5 mins per wash). The germlings were blocked with
PBS + 5% bovine serum albumin (BSA) (Sigma-Aldrich, Cat# A7906-500G) + 1 mM BME for
1 hr at room temperature with gentle shaking. The germlings were then stained with a 1:1000
dilution of a 25 mM calcofluor white stock (Bayer Corp., Blankophor BBH, Cat# 4193-55-9) for
30 mins at room temperature in the dark with gentle shaking. Aggressive pipetting was used to
detach the germlings from the wells and transfer them to low-binding centrifuge tubes (Sarstedt,
Cat# 72.695.700). It is worth noting that more consistent and reproducible Rhizopus growth was

observed when grown on a flat surface vs. grown in tubes. However, the pull-down experiments
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can only be done in centrifuge tubes due to the design of our magnetic rack; hence, the transfer
step was incorporated here.

The prebound liposome-bead complexes were added to the respective centrifuge tubes
and incubated on a rotator for 1 hr at room temperature in the dark. The tubes were then placed
on a magnetic rack for 5 mins to ensure that any bound cells would have sufficient time to
gravitate towards the magnet. The buffer was removed and saved for subsequent imaging
(“unbound fraction”). 500 uL of PBS + 0.1% BSA was added to the liposome-bead-cell
complexes, which were then placed on a rotator for 5 mins at room temperature in the dark. The
tubes were placed on a magnetic rack for 5 mins, and the buffer was saved (“wash fraction”).
The liposome-bead-cell complexes were then resuspended in a final volume of 30 uL of PBS
(“bound fraction”) and saved for imaging. All images were taken with an ECHO Revolve

microscope (model# RVSF1000/Revolve R4).

Membrane array experiments with Cryptococcus neoformans

For this series of experiments, liposomes that only contain the respective Dectin protein
and rhodamine B-DHPE (i.c., Dectin-1-LLs, Dectin-2-LLs, and Dectin-3-LLs) were constructed
(i.e., they lacked biotin). Approximately 1 mol% of the respective Dectin protein and 0.5 mol%
of rhodamine B-DHPE were loaded onto liposomes as previously described. Controls include an
uncoated Rhodamine B-labeled liposome (Plain-LLs) and a BSA-coated, rhodamine-B-labeled
liposome (BSA-LLs).

C. neoformans cultures were grown overnight in 1 mL YPD containing kanamycin and
ampicillin at 30°C with 200 rpm shaking. The cultures were diluted to a starting concentration of

5,000,000 cells/mL in centrifuge tubes. Cells were blocked with PBS + 5% BSA + 1 mM BME
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(blocking buffer) for 30 mins at room temperature with gentle shaking. After two minutes of
centrifugation at 1500 rcf to pellet the cells, the buffer was removed and the cells were treated
with a 1:200 dilution of the light-sensitive RNA dye Ribogreen (Invitrogen, Cat# R11490) for 30
mins at room temperature with gentle shaking. After two minutes of centrifugation at 1500 rcf to
pellet the cells, the dye was removed, and the cells were resuspended in blocking buffer. They
were subsequently divided into 400 uL aliquots containing approximately 2,000,000 cells each.
The liposomes were added to their respective aliquots at a 1:100 dilution and incubated for 1 hr
at room temperature with gentle shaking in the dark.

A nitrocellulose membrane (Bio-Rad, Cat# 162-0115) was cut to size and soaked in PBS
for approximately 5 minutes. This membrane was then transferred to a 96-well vacuum manifold
(Schleicher and Schuell Minifold I, SRC-96) to dry. The liposome-treated cells were gently
resuspended and spotted in 100 uL aliquots onto the membrane for a final total of approximately
500,000 cells/spot. The vacuum manifold was run for approximately two minutes. The
membrane was removed and gently washed by soaking in a petri dish containing sterile diHO
for two minutes. The membrane was transferred to a separate petri dish to dry before scanning
with an Amersham Typhoon 5 imager (Cytiva, Product# 29187191) using preset Cy2, Cy3,
and/or CyS5 filters. Individual images were merged together using the manufacturer’s

ImageQuant software.

Results
Constructing biotinylated liposome-bead complexes
Briefly, liposomes were incubated with (1) rhodamine B, (2) the respective Dectin

protein, and (3) biotin altogether at 60°C for 1 hr. All three components contain lipid moieties
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that enable integration into the liposomal membrane at high temperatures. Figure 4.1 is a model
of the final biotinylated Dectin-coated liposome bound to a magnetic streptavidin bead.

