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Abstract: Cryptococcus neoformans is an opportunistic fungal pathogen that causes over
180,000 annual deaths in HIV/AIDS patients. Innate phagocytes such as dendritic cells
(DCs) and macrophages are the first cells to interact with the pathogen, with destruction
inside a mature lysosome through degradation with acid hydrolases and reactive
oxygen/nitrogen species. This work investigates the mechanisms of antifungal activity by
innate immune cells. Previous studies have shown that innate immune cells will either
allow for intracellular growth or kill the fungus by recognizing, phagocytosing, and
finally destroying the fungus within a mature lysosome using both oxidative and
nonoxidative mechanisms. We hypothesize that there are certain subsets that allow for
differential interactions of the fungus and that killing by nonoxidative means is made
possible by many different lysosomal proteins. Results showed several lysosomal
proteins affected the growth of C. neoformans. Proteins that killed or inhibited the fungus
did so in a dose-dependent manner. Furthermore, protein concentrations needed for
cryptococcal inhibition were found to be non-cytotoxic to mammalian cells. Results also
showed all macrophage and dendritic cell subsets interacted with the fungus, and both
living and killed morphologies were discernable within the subsets using imaging flow
cytometry. Single-cell RNA-seq identified several different clusters of cells which more
closely related to interactions with C. neoformans and its protective capacity against the
pathogen rather than discrete cellular subsets. Differential gene expression analyses
identified several changes in the innate immune cell as it kills the fungus, including
increases of TNF-a and a switch to fatty acid metabolism by upregulation of FABP4.
Also, increases of TNF-a correlated to cryptococcal interactions. These data show
signaling networks that regulate expression of many different genes—both metabolic and
immune—as certain clusters of cells mount a protective response. This protective
response is facilitated by proteins that have antifungal activity and are well tolerated by
mammalian cells. Future studies will examine these proteins, genes, and networks to
understand the exact mechanism(s) these subsets use to kill C. neoformans in order to
develop immunotherapeutic strategies to combat this deadly disease.



TABLE OF CONTENTS

Chapter Page

[. REVIEW OF LITERATURE .......ooitiiiiieeeeeeee et 1
1.1 Cryptococcus Species Complex: Taxonomy and Worldwide Distribution ....... 1
1.2 Cryptococcus neoformans: Epidemiology, Ecological Niche, and Life Cycle .2
1.3 Cryptococcal Virulence Factors.........cccveecuiieeiiiieiiie et 3
1.4 Cryptococcosis and Cryptococcal Meningitis ...........eceeeveerveriieenieenieenieennnennn. 4
1.5 Antifungal Treatments against Cryptococcus neoformans ................ccceeeuveenne.. 6
1.6 Host Innate Immunity Against Cryptococcus neoformans................c.ccceeeuee... 8
1.7 Host Adaptive Immunity Against Cryptococcus neoformans......................... 10
1.8 IMMUNOLNETAPIES.....eeviieiiieiiieiieeiie ettt ettt et e et e e e s 11

II. ANTIFUNGAL ACTIVITY OF DENDRITIC CELL LYSOSOMAL PROTEINS

AGAINST CRYPTOCOCCUS NEOFORMANS ....c..oovveiiiiiniiiieenieseeeseen 13
2.1 TNEOAUCHION ...ttt ettt st 14
2.2 METROGAS. ...ttt et 16
2.2.1 Strains and Media ........ccceriirieriiniiieeieteeeee e 16
2.2.2 MG ..ttt ettt ettt ettt ettt ettt e n e ae et nes 17
2.2.3 Generation of bone marrow-derived dendritic cells (BMDCs) .............. 17
2.2.4 Generation of lysosomal extract from BMDCs ..........ccccceevvieeniirennnennn. 18
2.2.5 Fractionation and SDS-PAGE of lysosomal extract............ccccceevuvenenne. 18
2.2.6 Anticryptococcal assays with lysosomal fractions ...........ccccceevcveeenneenn. 19
2.2.7 Identification of lysosomal proteins by HPLC-ESI-MS/MS................... 19
2.2.8 Anticryptococcal assays using DC lysosomal proteins .............ccccueeen. 20
2.2.9 Minimum inhibitory concentration (MIC) assays of anticryptococcal
DC 1yS0SOMAl PrOTEINS ....eecuvieeeiiieeiiiieeiiieerieeeeeeeteeeeieeeereeesaeeeereeeseseeeesseeens 21
2.2.10 Checkerboard assay using AmpB in Combination with lysosomal
proteins against C. HEOOFMIANS ..........ceeeveeeeueeeecieeeiieeecieeeecreeeeieeesreeesseeensneas 22
2.2.11 Time-Kill @SSAY....cccuuieiieiiieiieiieeieeee ettt 23
2.2.12 CYtOtOXICILY @SSAY .euvvreerurreerureeerreeersreeessreeessreessseeesssesessseeessseessssessssseeans 23
2.2.13 Statistical analySiS......ccccecieeriieriieiiierieeiieie et 24
2.3 RESUILS ..ttt ettt et et 24
2.3.1 C. neoformans growth is inhibited by DC-derived lysosomal fractions.24
2.3.2 DC lysosomal proteins have anticryptococcal activity..........cccccveeeneennn. 25
2.3.3 Cryptococcal inhibition is dose-dependent.............cccoevvieriienieeninennnnnne. 27



Chapter Page

2.3.4 Minimum inhibitory concentration (MIC) of anticryptococcal

1ySOSOMAL PIOLEINS ...eovvvieiiieiiieiieeie ettt ettt ettt ettt saaeenbee e 28
2.3.5 Time-kill kinetics of lysosomal proteins against C. neoformans............ 29
2.3.6 Cytotoxicity of DC lysosomal proteins............ccceeeveereeriieniienieenieeneenne. 31
2.4 DISCUSSION ..cteeniieeiieetie ettt e tte et et e et et e e bt e sae e et e e abeeeabeesabeenbeesabeenbeesabeenbeesneas 32
2.5 Supplemental Materials ...........ccceeieeiieriieiieie e 37