First, to determine if biotinylated liposomes bind to streptavidin beads, we incubated the
respective liposomes with the beads for 30 mins, washed the complexes several times, and
imaged them. Figure 4.2 is a series of images of streptavidin beads alone (Fig. 4.2A),
biotinylated uncoated liposomes (Bio-LLs) bound to the beads (Fig. 4.2B), and biotinylated
Dectin-1-coated liposomes (DEC1-Bio-LLs) bound to the beads (Fig. 4.2C). Although minor
autofluorescence is visible with just the streptavidin beads alone, there are substantially higher
levels of fluorescence when the beads are bound to either set of thodamine B-tagged biotinylated
liposomes. Unbound streptavidin beads are also visible in Fig. 4.2B (indicated with orange
arrows). The majority of the liposome-bead complexes in Figs. 4.2B and 4.2C appear to be
aggregates, but we were unable to obtain images at higher magnification to confirm this because
the autofluorescence levels of the beads alone increased dramatically. The low level of BSA in

the wash buffer may not have been sufficient to prevent aggregation.

Evaluating pull-down efficacy of biotinylated liposome-bead complexes with Rhizopus delemar
germlings

Given a Dectin-1 DectiSome’s ability to bind to R. delemar germlings (Choudhury et al.,
2022), we wanted to see if our DEC1-Bio-LLs effectively isolated R. delemar germlings from a
liquid culture compared to the untargeted Bio-LLs. Briefly, fixed R. delemar germlings were
blocked to prevent non-specific binding. The cells were stained and incubated with the prebound
liposome-bead complexes for 1 hr. The liposome-bead-cell complexes were washed, and the

respective fractions were saved for imaging. Figure 4.3 is a series of images of the final fractions
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of a pull-down experiment using the three different experimental conditions (Beads + Cells [Fig.
4.3A], Bio-LLs + Beads + Cells [Fig. 4.3B], and DEC1-Bio-LLs + Beads + Cells [Fig. 4.3C-
4.3D]). An occasional R. delemar cell was spotted in the final fraction (bound fraction) of the
Bio-LL treatment (Fig. 4.3B). However, a substantial number of cells were spotted in the final
fraction (bound fraction) of the DEC1-Bio-LL treatment (Figs. 4.3C and 4.3D). The DEC1-Bio-
LLs appear to preferentially bind to presumed exopolysaccharide deposits instead of the
germlings themselves (Figure 4.4), which corresponds with previous observations (Choudhury
et al., 2022). Images of 10 uL aliquots of the bound fractions on a hemocytometer also indicate
that the DEC1-Bio-LLs pull down more R. delemar germlings compared to the controls (Figure

4.5).

Evaluating DectiSome potential as an array tool

In an attempt to expand the analytical applicability of DectiSomes, we evaluated their
potential as an array tool. Figure 4.6 is a model of a multi-strain array treated with DectiSomes.
Briefly, a range of strains (different types of mutants, different sources of isolation, divergent
species, etc.) can be plated on an array. A single type of fluorescent DectiSome can be added
across the array. After washing out unbound DectiSomes, the array can be scanned, and
information regarding Dectin interactions with these strains can potentially be ascertained.
Alternatively, a single strain can be plated on an array, and several types of DectiSomes can be
added across the array to evaluate different Dectin interactions simultaneously.

Cryptococcus neoformans was chosen as the initial test species due to its streamlined
growth conditions and DectiSomes’ known ability to bind to it in vitro (Ambati et al., 2019a;

Ambati et al., 2019b; Choudhury et al., 2023). The biotin was unnecessary for this particular
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experimental design and therefore omitted, but all of the experimental liposomes still contained
rhodamine B. Figure 4.7 is a picture of a C. neoformans array that had been treated with
DectiSomes and gently washed. Red spots were visible where the DectiSomes were used,
whereas no red spots were visible where the control liposomes were used. Therefore, we were
cautiously optimistic that the subsequent membrane scan would validate these observations.
However, the scan shown in Figure 4.8 indicated that nothing was bound to the Ribogreen-
stained cells. A series of trial-and-error attempts with a variety of modifications yielded no
discernible results. Examples of modifications that were tested include different cell stains
(calcofluor white vs. Ribogreen), different membrane surfaces (nitrocellulose vs. polyvinylidene
fluoride [PVDF]), different blocking agents (bovine serum albumin [BSA] vs. linear

acrylamide), and different scanning settings on the Typhoon.

Discussion

DectiSomes were originally designed as a novel antifungal treatment against several
clinically relevant fungal pathogens (Ambati et al., 2019a; Ambati et al., 2019b; Choudhury et
al., 2022; Choudhury et al., 2023). DectiSomes have improved fungal specificity over untargeted
liposomes due to the addition of a Dectin coating on the liposome’s surface, and Dectins
recognize certain types of carbohydrates that are primarily present in the fungal cell wall.
However, given the structural complexity of these carbohydrates and the inherent limitations of
the techniques used to evaluate Dectin-ligand interactions, the true range of potential Dectin
ligands is still being elucidated. We wanted to see whether DectiSomes could potentially address

this question by repurposing them as potential biochemical and cell biological probes.
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The preliminary data indicate that DectiSomes can be modified into a biotinylated
version that can be used with magnetic streptavidin beads to isolate Rhizopus delemar germlings
from a liquid culture. We chose to work with Dectin-1 biotinylated liposomes (DEC1-Bio-LLs)
because Dectin-1 has significant binding efficacy against R. delemar (Choudhury et al., 2022).
As previously shown for DEC1-AmB-LLs, DEC1-Bio-LLs preferentially bound to presumed
exopolysaccharide (EPS) deposits around the germlings rather than the cell wall. This could be
indicative of a higher proportion of ligands in the EPS or greater levels of ligand accessibility in
the EPS vs. the cell wall. Alternatively, since the biotinylated liposomes are complexed to
streptavidin beads prior to incubation with the fixed germlings, the beads’ size could be a
limiting factor for ligand accessibility in a rigid fungal cell wall. It is also possible that the high
affinity ligands for Dectin-1 are not present in sufficient quantities in the cell wall for our reagent
to adhere to them. We have not evaluated pull-down efficacy of a Dectin-2 or Dectin-3
biotinylated liposome, and we have not evaluated pull-down efficacy against other fungal
species, but we expect similar levels of improvement over the controls based on our previous
DectiSome studies.

Although there appears to be qualitative improvements in pull-down efficacy, we have
not evaluated our results quantitatively. Figure 4.5 is a semi-quantitative evaluation; however,
individual cells in the fractions are difficult to count due to the occasional clumps of germlings
that are visible. Evaluating pull-down efficacy with yeast cells or using an automatic cell counter
could help address those issues. Fungal DNA extractions from the final (bound) fractions led to
low yields with poor quality, possibly due to the relatively low amount of starting material or
contamination with the streptavidin beads. The biotin-streptavidin bond is notoriously difficult to

break, and the harsh conditions that can break this bond could compromise the integrity of the
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cells themselves. A brief heat treatment after the final wash step is a potential option to break this
bond (Holmberg et al., 2005). Anti-biotin magnetic beads and corresponding separation columns

could be an alternative modification (Hersch et al., 2015), but the large size of fungal cells could

be a limiting factor.

Potential applications of a biotinylated DectiSome include improved fungal isolation
from tissue or environmental samples. DectiSomes bind at fungal infection centers of murine
models of various diseases (Ambati et al., 2021; Ambeati et al., 2022; Pham et al., 2024).
However, we have not attempted to isolate fungal cells (or fragments) from tissue samples. A
substantial amount of biotinylated DectiSomes may be required in order to isolate a sufficient
amount of fungal cells from more complex samples. Dectins are also involved in the immune
response against some bacteria (Deerhake and Shinohara, 2021), which could be an additional
complication. A different application could be to affinity-purify potential Dectin ligands from
complex EPS deposits. Fungal EPS production and extraction can be optimized for maximum
yield, although a variety of growth conditions must be examined in the process (Hamidi et al.,
2022). Biotinylated DectiSomes are able to bind to minuscule quantities of EPS. Mass
spectrometry analyses of affinity-purified EPS could further contribute to our understanding of
both Dectin-ligand interactions and EPS compositions from various fungi. However, ensuring
that DectiSomes bind to a sufficient amount of EPS for such analyses could be a limiting factor.