III. PROTECTIVE INTERACTIONS OF HUMAN PHAGOCYTIC APC
SUBSETS WITH CRYPTOCOCCUS NEOFORMANS INDUCES GENES

ASSOCIATED WITH METABOLISM AND ANTIGEN PRESENTATION.....38
3.1 INErOAUCTION ...ttt ettt et 39
3.2 MEthOAS. ..ottt 44
3.2.1 Reagents and Medi@..........cccuvieeiiiieiiiieniiecieceee e 44
3.2.2 Culture of Cryptococcus Neoformans .............cccecceecvevveeeceeeseescenenneennnes 44
3.2.3 Human bronchoalveolar lavage sample processing...........cccceeeveeeruvennee. 45
3.2.4 Active cryptococcosis deteCtion .......c.eevveeuierieeniienieeiieeie e eee e 46
3.2.5 Cryptococcal uptake by standard flow cytometry .........cccecvveeveeennnennnee. 46
3.2.6 Cryptococcal morphology by imaging flow cytometry..........ccecevennene 46
3.2.7 Cryptococcal uptake for single-cell RNA sequencing.............ccceeuveennee. 47
3.2.8 Identification of clusters of macrophages and DCs..........c.cccvvvvrenneenee. 48
3.2.9 TNF-a intracellular imaging flow cytometry.........ccccoeeveevcieercieeenneenne, 48
3.2.10 Statistical aNnalySiS.......ccccveruieriieriiieiieiie ettt 49
3.3 RESUILS et 50
3.3.1 Phagocytic APC subsets were identified in human bronchoalveolar
samples and interact with C. ne0formans ..............ccccveevcvveecieeecieeecieeeieeene, 50
3.3.2 Subsets of phagocytic APCs show differential killing of C.
FLCOSOTIANS ..o eeieeeeeeeteeeeveeesaaeeessteeesseesssaeessseeessseeessseeessseeeasseeensseeans 51
3.3.3 ScRNA-seq identified different clusters of phagocytic APCs................ 53
3.3.4 Trajectory analysis splits clusters into distinct groups with different
PRENOLYPES ...ttt ettt et ettt e bt e et e et e enbeeaeesnseenseesnseenne 54
3.3.5 Increases in TNF-a correlate with changes of cellular stress response and
metabolism 1n early CIUSLEIS.........occviiiiieiiieie e 59
3.3.6 Differential staining of TNF-a markers indicates cryptococcal
TNEETACTION ..evtiitiiieie ettt ettt et st b et sbe et e et e s et enne e 62
3.4 DISCUSSION ...ttt ettt ettt et ettt e st e et e s it e e bt e sateeabeessbeebeesabeenbeesneeenseens 64
3.5 Supplemental Materials ..........ccoeoieeiiiiiiiiieiieeiieeeee e 70
IV. CONCLUSIONS ...ttt sttt sttt st be et sbe et satesae e 82
REFERENCES ...ttt sttt ettt et sttt 94



LIST OF TABLES

Table Page
2.1. Minimum inhibitory concentrations (MIC) of anticryptococcal lysosomal

proteins in phosphate buffer (pH 5.5) or RPMI-MOPS (pH 7.0) .c.covvviiiniiiiiinne. 29
S2.1. Contents of dendritic cell lysosomal fractions............cceeeeveeecieercieencieeeiee e, 37
S2.2. Fractional inhibitory concentration indices (FICI) of amphotericin B in
combination with lysosomal proteins against C. neoformans ...............ccceeeeveeeeueenne. 37
S3.1. Lung cell donor demographics and cell yield...........cccoevviiiiininniiiieiieeee. 71
S3.2. Antibodies and viability dyes used for flow cytometry.........ccccoeeevevcveenrenennnen. 72
S3.3. Active cryptococcal detection reSults ..........ocveeeiieriieeiiienieeiieiieeieeee e 73

S3.4. Complete list of genes differentially regulated between left and right clusters .73
S3.5. Complete list of genes differentially regulated between top and bottom

1€ft-S1A@ CIUSTETS ...eueieiiieieee ettt e 73
S3.6. Complete list of genes differentially regulated between clusters #1 and #9 ......73

vii



LIST OF FIGURES

Figure Page
2.1. Fractions of DC Lysosomal Extract Have Anticryptococcal Activity ................. 25
2.2. Cryptococcal Inhibition by Lysosomal Proteins...........cceceecevieneeiienienenieencenens 27
2.3. Time-kill Plots Demonstrating Cryptococcal Inhibition by Lysosomal Proteins.30
2.4. Cytotoxicity of Lysosomal Proteins..........ccceecueeviieriieniienieeiieeieceecie e 32

3.1. Percent Population of Each Subset Identified and Interact with C. neoformans..51
3.2. Subsets of Phagocytic APCs Show Differential Killing of C. neoformans.......... 52
3.3. Phagocytic APCs Incubated with and without C. neoformans Show Distinct

Clustering of Cells which Are Not Correlated with Macrophage Identity .................. 54
3.4. Trajectory Analysis Shows Divergent of Clusters into Two Main Groups.......... 56
3.5. Upregulation of Antifungal Genes in Left Sides Clusters #1/9/6/12.................... 57
3.6. Transcriptome Evolution to Active State in Clusters #8/14 .........ccccvvvevevveeeveenne. 59
3.7. Phagocytic APCs Incubated with C. neoformans Are Differential in TNF-a and
Genes Downstream of TINF-0L.....c..oiiiiiiiiiiiii e 60
3.8. Differentially Expressed Genes in Clusters #9 Led to Changes in Cellular Stress
Response and MetaboliSIm ......c.ueieeiieeiiieeiiie et eaeeeaaeeens 62
3.9. Phagocytic APCs Incubated with C. neoformans Show Differential TNF-o and
Downstream Protein Expression Following Fungal Interaction............cccceeeevveennnnn. 64
3.10. Model for Early Cryptococcal Interactions with Phagocytic APCs.................... 69
S3.1. Representative Image of CrAg® LFA ReSUltS .........coovivivivemieieeeeceeeeeeceeeeeens 74
S3.2. Representative Gating Scheme for Identification of Phagocytic APC Subsets
dUring FIOW CytOmEtIY ......viiiiiiieeiiieeiie ettt e e et e e e ree e e e sbee e snreeesnseeenens 75
S3.3. Representative Gating Scheme for Identification of Phagocytic APC Subsets
during Imaging FIOW CytOmMELIY .......cccevciiieriiiieiiieeciee et 75
S3.4. Identification of Phagocytic APC Subsets by Subset Specific Upregulated
GBIES. ...ttt ettt ettt et e e bttt ettt et ennree e 77

S3.5. No Differential Macrophage Activation or Th1/Th2 Bias among the Cells ......78
S3.6. Representative Gating Scheme for Correlation of TNF-o Markers and

Cryptococcal MOrpholOZIes........cccuieiiiiiiiiieiiieiiece ettt 78
S3.7. Representative Images of TNF-a Markers and Cryptococcal Morphologies.....80
S3.8. TNF-a Signaling Is Not an Indicator for Cryptococcal Fate.............cccccvvenneennee. 81

viii



LIST OF ABBREVIATIONS

Abbreviation Meaning
AM Lo ettt alveolar macrophage
AMP o antimicrobial peptide
AMPB ..o et baeeabaen amphotericin B
N o SRS antigen presenting cell
ART e et antiretroviral therapy
2 7 2N R bronchoalveolar lavage
BBB. e e blood brain barrier
BMDC ... bone marrow derived dendritic cell
CD e e cluster of differentiation
O PR colony forming units
CEFW ettt sttt calcofluor white
C-IRIS ..o, cryptococcal immune reconstitution inflammatory syndrome
CLSI it Clinical and Laboratory Standards Institute
{031 SRR cell mediated immunity
N ettt ettt e Cryptococcus neoformans
N S ettt e e et e e e e e e e eataeeeennes central nervous system
DIC ettt ettt dendritic cell
FABPA. ...t fatty acid binding protein 4
FACS. . et fluorescence-activated cell sorting
FICT oo fractional inhibitory concentration index
GaALXIM Lo et e e e naeas galactoxylomannan
GXM et ettt eabe e glucuronoxylomannan
HNE ot e e human neutrophil elastase
TEN ettt et ettt et naes interferon
L ettt st ettt ettt e bttt interleukin
TPA e Ingenuity Pathway Analysis
IMET oot mean fluorescence intensity
MHC ..o major histocompatibility complex
11 LU minimum inhibitory concentration
IMIMP25 ..ottt matrix metalloproteinase
1\ (0 ) SO USRUSPS multiplicity of infection
IMPO ...ttt et ennas myeloperoxidase
1\ 11 o PSPPSRI Mycobacterium tuberculosis