We also evaluated the potential of DectiSomes as an array tool. A variety of protocol
modifications were incorporated, but there was no discernible difference in DectiSome binding
in any membrane scan. Since the background fluorescence in the nitrocellulose membrane in
Figure 4.8 is so high, it’s possible that that membrane isn’t ideal for fluorescence scanning with

the Typhoon. Switching to a polyvinylidene fluoride (PVDF) membrane generally reduced
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background fluorescence, but cell adherence was inconsistent between attempts, and there was
no improvement in DectiSome binding. An attempt with glass slides as the membrane substrate
yielded high levels of background, but this was likely due to residual buffer drying down on the
slides. Silicon and polydimethylsiloxane are substrates that have been used in prokaryotic cell
arrays (Elad et al., 2008). Nitrocellulose film slides (rather than membranes) are also an
alternative option (Wu et al., 2023). Although the excitation/emission spectra for the Typhoon
filters cannot be adjusted, it’s possible that adjusting other parameters (such as the
photomultiplier tube voltage, the pixel size, etc.) would lead to more consistent scans.
Alternatively, using a different array scanner with more flexible settings could be more
promising. But, in short, we do not yet understand the reasons that we failed to show that highly
fluorescent DectiSomes were a sound probe for fungal arrays.

Preprinted glycan arrays, such as those offered by the National Center for Functional
Glycomics, could be used in conjunction with our existing DectiSomes to further characterize
Dectin-ligand interactions. An extensive variety of defined glycans are included on the array
(National Center for Functional Glycomics, Microarrays), established protocols exist (National
Center for Functional Glycomics, Protocols), and scanners specifically designed for microarray
analyses are utilized (National Center for Functional Glycomics, Equipment). However, the
approval process for using these arrays significantly lengthens the expected timeline for a single
experiment. Glycan arrays from other manufacturers exist, but cost may be a limiting factor
since, for example, the amount of DectiSomes required for such an experiment has not been fully
elucidated.

In conclusion, we have generated a biotinylated version of DectiSomes that can pull

down Rhizopus delemar germlings from a liquid culture. This indicates that DectiSomes have
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potential as a biological probe. Future studies would need to evaluate pull down efficacy against
other fungal species in pure and more complex sources, and quantitative methods are needed to
validate these qualitative observations. Attempts to evaluate the utility of DectiSomes as an array
tool have been unsuccessful but show potential. Future studies would need to focus on tweaking
the parameters of the experimental design, tweaking the scanning parameters of the Typhoon, or

utilizing other types of array-specific scanners altogether.
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Figures
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Figure 4.1. A model of a biotinylated Dectin-coated liposome bound to a magnetic
streptavidin bead. The surface of the liposome contains three components: 1) Dectin
monomers, which facilitate binding to fungal carbohydrates, 2) Rhodamine B for fluorescence
microscopy purposes, and 3.) Biotin, which facilitates binding to the magnetic streptavidin bead.
The biotinylated Dectin-coated liposome-streptavidin bead complex can facilitate the isolation of
fungal cells from cultures. Figure (not to scale) made in BioRender.
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Bio-LLs + DEC1-Bio-LLs +
Streptavidin Beads Streptavidin Beads

Streptavidin Beads

Figure 4.2. Biotinylated liposomes bind to streptavidin beads. (A) Streptavidin beads (white
arrows) have minimal levels of autofluorescence. (B) Fluorescent, untargeted biotinylated
liposomes (Bio-LLs) bind to streptavidin beads (white arrows). Beads alone are also visible
(orange arrows). (C) Fluorescent, biotinylated Dectin-1-coated liposomes (DEC1-Bio-LLs) bind
to streptavidin beads (white arrow) in small clusters. Models (not to scale) made in BioRender.
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Figure 4.3. DEC1-Bio-LLs complexed to streptavidin beads bind to Rhizopus delemar
germlings. (A) Streptavidin beads do not bind to cells. (B) Bio-LLs complexed to streptavidin
beads (red) can pull down an occasional R. delemar cell (blue) but are primarily isolated. (C) and
(D) DEC1-Bio-LLs complexed to streptavidin beads (red) pull down R. delemar germlings
(blue) of varying sizes.
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A. Merged

C. Calcofluor White Only D. Rhodamine B Only

Figure 4.4. DEC1-Bio-LLs bind to presumed Rhizopus delemar exopolysaccharide deposits.
(A) Merged image. (B) Bright field channel only. (C) DAPI channel only, which enables
visualization of the chitin stain calcofluor white. (D). Texas Red channel only, which enables
visualization of the fluorescent liposome component Rhodamine B.
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Figure 4.5. DEC1-Bio-LLs complexed to streptavidin beads pull down Rhizopus delemar
germlings. The unbound fraction is the supernatant that was removed after the liposome-bead-
cell complexes were placed on the magnetic rack. The bound fraction is the final resuspension of
the germlings that had been isolated by the respective complexes. Cells (blue) were stained with
the chitin stain calcofluor white. (A) Unbound fraction of R. delemar germlings that had been
incubated with streptavidin beads. (B) Unbound fraction of R. delemar germlings that had been
incubated with Bio-LLs complexed to streptavidin beads. (C) Unbound fraction of R. delemar
germlings that had been incubated with DEC1-Bio-LLs complexed to streptavidin beads. (D)
Bound fraction of R. delemar germlings that had been incubated with streptavidin beads. (E)
Bound fraction of R. delemar germlings that had been incubated with Bio-LLs complexed to
streptavidin beads. (F) Bound fraction of R. delemar germlings that had been incubated with
DECI1-Bio-LLs complexed to streptavidin beads.
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Figure 4.6. Proposed model of utilizing DectiSomes as an array tool. Multiple fungal strains
can be plated across a single array. Fluorescent DectiSomes can then be added to the array. The
array can be washed to remove unbound DectiSomes, and potential binding interactions can be
simultaneously assessed. Figure made in BioRender.
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Figure 4.7. Cryptococcus neoformans array treated with DEC-LLs prior to scanning. C.
neoformans cells that had been treated with the respective liposomes had been spotted onto a
nitrocellulose membrane. A vacuum manifold was used to ensure adherence to the membrane.
The membrane was washed once prior to scanning. Red spots appear to indicate bound DEC-
LLs.
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Figure 4.8. Fluorescence scan of C. neoformans/DEC-LL array introduced in Figure 4.7.
The Amersham Typhoon was used for scanning, and the merged image was generated using the
manufacturer’s ImageQuant software. Green spots are C. neoformans cells stained with the RNA
dye Ribogreen prior to addition on the membrane. (1) Buffer Only. (2) Cells + Plain-LLs. (3)
Cells + BSA-LLs. (4) Cells + DECI1-LLs. (5) Cells + DEC2-LLs. (6) Cells + DEC3-LLs.
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CHAPTER 5
DISCUSSION
Prior to this dissertation project, our research group had designed two types of
DectiSomes (targeted antifungal liposomes) and evaluated their efficacy in vitro against three
clinically relevant fungal pathogens. The goal of this dissertation was to expand upon the
potential uses of DectiSomes in multiple directions. We have shown that a Dectin-1-targeted
liposome loaded with amphotericin B (Dectin-1 DectiSome) significantly binds to Rhizopus
delemar, a common causative agent of mucormycosis, at multiple stages of fungal development
and effectively inhibits and/or kills R. delemar in vitro compared to untargeted antifungal
liposomes. We have also constructed a novel Dectin-3 DectiSome that effectively binds to and
inhibits the divergent human fungal pathogens Candida albicans, Cryptococcus neoformans, and
R. delemar in vitro. We have also constructed a biotinylated targeted liposome that can pull
down R. delemar germlings from a liquid culture, thus indicating that DectiSomes can have

potential uses outside of an antifungal treatment.

Targeted Delivery of Antifungal Liposomes to Rhizopus delemar

Mucormycosis is a severe opportunistic infection that is characterized by symptoms such
as angioinvasion and tissue necrosis. It is primarily acquired via the inhalation of spores from
causative agents such as Rhizopus delemar. Treatment usually requires a combination of
antifungals and surgery to remove infected tissue. Mucormycosis has a baseline mortality rate of

approximately 50% (Centers for Disease Control and Prevention, 2024) which indicates that
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existing antifungal treatments are ineffective. Given the predicted rise of immunocompromising
conditions that further facilitate the development of mucormycosis, more effective treatments are
urgently needed.

Our research group’s ultimate goal is to develop DectiSomes into an effective pan-fungal
treatment. Dectin-1 and Dectin-2 DectiSomes have improved targeting efficacy against multiple
human fungal pathogens within the Dikarya subkingdom (Ambati et al., 2019a; Ambati et al.,
2019b), and we needed to expand beyond that in order to assess pan-fungal activity. Based on
these criteria, R. delemar was a logical choice for testing DectiSome efficacy. We chose to focus
on Dectin-1 DectiSomes because Dectin-1 had previously been reported to be involved in the
immune response against Rhizopus species (Chamilos et al., 2010).