Abbreviation Meaning

NOSTRIN ...ttt nitric oxide synthase trafficking
OXLDL ..ottt oxidized low-density lipoproteins
P S e e phosphate buffered saline
RN S ettt et reactive nitrogen species
RO et e reactive oxygen species
PAMP ...ttt pathogen-associated molecular pattern
PRR .ot pattern recognition receptor
SCRINA--SEQ .vievvieeiiieiie ettt ettt single cell RNA sequencing
ThI/TR2.cceiiee e Type 1 or Type 2 T helper cell
TNE ettt sttt tumor necrosis factor
UMAP ... uniformed manifold approximation and projection
YPD oo yeast extract-peptone-dextrose



CHAPTER I

REVIEW OF LITERATURE

1.1 Cryptococcus Species Complex: Taxonomy and Worldwide Distribution

Historically, the etiological agent of cryptococcosis was classified as a single species as
Cryptococcus neoformans [1]. However, the species has been separated into two species, C.
neoformans and C. gattii, due to differences in molecular characteristics, ecology, and
epidemiology [2,3]. Now the species C. neoformans is further divided into three serotypes in two
varieties: A (variety grubii), D (variety neoformans), and AD (which is a hybrid of A and D),
while C. gattii has only the two serotypes B and C which have not been elevated to the variety
status [2]. Molecular techniques such as PCR (polymerase chain reaction) fingerprinting, AFLP
(amplified fragment length polymorphism), and MLST (multilocus sequence typing) have further
subdivided these into eight major molecular types that correlate to the serotypes [4-6]. For C.
neoformans (serotype), they are VNI (A), VNII (A), VNIII (all AD hybrids), and VNIV (D) while
C. gattii includes VGI-VGIV which are all associated with both serotypes B and C (VNI =
variety neoformans number one, VGI = variety gattii number one). More recently, in part due to
the intensive genome sequencing, there have been proposals to further split C. neoformans into
two separate species (C. neoformans and C. deneoformans) and C. gattii into five species (C.
gattii, C. bacillisporus, C. deuterogattii, C. tetragattii, and C. decagattii) [ 7]. Geographically, C.
neoformans has been found worldwide in all climates, while C. gattii is more selective and is
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most prevalent in North/South America and Oceania [3]. Worldwide, most isolates come from the
continents of Asia and Africa, but the countries reporting the most cases are in order: South
Africa, China, and the United States. This is due to both a lack of data from many other African
countries and also the sampling rate from the United States being the highest of any country [2].
This distribution of the fungus is intertwined with both the habitats is prefers and also incident

rates among affected populations.

1.2 Cryptococcus neoformans: Epidemiology, Ecological Niche, and Life Cycle

C. neoformans var. grubii (serotype A) is the most common cause of cryptococcal
meningitis encompassing around 80% of total infections [8]. It generally affects
immunocompromised individuals and is most associated with the progression to clinical AIDS,
and it is considered an AIDS-defining illness [9]. Therefore, it is understandable that most cases
are concentrated in the sub-Saharan region of Africa. C. gattii is different in that it causes
infections in immunocompetent people as well (see Pacific Northwest Outbreak). Curiously, a
recent study noted that C. gattii infections in China are rare, and most of these cryptococcal cases
were from apparently immunocompetent individuals. Researchers attributed this to possibly
genetic factors among the predominate population including those that include polymorphisms to
the Fc-gamma receptor 2B (#CGR2B) and mannose-binding lectin (MBL), both instrumental in
immunity against the pathogen [10]. Both of these species inhabit ecological niches that include
decaying matter within tress with C. gattii preferring tress that have leaves with waxier surface
coatings such as the Douglas fir (also prevalent in the Pacific Northwest) and Eucalyptus trees
(Australia) [11]. C. neoformans is also highly present in avian excreta and is associated with
pigeons in urban areas [12]. In the environment, C. neoformans can switch between a vegetative
budding yeast and sexual growth phases which are multicellular [13]. While the unicellular yeast
cell is the predominant form in both the environment and the human hosts, sexual reproduction is

vital to the pathogenicity of the organism. Researchers have identified at least three important
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reasons for this: 1) spores from sexual development are infectious, 2) sexual development
contributes to genetic variation among the species complex, and 3) the genes controlling this
behavior (located in the MAT locus) also contribute to cryptococcal virulence [14]. Despite this
dimorphic life cycle, C. neoformans is sometime considered monomorphic as yeast cells are the
predominant morphology, especially in the context of infections, and most of what makes it a

pathogen concerns the single-cell lifestyle as well.

1.3 Cryptococcal Virulence Factors

As a successful pathogen, Cryptococcus neoformans employs many different strategies to
overcome the host immune system. The most notable of these that all virulent cryptococcal
strains have are a polysaccharide capsule and the ability to produce melanin. C. neoformans is
remarkable as it is the only fungal pathogen capable of producing this type of capsule [15]. The
two main components of the capsule are glucuronoxylomannan (GXM) and galactoxylomannan
(GalXM) with the later only making up about 8% of the mass [16]. GXM is composed of a-1,3-
linked mannose residues with xylosyl and glucuronyl side groups while GalXM has a a-1,6-
galactan backbone and xylose and mannose side groups, hence the naming conventions [17].
Recently, however, GalXM was found to also have f-p-glucuronic acid and there have been
proposals to change its name to glucuronoxylomannogalactan (GXMGal) to represent its nature
more accurately [18]. The exact makeup and irregularity between these side groups translate into
antigenic variability and immunomodulatory differences between serotypes [19]. While the exact
reason for capsular production in the environment is debatable, one theory suggests that its
presence is the result of interaction with predatory amoebae [20]. It was later shown that C.
neoformans does indeed increase traits associated with virulence when incubated with predatory
amoeba [21]. In a host, these same virulence factors are the main defenses against an immune
system: inhibition of phagocytosis and repressing T cell responses. The large capsule covers

many of the pathogen associated molecular patterns (PAMPs) the innate immune system usually
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uses to detect harmful pathogens, which proceeds to inhibit/reduce phagocytosis [22]. Therefore,
the host must identify this irregular capsule by other means such as specific antibodies or through
complement recognition. Additionally, the capsule has been shown to directly suppress T cell
proliferation and even induce apoptosis among T cells [23-26]. The second major virulence factor
that C. neoformans has at its disposal is the ability to produce melanin. Melanin can protect the
pathogen against oxidative damage from both reactive oxygen and nitrogen species produced by
host cells, usually by macrophages and dendritic cells in response to an infection [27].
Additionally, melanin has been shown to exert some protective effects by reducing the efficacy of
antifungal drugs such as amphotericin B and fluconazole by decreasing their toxicities against the
fungus [28]. Aside from these two main defenses against the host immune system, C. neoformans
has a plethora of other secreted enzymes able to promote fungal survival by destroying tissues
and disrupting normal immune functions [15]. These include DNase, proteases, lipases, and
hydrolases (urease, superoxide dismutase). The fungus also has the ability to grow at human body
temperature (37°C), and along with the aforementioned virulence factors, C. neoformans can be a

successful pathogen [29].