We showed that Dectin-1 DectiSomes had significantly higher levels of binding activity
against fixed R. delemar cells at multiple stages of fungal development compared to untargeted
controls. The binding activity was mediated by the Dectin-1 protein rather than the liposome or
amphotericin B, as evidenced by the binding levels of a Dectin-1-Rhodamine B fusion protein.
Additionally, there were high levels of binding observed against “live” hyphae compared to the
untargeted controls, indicating that fixation was not a significant contributing factor for binding
activity. Dectin-1 binding specificity appeared to be primarily towards glucans, as evidenced by
a decrease in binding activity when the DectiSomes were preincubated with laminarin compared
to yeast mannans.

We also showed that Dectin-1 DectiSomes have improved inhibition efficacy in vitro
against R. delemar. A single dose of Dectin-1 DectiSomes inhibited fungal germination after 24
hours of treatment at much lower amphotericin B concentrations than our controls, as evidenced

by microscopy images; this difference was even more pronounced after 48 hours of treatment.
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Cell density and metabolic activity measurements taken after 24 hours of treatment further
validated this observation. Taken together, these results indicate that Dectin-1 DectiSomes are a
promising treatment against R. delemar and have additional potential as a pan-fungal treatment.
There are several directions to pursue for future studies. Evaluating Dectin-1 DectiSome
efficacy in a mouse model of mucormycosis is a necessary step. Other directions include
evaluating efficacy of other types of DectiSomes against R. delemar and evaluating DectiSome
efficacy against other causative agents of mucormycosis. Additionally, given that the Rhizopus
cell wall structure is not precisely defined compared to other clinically relevant fungal
pathogens, the binding activity and specificity of DectiSomes could serve as a tool to further our

understanding of both cell wall and exopolysaccharide carbohydrates that may be present.

Dectin-3-Targeted Antifungal Liposomes Efficiently Bind and Kill Diverse Fungal
Pathogens

There are three known Dectin receptors, appropriately named Dectin-1, Dectin-2, and
Dectin-3 (also known as macrophage C-type lectin or MCL). Prior to this dissertation project,
our research group had already constructed Dectin-1 and Dectin-2 DectiSomes. Dectin-1 and
Dectin-2 are known to recognize several fungal species (Goyal et al., 2018). In contrast, Dectin-3
interactions with different fungal species, such as Candida and Cryptococcus spp., have only
been minimally reported (Zhu et al., 2013; Huang et al., 2018; Wang et al., 2016; Preite et al.,
2018; Kottom et al., 2019). This is potentially a reflection of the minimal body of knowledge
regarding Dectin-3 (compared to Dectin-1 and Dectin-2) rather than an indicator of poor
biological relevance. Dectin-3 is known to recognize fungal mannans, including

glucuroxylomannan, a significant component of the Cryptococcus capsule (Huang et al., 2018).
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Although there had been no reported interactions between Dectin-3 and Rhizopus spp., we had
already optimized our in vitro protocols for DectiSome efficacy against Rhizopus (Choudhury et
al., 2022). Given this information and our previously stated goal of developing DectiSomes as a
pan-fungal treatment, we wanted to construct and evaluate the potential of Dectin-3 DectiSomes
as an additional treatment option. This represented an opportunity to evaluate efficacy of a novel
DectiSome with a minimally-characterized receptor against several clinically relevant fungal
pathogens.

We showed that Dectin-3 DectiSomes have improved binding efficacy in vitro against all
three fungal pathogens at multiple stages of fungal development. Binding against R. delemar and
C. neoformans appeared to be on the cell or colony surface as well as to adjacent
exopolysaccharide deposits. In contrast, binding against C. albicans appeared to be localized to
the periphery of the colony. This may be indicative of higher levels of ligand exposure at hyphae
that are actively developing vs. “older” hyphae that may be less accessible at the center of a
colony. The binding levels observed for all three species was specifically due to the Dectin-3
protein rather than the liposome or amphotericin B.

Dectin-3 DectiSomes led to significant reductions in metabolic activity across all three
species at low amphotericin B concentrations. However, a higher drug dose was required against
Cryptococcus (compared to Candida and Rhizopus) in order to observe this effect. This result
was perplexing given the high binding levels that were observed compared to our controls.
Nonetheless, the results collectively indicate that Dectin-3 is an effective addition to the list of
DectiSome receptors. The results contribute to existing knowledge regarding Dectin-3
interactions with Candida and Cryptococcus. This is also the first report regarding interactions

between Dectin-3 and Rhizopus.
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Future directions include evaluating Dectin-3 DectiSome efficacy against other clinically
relevant fungal species or against mouse models of candidiasis, cryptococcosis, and
mucormycosis, respectively. Additionally, Dectin-3 is known to recognize trehalose 6,6-
dimycolate, a cell wall carbohydrate found in Mycobacterium tuberculosis (Zhao et al., 2014);
future studies could evaluate the efficacy of Dectin-3 DectiSomes (loaded with the appropriate
drugs used to treat tuberculosis) against M. tuberculosis. This would further highlight the
versatility of DectiSomes by exploring efficacy outside of the fungal kingdom.

An additional direction to consider would be the construction of heterodimeric
DectiSomes. Dectin-2 and Dectin-3 from mice can form a heterodimer that is able to recognize
mannans from Candida albicans (Zhu et al., 2013); they also appear to function as a complex in
response to metastasis of liver cancer (Kimura et al., 2016). Additionally, human Dectin-3 and
Mincle - another C-type lectin that recognizes similar ligands - can form a functional complex
(Lobato-Pascual et al., 2013). However, human Dectin-2 and Dectin-3 do not form a functional
complex for reasons that are currently unknown (Blankson et al., 2022). This could be reflective
of structural differences between the receptors in mice and humans, and this would be an

important consideration when constructing heterodimeric DectiSomes for clinical purposes.

DectiSomes as Potential Biological Probes

Our research group’s primary focus has been to evaluate the efficacy of DectiSomes as an
antifungal treatment. Although this is an important use of this novel technology, we also wanted
to see if we could repurpose DectiSomes as experimental tools outside of a clinical context. This
serves two primary purposes: 1.) It highlights the versatile nature of DectiSomes, and 2.) it can

further contribute to our understanding of Dectin-ligand interactions.
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We have successfully designed a biotinylated version of a DectiSome that can be used
with magnetic streptavidin beads to pull down fungal cells. Pilot experiments indicate that
biotinylated Dectin-1 DectiSomes qualitatively pull down Rhizopus delemar germlings more
effectively than biotinylated untargeted liposomes. However, quantitative studies that evaluate
the efficacy of other types of biotinylated DectiSomes against other fungal species would be
necessary to further validate this adaptation as a versatile tool. Another important step is to
evaluate pull-down efficacy from more complex sources, such as mixed microbial cultures,
tissue samples, or environmental samples.

Attempts to repurpose DectiSomes as an array tool have so far been unsuccessful.
Protocol modifications addressed some issues but simultaneously created new issues. Crucial
details that need to be addressed include choosing the appropriate membrane substrate,
determining the appropriate amount of DectiSomes needed for such an experiment, and
optimizing the scanning settings (or using a different scanner altogether). A different approach
could involve the use of defined microbial glycan arrays (rather than a whole cell array) to
identify more specific Dectin ligands.

Since our DectiSomes have been used exclusively as drug delivery vehicles, another
direction to pursue would be whether other types of cargo could be delivered via DectiSomes.
For example, can DectiSomes be used as a transformation tool? Liposome-mediated
transformation in fungi has been previously studied (Chai et al., 2013). Additionally, we have
established that DectiSomes sufficiently deliver amphotericin B to inhibit and/or kill various
fungi. Liposomes can be analogous to the extracellular vesicles that fungi naturally produce to
carry a variety of cargo (Liu and Hu, 2023), and both vehicles have been reviewed as potential

drug delivery vesicles (van der Koog, Gandek, and Nagelkerke, 2021). Therefore, given the right
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combination of liposome composition and cargo, DectiSomes could potentially facilitate more

effective fungal transformations.

References

Ambati, S., Ellis, E.C., Lin, J., Lin, X., Lewis, Z.A., and Meagher, R.B. (2019a). Dectin-
2-Targeted Antifungal Liposomes Exhibit Enhanced Efficacy. mSphere, 4 (5).

Ambati, S., Ferraro, A.R., Kang, S.E., Lin, J., Lin, X., Momany, M., Lewis, Z.A., and
Meagher, R.B. (2019b). Dectin-1-Targeted Antifungal Liposomes Exhibit Enhanced Efficacy.
mSphere, 4 (2).

Blankson, V., Lobato-Pascual, A., Saether, P.C., Fossum, S., Dissen, E., and Daws, M.R.
(2022). Human macrophage C-type lectin forms a heteromeric receptor complex with Mincle but
not Dectin-2. Scandinavian Journal of Immunology, 95 (5).

Centers for Disease Control and Prevention. (2024). Clinical Overview of Mucormycosis.
Accessible at: https://www.cdc.gov/murcomycosis/hep/clinical-overview/index.html

Chai, R., Zhang, G., Sun, Q., Zhang, M., Zhao, S., and Qiu, L. (2013). Liposome-
mediated mycelial transformation of filamentous fungi. Fungal Biology, 117 (9).