1.4 Cryptococcosis and Cryptococcal Meningitis

Despite inhabiting an environmental niche, C. neoformans can find its way to humans to
initiate disease. While cryptococcal exposure is common (one study showed that 70% of children
by age 5 have anticryptococcal antibodies in their sera) [30], symptomatic disease occurs
primarily among those with compromised immune systems. Current numbers state about 220,000
yearly cases of worldwide cryptococcal meningitis among those living with HIV/AIDS (the most
affected population), which results in over 181,000 annual deaths [31]. The vast majority of these
cases (>80%) occur in sub-Saharan Africa (where the AIDS epidemic is currently ongoing).
Estimates place cryptococcosis second, only narrowly behind tuberculosis, as the most common

cause of AIDS-related deaths. Despite this, cryptococcal research remains underfunded compared
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to tuberculosis research (~1% of total budget) [32]. Humans come into contact with C.
neoformans from the environment as yeast cells or desiccated spores become airborne which we
then breathe into our lungs. Generally, in immunocompetent individuals, the immune system will
quickly fight off the few invading cells without any clinical presentation [33]. However, in people
without functional CD4" T cells, the pathogen can persist and replicate within the lung which
leads to pulmonary cryptococcosis. Clinical presentation of this is usually in the form of
nonspecific symptoms such as coughing, chest pains, and difficulty breathing [34]. Physical
examination may reveal indication of pleural effusion, and chest x-rays or CT scans often shows
both pneumonia and multiple nodules resembling those from microbial infections, excessive
inflammation, cancer, or infarctions [35,36]. These symptoms are caused by the increased fungal
burden that occurs within the lung from the persistence of cryptococcal cells and subsequent
replication, often intracellularly. Once the fungus has established a niche within the host, it then
can disseminate throughout the rest of the body via the bloodstream to various organs such as the
liver, kidneys, or brain, causing extreme damage and/or organ failure [37-39]. Dissemination to
the brain (cryptococcal meningitis) is the deadliest form of the disease [31]. The brain usually has
protections in place in the form of the blood brain barrier (BBB) to prevent crossing of immune
cells, pathogens and other unwanted substances into the central nervous system (CNS) [40].
However, C. neoformans has tools to circumvent this protection. Direct transcellular migration of
the fungus across the BBB has been shown in the laboratory setting with urease, metalloprotease
Mprl, laccase, phospholipase B1, a serine protease, and tyrosine kinase receptor (TKR) EphA2
all being implicated as cryptococcal virulence factors that promote brain infiltration [41].
Additionally, macrophages or other phagocytes can cross the BBB, and if one traverses this
barrier while harboring an intracellular yeast cell, the pathogen can circumvent this obstacle in
this manner as well. This has been known in the community as the Trojan horse theory and is one
of the leading concepts of how cryptococcal meningitis can develop [42-44]. After traveling to

the brain inside a pulmonary phagocyte, C. neoformans can exit the cell either by lytic or non-
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lytic means and cause infection and damage to the brain tissue [45,46]. Specifically, inflammation
to the meninges (meningitis) is the most common form of damage, but other damage may also
occur to the parenchyma, so the term meningoencephalitis may be more appropriate [39].
Clinically, these often present as fever, headaches, or other altered mental states. At this state of
cryptococcal meningitis, the mortality rate of people living with HIV/AIDS remains unacceptably
high even with modern antiretroviral therapy (ART) with rates 13-19% in high resource areas and
skyrocketing to over 80% in more impoverished areas [9,31]. Treatment for this deadly

combination is a major area of concern with the current armamentarium of antifungal drugs.

1.5 Antifungal Treatments against Cryptococcus neoformans

There are currently four major classes of antifungal drugs (polyenes, azoles, allylamines,
echinocandins) on the market with many other miscellaneous ones as well (such as flucytosine).
Due to fungi and humans both being eukaryotic, there is increased risk of toxicities due to the
similarities of substrates between target and host (for example the fungal ergosterol is structurally
similar to human cholesterol). The gold standard for treating cryptococcosis is a combination of
amphotericin B and flucytosine for at least two weeks followed by eight weeks of fluconazole
monotherapy [47]. Amphotericin B (AmpB) is a polyene class of antifungals that targets and
binds to the fungal specific cell membrane sterol ergosterol, causing increased membrane
permeability and cell leakage [48]. At certain concentrations the drug is fungicidal and prevents
cell division [49]. However, at higher concentrations, AmpB can become toxic to organs
(especially to the liver) which is why different preparations are being developed including a less
toxic lipid formulation (Ambisome) [50]. Acquired resistance to AmpB is rare, however, natural
resistance does occur as some fungal species have ergosterol that is not as susceptible to the drug
[51]. Resistance to polyenes can also occur over prolonged exposure [52]. Recently, AmpB has
also been shown to induce oxidative stress on the pathogen, but the extent of the damage and

mechanism of action is currently being investigated [53]. Flucytosine’s (or 5-fluorocytosine; 5-
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FC) antifungal activity comes from its conversion into 5-fluorouracil in susceptible cells which
then proceeds to inhibit both DNA and RNA synthesis [54]. Combination therapy of 5-FC with
AmpB has shown a synergistic effect but can also increase host toxicities as well [55]. If used as
a monotherapy, 5-FC is vulnerable to drug resistance [56]. The final part of the antifungal drug
regime consists of fluconazole monotherapy. Fluconazole is a fungistatic drug that interrupts the
fungal conversion of lanosterol to ergosterol which leads to an accumulation of 14-methylsterols
and disrupted membrane permeability [57]. Fluconazole has better host tolerance and lower
toxicity than AmpB, but there are multiple mechanisms for fungal resistance through either
mutations to the substrate (ERG11) which blocks its catalytic activity or by increasing efflux
pumps to remove the drug [51]. It is worth mentioning the route of administration of these
anticryptococcal drugs. Both fluconazole and flucytosine are available as oral medication which
lends itself for better compliance with timing, dosage, and frequency. This is in opposition is
AmpB, which is administered by a healthcare professional intravenously [9]. Echinocandins, such
as caspofungin, are not used for the treatment of cryptococcosis, as cryptococcal strains are
naturally resistant to the drug, albeit paradoxically, as the target, B-1,3-glucan synthase, is
essential for the growth of C. neoformans [58]. The last major class of antifungal drugs are the
allylamines (terbinafine) which inhibit squalene epoxidase (also necessary for ergosterol
synthesis) and have no effect on human cholesterol [59]. Usually used to treat dermatophytic
infections and onychomycosis (nail fungus), there has been little traction for the drug to be used
to treat cryptococcosis. However, some studies have shown some in vitro efficacy both alone and
in combination with other antifungal drugs [60]. The financial considerations for drug
development are steep and, as previously mentioned, funding for such discoveries is scant. Much
work has been done with both elucidating combinatorial effects of current drugs and the
repurposing of other compounds. However, there is a proverbial arms race between the drugs and

pathogens, and investigations for new targets and pathways are necessary [61].



1.6 Host Innate Immunity Against Cryptococcus neoformans

The innate immune system is one of the main branches of the human immune system (the
other being the adaptive system and discussed later). Against fungal infection, the main job for
this branch is quick recognition and elimination of the pathogen. This is accomplished through
three main effector cells in the pulmonary tissue: macrophages, dendritic cells, and neutrophils
[62]. Resident to the lung and pulmonary tissues, macrophages and DC are the first to encounter
the pathogen upon entry into the lungs [63]. Both macrophages and DCs have a variety of pattern
recognition receptors (PRRs) on their surface and serve as surveillance cells in the lung and other
tissues [62]. These PRRs include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), and
NOD-like receptors (NLRs) which can detect antigens such as -glucans, capsular GXM,
mannose, and internalized fungal components [64-66]. Critical among these are the CLRs Dectin-
1, -2, and -3 which signal through CARD?9 that itself is a central molecule in signaling pathways
for fungal infections [67,68]. Upon recognition by a macrophage, there are several potential fates
for Cryptococcus. Some studies report the anticryptococcal properties of macrophages, while
others show intracellular replication of the organism [69,70]. Part of this outcome depends on the
polarization status of the macrophage to either the antifungal M1 (classical) or permissive M2
(alternative). M1 macrophages kill the fungus through either oxidative (ROS/RNS) or non-
oxidative means (enzymatic proteins), and this plasticity of macrophages is dependent on local
cytokines [71]. Cytokines such as IFN-y push macrophages towards M1 polarization through
STAT1 dependent mechanisms, while IL-4 and IL-13 lead to M2 polarization [72,73]. In the case
of fungal destruction, macrophages also have a second important job: presentation of
cryptococcal antigen to activated CD4" T cells to enhance the adaptive immune system through
MHC-II [74]. This, in turn, steers other local effector cells to take a more antifungal stance [75].
The next major effector innate immune cell is the dendritic cell (DC). They share similar effector

functions as macrophages with their phagocytosis and killing of C. neoformans [76].
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Additionally, DCs are tasked with being the bridge between the innate and adaptive immune
systems. Once phagocytosis and fungal killing has occurred, they begin to mature and present
antigen (also through MHC-I1), but this time, they travel to peripheral lymph nodes to prime and
activate naive T cells leading to a Th1-type adaptive response [77,78]. Neutrophils are the most
abundant white blood cell in the bloodstream and are recruited to the site of infection through
complement activation [79]. However, neutrophil recruitment has been shown to have little to no
effect on fungal burden, and these cells are not required for cryptococcal clearance [80].
Furthermore, some studies have shown that infiltration of neutrophils can be detrimental and

increase fungal burden [81,82].

Complicating the specific interactions of C. neoformans with innate immune cells is the
heterogeneity among immune cell populations. While the majority of immune cells are generated
through hematopoiesis from the bone marrow[83], some immune cells, including tissue-resident
macrophages, instead have other sources [84]. Tissue-resident macrophages are seeded before
birth and stay in their respective organs through life. The origin of these is the fetal yolk sac and
fetal liver before the onset of hematopoiesis [85,86]. Concerning macrophages, these include the
alveolar macrophages in the lung, Kupffer cells in the liver, and microglia in the brain. These
resident macrophage populations have been shown to have their own distinct interactions with C.
neoformans [63,87-89]. With alveolar macrophages representing around 80- 90% of total
leukocytes in the alveoli of healthy lungs, the pathogen has the most chance at encountering them
more than any other cell type [90-92]. Due to their differences in origin compared to bone
marrow-derived macrophages, cryptococcal-macrophage interactions need also be studied within
the context of these tissue resident cells. Researchers have shown that these interactions are vital
to the prognosis of cryptococcosis. In some instances, the fungal cell is able to avoid macrophage
killing and survive and replicate intracellularly [90,93,94]. However, these studies did not

account for further heterogeneity among the innate immune cells other than the origin and lineage
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of the cell. Recently, researchers have begun to uncover subpopulations among the lung resident
innate immune cells, which are characterized by differences in cell surface markers and
transcriptomes [63,95,96]. It has been hypothesized that these differences are the result of a
division of labor among the whole population, with certain cells being better suited for specific
functions. In mice, it was shown that macrophages in healthy lungs can be divided into four
groups (alveolar, interstitial, Ly6c*, and Ly6c; both Ly6c¢ groups contain a mixture of monocyte-
like and macrophage-like cells) and DCs divided into two conventional subsets (CD11¢” CD103*
and CD11c¢" CD11b") and plasmacytoid DCs (pDCs) [96,97]. Studies of these subsets indicate
that the Ly6¢™ monocyte-like macrophage population is anticryptococcal, while the CD11b" DCs
are permissive for intracellular growth[98]. Alveolar macrophages can vary in their antifungal
activity, and the interstitial macrophages can enable dissemination to the CNS [98,99]. Humans
have similar subsets with one study identifying three macrophage subsets (AMs, CD1¢'CD14",
CD1cCD14Y) and three DC subsets (Langerin®, CD1¢'CD14", CD1¢"CD14°) [95]. Studies have
shown that all human pulmonary subsets except the CD1¢'CD14" and CD1¢"CD14 macrophage

subsets were anticryptococcal [92].

1.7 Host Adaptive Immunity Against Cryptococcus neoformans

The human body is equipped with two arms of an immune system: the innate for quick
and specific recognition of PAMPs and an adaptive system which takes longer to start but is
antigen-specific in its targets [62]. These two arms of the immune system also work in concert
with each other to increase the overall effectiveness of the defense, which is the situation in a
protective response against C. neoformans [75]. Typically, innate antigen presenting cells (APCs)
will phagocytose and kill a pathogen and present cryptococcal antigen to the adaptive system
through the MHC-II system [100]. DCs are special in that they can present this antigen to naive
CD4" T cells (T helper cells) in secondary lymphoid organs for the initiation of T cell effector

function, thereby bridging the gap between the innate and adaptive immune systems [101].
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Depending on the cytokines produced by the APC during antigen presentation, T helper cells can
differentiate into subtypes Th1 Th2 and Th17 and others [102]. Protective responses against
cryptococcosis include the Thl- and Th17-type (which stimulate cell-mediated immunity), while
differentiation into Th2-type can lead to detrimental host responses and exacerbation of disease
[75]. DCs that produce IL-12 lead to the formation of protective Th1-type CD4" helper T cells
[103]. However, if DCs express the costimulatory molecules CD86 and OX40L and produce IL-
4, Th2-type T cells will be the effector cell induced [104-106]. Finally, in the absence of
producing both IFN-y and IL-4, DCs that produce IL-23 (with costimulatory molecules CD28 and
ICOS) will induce the differentiation of Th17-type effector T cells, which is sometimes protective
and beneficial to the host against the disease [107,108]. On the other hand, it has been reported
that IL-17 was increased in the CSF of cryptococcal meningitis cases both with and without HIV
[109]. CD4" T cells are the predominate producers of IL-17 and it is currently unclear of the
source in patients with AIDS (CD4" T cell counts <100 cells/ul). However, IL-17 can be
produced by CD8" T cell, y6 T cells, neutrophils, and natural killer (NK) cells [81,110,111].
Regardless of the source, IL-17 has been linked with STAT3 signaling in response to fungal
stimulation [109,112]. These responses are distinct from the IFN-y produced by Th1 CD4" T cells
that enhances macrophage function and polarizes them into the M1 phenotype through STAT1
signaling, which makes them more capable of killing C. neoformans [75]. While usually within
the purview of adaptive immunity, memory against cryptococcal infections has also been seen in
innate immune cells. Both macrophages and DCs have been shown to have “trained immunity”
against previous infection to C. neoformans, which is mediated by epigenetic changes to the cells
during priming with IFN-y-producing C. neoformans [113,114]. These changes may induce
subpopulations among the cells or changes in PRR expression to impart some functional

phenotype [115].