Chamilos, G., Ganguly, D., Lande, R., Gregorio, J., Meller, S., Goldman, W.E., Gilliet,
M., and Kontoyiannis, D.P. (2010). Generation of IL-23 Producing Dendritic Cells (DCs) by
Airborne Fungi Regulates Fungal Pathogenicity via the Induction of Tu-17 Responses. PLoS
ONE, 5 (9).

Choudhury, Q.J., Ambati, S., Lewis, Z.A., and Meagher, R.B. (2022). Targeted Delivery
of Antifungal Liposomes to Rhizopus delemar. Journal of Fungi, 8 (4).

Goyal, S., Castrilléon-Betancur, J.C., Klaile, E., and Slevogt, H. (2018). The Interaction of
Human Pathogenic Fungi with C-Type Lectin Receptors. Frontiers in Immunology, 9.

Huang, H-R., Li, F., Han, H., Xu, X., Li, N., Wang, S., Xu, J-F., and Jia, X-M. (2018).
Dectin-3 Recognizes Glucuroxylomannan of Cryptococcus neoformans Serotype AD and
Cryptococcus gattii Serotype B to Initiate Host Defense Against Cryptococcosis. Frontiers in
Immunology, 9.

Kimura, Y., Inoue, A., Hangai, S., Saijo, S., Negishi, H., Nishio, J., Yamasaki, S.,
Iwakura, Y., Yanai, H., and Taniguchi, T. (2016). The innate immune receptor Dectin-2 mediates
the phagocytosis of cancer cells by Kupffer cells for the suppression of liver metastasis.
Proceedings of the National Academy of Sciences of the United States of America, 113 (49).

135


https://www.cdc.gov/murcomycosis/hcp/clinical-overview/index.html

Kottom, T.J., Hebrink, D.M., Monteiro, J.T., Lepenies, B., Carmona, E.M., Wuethrich,
M., Santo Dias, L.D., and Limper, A.H. (2019). Myeloid C-type lectin receptors that recognize

fungal mannans interact with Pneumocystis organisms and major surface glycoprotein. Journal
of Medical Microbiology, 68 (11).

Liu, J., and Hu, X. (2023). Fungal extracellular vesicle-mediated regulation: from
virulence factor to clinical application. Frontiers in Microbiology, 14.

Lobato-Pascual, A., Saether, P.C., Fossum, S., Dissen, E., and Daws, M.R. (2013).
Mincle, the receptor for mycobacterial cord factor, forms a functional receptor complex with
MCL and FceRI-y. European Journal of Immunology, 43 (12).

Preite, N.W., Feriotti, C., Souza de Lima, D., da Silva, B.B., Condino-Neto, A., Pontillo,
A., Calich, V.L.G., and Loures, F.V. (2018). The Syk-Coupled C-Type Lectin Receptors Dectin-
2 and Dectin-3 Are Involved in Paracoccidioides brasiliensis Recognition by Human
Plasmacytoid Dendritic Cells. Frontiers in Immunology, 9.

Van der Koog, L., Gandek, T.B., and Nagelkerke, A. (2021). Liposomes and
Extracellular Vesicles as Drug Delivery Systems: A Comparison of Composition,
Pharmacokinetics, and Functionalization. Advanced Healthcare Materials, 11 (5).

Wang, H., Li, M., Lerksuthirat, T., Klein, B., and Wiithrich, M. (2016). The C-Type
Lectin Receptor MCL Mediates Vaccine-Induced Immunity against Infection with Blastomyces
dermatitidis. Infection and Immunity, 84 (3).

Zhao, X-Q., Zhu, L-L., Chang, Q., Jiang, C., You, Y,. Luo, T., Jia, X-M., and Lin, X.
(2014). C-type Lectin Receptor Dectin-3 Mediates Trehalose 6,6’-Dimycolate (TDM)-induced
Mincle Expression through CARD9/Bcl10/MALT1-dependent Nuclear Factor (NF)-xB
Activation. Journal of Biological Chemistry, 289 (43).

Zhu, L-L., Zhao, X-Q., Jiang, C., You, Y., Chen, X-P., Jiang, Y-Y., Jia, X-M., and Lin,

X. (2013). C-Type Lectin Receptors Dectin-3 and Dectin-3 Form a Heterodimeric Pattern-
Recognition Receptor for Host Defense against Fungal Infection. Immunity, 39 (2).

136