1.8 Immunotherapies
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Aside from using antifungal compounds directly against fungal pathogens,
immunotherapies can also be efficacious. This type of treatment enhances the host’s own immune
system to fight off and eliminate invading pathogens [58]. While there is no current vaccine
available against cryptococcal infection, there have been studies that used cryptococcal protein
antigens to initiate the adaptive immune system through cell-mediated immunity (CMI) [116].
These treatments must strike a balance between protective Th1 responses and excessive
inflammation that can exacerbate the disease [117]. Necessary to this type of immunity, however,
are CD4" Thl-type T cells (and corresponding cytokines such as IL-2, IL-12, TNF-a, and IFN-y),
which are absent or deficient in the immunocompromised situations where the disease normally
manifests. In situations that are devoid of CD4"* T cells, it has been shown that CD8" T cells,
which can also produce IFN-y, can still expand and traffic to the lung to improve overall
prognosis [118]. Additionally, there is some evidence for antibody-mediated immunity through
the use of cryptococcal capsular components (including GXM, GalXM, and mannoproteins)
[119]. However, as noted earlier, cryptococcal capsule has an immunosuppressive effect and does
not induce either a strong or long-lasting immune response. Additionally, there is no evidence
that this type of immunity is possible without CMI [116]. Therefore, there have also been studies
on enhancing the immune systems’ ability in eliminating the fungus. Adjunctive therapy using
IFN-y along with antifungal drugs has been shown to increase the effectiveness of amphotericin B
in the mouse model, both in vitro and in vivo [120,121]. Despite the extensive work in the mouse
model, there are limited data available for the efficacy of adjunctive IFN-y therapy in humans.
These limited studies have shown that this type of therapy is well-tolerated in humans and can
lead to positive outcomes [122-124]. The current mechanisms that underlie this therapy in first-
line defenders such as lung macrophages and DCs are unknown, and further research is required

before large scale immunotherapeutics can be implemented.
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CHAPTER II

ANTIFUNGAL ACTIVITY OF DENDRITIC CELL LYSOSOMAL PROTEINS AGAINST

CRYPTOCOCCUS NEOFORMANS ¥

+ This chapter is reproduced with slight modifications from the following publication:

Nelson, B.N., Beakley, S.G., Posey, S., Conn, B., Maritz, E., Seshu, J., Wozniak, K.L. (2021).
Antifungal Activity of Dendritic Cell Lysosomal Proteins against Cryptococcus neoformans.

Scientific Reports, 11(13619). Reprinted with permission.

Abstract

Cryptococcal meningitis is a life-threatening disease among immune compromised
individuals that is caused by the opportunistic fungal pathogen Cryptococcus neoformans.
Previous studies have shown that the fungus is phagocytosed by dendritic cells (DCs) and
trafficked to the lysosome where it is killed by both oxidative and non-oxidative mechanisms.
While certain molecules from the lysosome are known to kill or inhibit the growth of C.
neoformans, the lysosome is an organelle containing many different proteins and enzymes that
are designed to degrade phagocytosed material. We hypothesized that multiple lysosomal
components, including cysteine proteases and antimicrobial peptides, could inhibit the growth of
C. neoformans. Our study identified the contents of the DC lysosome and examined the
anticryptococcal properties of different proteins found within the lysosome. Results showed
several DC lysosomal proteins affected the growth of C. neoformans in vitro. The proteins that

killed or inhibited the fungus did so in a dose-dependent manner. Furthermore, the
13



concentration of protein needed for cryptococcal inhibition was found to be non-cytotoxic to
mammalian cells. These data show that many DC lysosomal proteins have antifungal activity and

have potential as immune-based therapeutics.

2.1 Introduction

Cryptococcus neoformans is an encapsulated fungal pathogen that can cause pneumonia
and meningitis in immune compromised individuals [125,126]. C. neoformans is an
environmental yeast that is associated with decayed wood and pigeon droppings, and therefore,
humans and animals breathe it in frequently [106,127]. Fortunately, the pathogen is typically
quickly cleared from the lungs by a Thl type CD4" T cell response before it can cause a
symptomatic infection [126]. However, in cases where a person has a compromised immune
system, such as reduced CD4* T cells in patients with HIV/AIDS or in individuals taking
immunosuppressive drugs to prevent organ transplant rejection, the fungus can cause an infection
[128,129]. The prevalence between AIDS and cryptococcosis is so high that the CDC has named
it an AIDS-defining illness, and the occurrence of cryptococcal meningitis is most prevalent in
sub-Saharan Africa [130,131]. An analysis of the 2014 Joint UN Programme on HIV and AIDS
showed that of the 223,100 yearly cases of cryptococcal meningitis, 73% occurred in sub-Saharan
Africa (162,500 cases) with estimated yearly death totals of 181,100 and 135,900 worldwide and
in sub-Saharan Africa, respectively [31]. While these numbers have been trending downwards in
recent years, due to its high mortality rate there is still a case to be made for the World Health
Organization (WHO) to name cryptococcal meningitis as a neglected tropical disease
[32,130,132]. The most popular treatment programs are all based around three drugs:
Amphotericin B, flucytosine, and fluconazole [133,134]. However, each is associated with certain
barriers and limitations such as bioavailability, host toxicity, and emergence of resistant

cryptococcal strains [135-137].
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While an adaptive T cell response is required for normal host clearance of C. neoformans,
initial interactions with the fungus occur with innate immune cells in the lung such as dendritic
cells (DCs) which are the cells responsible for antigen presentation to naive T cells [75,138]. The
lungs contain a dense network of DCs, and during a cryptococcal infection, additional monocyte-
derived DCs are recruited to the site of infection [76,139-141]. Upon encountering the fungus,
DCs will phagocytose the opsonized pathogen, killing the organism in the phagolysosome [142-
144]. The lysosome itself contains many different molecules (including proteases and
antimicrobial peptides - AMPs) each with their own distinct role in degrading many different
pathogens and/or facilitating the presentation of antigens via the MHC-II pathway to the adaptive
immune system [145-148]. For instance, AMPs such as cationic defensins are antifungal and the
suggested mechanism of action is insertion into the fungal membrane leading to cell lysis [ 149-
151]. Also, mice deficient in cathepsins L and S, which are cysteine proteases (these make up the
majority of proteases in the lysosome), have problems with invariant chain (Ii) cleavage, which is
necessary for antigen presentation [152]. Resolution of C. neoformans requires proper antigen

presentation and activation of T cells [63,128].

It has been previously shown that DCs (both murine bone marrow-derived DCs and
human PBMC-derived DCs) can kill C. neoformans both in vitro and in vivo by oxidative and
non-oxidative mechanisms [145,153,154]. However, it is possible for the fungus to survive and
replicate inside other immune cells such as macrophages [155,156]. Furthermore, the purified
contents of DC lysosomes can also kill the fungus ir vitro in a dose-dependent manner [145,154].
These studies illustrate that it is indeed the components of the lysosome that act upon the
pathogen. Since the lysosome is a generalized killing organelle designed to destroy many
pathogens, it contains many different substances that individually may or may not have an effect
on C. neoformans [157]. Thus far, it has been shown that one component within the DC lysosome

can inhibit the growth of this yeast: cathepsin B. This cysteine protease is able to form a hole in
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the cell wall that results in osmotic lysis of C. neoformans [145]. In addition, use of enzymatic
inhibitors of cathepsin B enhances the antifungal activity, suggesting that this protease may be
acting in a non-enzymatic fashion [145]. Further studies are underway in our laboratory to

determine cathepsin B’s mechanism of action against C. neoformans.

Our previous studies showed that in an acidic buffer (pH 5.5) the entire contents of the
DC lysosome as well as a specific lysosomal component could kill C. neoformans [145,154]. The
lysosome is rich in enzymes and other antimicrobial mediators [146,158], and we hypothesized
that additional lysosomal components have antifungal properties. Therefore, in the present study,
the contents of the DC lysosome were investigated to identify additional anticryptococcal
molecules that have activity in similar conditions to the DC lysosome (pH 5.5). First, the
lysosome extract was fractionated by molecular weight and individual fractions were tested for
antifungal activity. Next, mass spectrometry was performed on the DC lysosome extract fractions
to identify all of the components present. A panel of lysosomal components was selected for their
antimicrobial properties and screened against C. neoformans in vitro, and those that showed
antifungal activity were further studied in dose-dependent assays. Finally, those concentrations
that inhibited the growth of the fungus were assessed for cytotoxic effects against mammalian
cells near physiological pH (7.5). The purpose of the current study was to identify the
anticryptococcal components of the DC lysosome and to assess their potential to be used as

therapeutics.

Methods

2.2.1 Strains and Media

Cryptococcus neoformans strain H99 (serotype A, mating type o) was recovered from
15% glycerol stocks stored at -80°C and were cultured for 18 h at 30°C with shaking in yeast

extract-peptone-dextrose (YPD) broth (BD Difco; Franklin Lakes, NJ) and collected by
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centrifugation. Organisms were washed three times with sterile phosphate-buffered saline (PBS),
and viable yeast cells were quantified using trypan blue dye exclusion in a hemocytometer.
Cryptococcal cells were resuspended in appropriate medium at the concentration needed for each

experiment.

2.2.2 Mice

Female and male BALB/c (H-2¢) mice were purchased from the National Cancer
Institute/Charles River Laboratories and were housed either at Oklahoma State University Animal
Resources or at The University of Texas at San Antonio Small Animal Laboratory Vivarium.
Mice were handled according to approved guidelines, authors complied with the ARRIVE
guidelines, and the study and experimental design was approved by the Oklahoma State
University Institutional Animal Care and Use Committee (IACUC) or the University of Texas at

San Antonio IACUC.

2.2.3 Generation of Bone Marrow-derived Dendritic Cells (BMDCs)

BMDC culture was performed as previously described [145,154]. Briefly, bone marrow
was flushed from the femurs and tibiae of mice using sterile HBSS. Bone marrow cells were
washed, counted, and plated in complete medium (RPMI-1640 supplemented with 10% FBS, 2
mM L-glutamine, 100 U penicillin/ml, 100 pg streptomycin/ml, and 50 mM 2-mercaptoethanol)
supplemented with 20 ng/ml recombinant murine GM-CSF (Peprotech, Rocky Hill, NJ) at a
concentration of 2x10° cells/ml in 10ml (2x10° cells/plate). Cells were incubated at 37°C, 5%
CO; for a total of eight days. At day 3 of incubation, 10ml complete medium + GM-CSF was
added to each plate. At day 6 of incubation, half of the medium was removed, and 10ml fresh
complete medium + GM-CSF was added. BMDCs were harvested at day 8, and DCs were
purified by negative selection using anti-F4/80 microbeads (Miltenyi Biotec, Auburn, CA) (to

remove contaminating macrophages) followed by positive selection using magnetically labeled
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anti-CD1 1¢ microbeads according to the manufacturer’s protocol (Miltenyi Biotec). Dendritic

cell purity following this procedure was >90% by flow cytometry.

2.2.4 Generation of lysosomal extract from BMDCs

DC lysosomal extracts were obtained as previously described using the lysosome
isolation kit (Sigma-Aldrich, St. Louis, MO) [145,154]. Briefly, DCs were lysed using 1X
extraction buffer (Sigma-Aldrich) followed by homogenization with a PowerGen 700
homogenizer (Fisher Scientific, Pittsburgh, PA) using the 7x110mm homogenizer tip passed
through the cells 15-20 times to disrupt 75-80% of the cells. The homogenized cells were then
centrifuged at 1000 x g for 10 minutes to remove intact cells and cellular debris. The first
supernatant was removed and centrifuged at 20,000 x g for 20 minutes to pellet lysosomes.
Lysosome purity was verified by flow cytometry for lysosomal marker LAMP1 (BD Biosciences,
San Jose, CA), which showed >90% pure lysosomes from this procedure. The pellet containing
lysosomes was resuspended and sonicated for 20 seconds at 40% power on a Model 300 VT
Ultrasonic Homogenizer (BioLogics, Inc., Manassas, VA), resulting in lysosome extract (600

mg/ml).

2.2.5 Fractionation and SDS-PAGE of lysosomal extract

Twelve molecular weight protein fractions of crude lysosomal extract were separated
using the were separated from crude lysosomal extract GELFREE 8100 System (Expedeon, San
Diego, CA). The system uses HEPES running buffer and Tris Acetate sample buffer (Expedeon),
and the system was run according to manufacturer’s instructions as previously described [159].
Briefly, lysosomal extract was mixed with sample buffer and loaded into the 8% Tris-Acetate
cartridge (Expedeon). Following loading of the sample, the instrument was paused for sample
collection at predefined intervals. This process was repeated until all 12 fractions were collected.

After the collection of fractions, standard SDS-PAGE was performed. For this, a 12.5% Precast
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Gel (Bio-Rad, Hercules, CA) was loaded with a Precision Protein Plus ladder (Bio-Rad) and each
of the 12 samples. Gels were run for 55 minutes at 200V in Tris/glycine/SDS running buffer
(Bio-Rad). Protein bands in the gel were stained using BioSafe Coomassie Stain (Bio-Rad), and a

Gel Doc XR+ system (Bio-Rad) was used for visualization.

2.2.6 Anticryptococcal assays with lysosomal fractions

Anticryptococcal assays were performed as previously described [145,154]. Briefly, C.
neoformans was resuspended in phosphate buffer (10 mM potassium phosphate monobasic
supplemented with 2% RPMI-1640, pH 5.5) at concentration of 1 x 103 cells/ml and added to
triplicate wells of a 96-well plate in a 50 ul volume. Lysosomal fractions were added to
individual triplicate well sets at 50 pl volume for a final concentration of 50 ug/ml. Negative
control wells included 50 pl C. neoformans with 50 ul of phosphate buffer to equal the volume of
experimental wells. Positive control wells contained 50 pl C. neoformans and 50 ul DC
lysosomal extract (at 50 ug/ml). Plates were incubated for 24 h at 37°C, 5% CO,. Following
incubation, cryptococcal cells in the plates were diluted in PBS and plated onto yeast extract-
peptone-dextrose plates supplemented with 1 mg/ml chloramphenicol (YPD agar). The plates
were incubated at 30°C for 2 days, and then CFUs were enumerated. Killing was defined as
significantly reduced CFUs compared to the inoculum, and inhibition was defined as significantly
reduced CFUs compared to Cryptococcus grown alone in phosphate buffer. Each assay was

conducted in three independent experiments (n=3), with each condition performed in duplicate.

2.2.7 Identification of lysosomal proteins by HPLC-ESI-MS/MS

Peptide identifications were performed at the Institutional Mass Spectrometry Laboratory at The
University of Texas Health Science Center at San Antonio as previously described [159]. Briefly,
individual fractions were digested overnight at 37°C with trypsin (Promega, sequencing grade,

Madison, WI) in 40 mM NH4CO3/10% ACN. The tryptic peptides were extracted with 0.1% TFA
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followed by 0.1% TFA/50% ACN. The extracts were dried by vacuum centrifugation and
resuspended in 0.5% TFA. Digests were analyzed by capillary HPLC-ESI-MS/MS using a
Thermo Fisher LTQ linear ion trap mass spectrometer fitted with a New Objective PicoView 550
nanospray interface. On-line HPLC separation of the digests was accomplished with an Eksigent
NanoLC micro HPLC: column, PicoFrit (New Objective; 75 um id) packed to 10 cm with C18
adsorbent (Vydac; 218MS 5 um, 300 A); mobile phase A, 0.5% acetic acid/0.005% TFA; mobile
phase B, 90% ACN/0.5% acetic acid/0.005% TFA; gradient 2 to 42% B in 30 min; flow rate, 0.4
pl/min. MS conditions were: ESI voltage, 2.9 kV; isolation window for MS/MS, 3; relative
collision energy, 35%; scan strategy, survey scan followed by acquisition of data-dependent CID
spectra of the seven most intense ions in the survey scan above a set threshold. Methionine
oxidation and cysteine carbamidomethylation were considered as variable modifications for all
searches. Scaffold 4.0 (Proteome Software, Portland, OR, USA) was used to conduct an X!
Tandem subset search of the Mascot data followed by cross-correlation of the results of both
searches. The Scaffold confidence levels for acceptance of peptide assignments and protein

identifications were 95 and 99%, respectively. (Supplementary Table S2.1).

2.2.8 Anticryptococcal assays using DC lysosomal proteins

Anticryptococcal assays were performed as described above. Proteins were chosen based
on previously-described antimicrobial activity, cysteine protease activity (similar to cathepsin B)
[145] or calcium interference, which affects calcineurin, a known virulence factor for C.
neoformans [160]. All proteins were derived from commercial sources and were >95% pure.
Each protein was prepared at a concentration determined by either published studies or from our
previous studies with lysosomal proteins [145,161-164]. Lysosomal proteins tested included
calmodulin (1 mM) (Enzo Life Sciences, Farmingdale, NY), calnexin (50 pug/ml) (Novus
Biologicals, Centennial, CO), coronin 1a (CORO1A) (25 pg/ml) (LSBio, Seattle, WA), cystatin

B (5 pg/ml) (R&D Systems), human neutrophil elastase (HNE) (50 ug/ml) (LSBio), matrix
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metalloproteinase-25 (MMP25) (50 ug/ml) (OriGene, Rockville, MD), myeloperoxidase (MPO)
(18 pg/ml) (Novus Biologicals), recombinant nitric oxide synthase traffic inducer (NOSTRIN) (2
pg/ml) (Novus Biologicals), SI00A6 (25 pg/ml) (Novus Biologicals), and striatin (100 pg/ml)
(Novus Biologicals). Lysosomal proteins were diluted to a 2X concentration in 0.1mM phosphate
buffer, pH 5.5 (phosphate buffer) and added to wells (50 ul) with 1x10° cells/ml C. neoformans
strain H99 yeast cells diluted in phosphate buffer (50 pl) to equal 100 pl in each well, and plates
were incubated at 37°C, 5% CO; for 24h. After incubation, contents of wells were diluted and
plated on YPD agar to quantify CFUs. Each protein was tested in three independent experiments
(n=3), with each condition performed in triplicate. Additional anticryptococcal assays were
performed to test dose-dependent activity of the DC lysosomal proteins. For these, proteins used
were diluted from working concentrations to 1:10 and 1:100 with phosphate buffer for 10% and
1% concentrations, respectively, and the anticryptococcal assay was conducted as described
above. Each antifungal assay was conducted in three independent experiments (n=3), with each
condition performed in triplicate. Percent inhibition was defined as 100% (positive inhibition
control) minus the experimental condition CFUs divided by the negative inhibition CFUs x
100%. Negative percent inhibition is the result of higher CFUs in the experimental compared to

negative inhibition control.

2.2.9 Minimum inhibitory concentration (MIC) assays of anticryptococcal DC lysosomal proteins

Fungal growth inhibition of anticryptococcal DC lysosomal proteins were performed
according to Clinical Laboratory Standards Institute (CLSI) guidelines M27: Reference Method
for Broth Dilution Antifungal Susceptibility Testing of Yeasts, 4™ edition [165-168]. Proteins
were evaluated in 2-fold dilutions in concentrations ranging from 50 pg/ml to 0.0488 ug/ml (for
HNE and MMP25), 25 pg/ml to 0.0224 pg/ml (for coronin), 18 pg/ml to 0.0176 pg/ml (for

MPO), and 2 pg/ml to 0.0020 pg/ml (for NOSTRIN). Dilutions occurred in either phosphate
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buffer (10 mM potassium phosphate monobasic supplemented with 2% RPMI-1640, pH 5.5) or
RPMI-MOPS (RPMI-1640 supplemented with 34.5 g/LL MOPS, pH 7.0) in a 96-well microtiter
plate. MICs assay were conducted with a non-visible concentration (0.5x10°* cells/ml) of C.
neoformans strain H99 yeast cells. Plates were incubated for 48h at 35°C and optical densities of
490nm were taken on a Synergy HTX multi-mode plate reader (BioTek). MIC was defined as the
lowest concentration of protein with no visible fungal growth. Each MIC assay was conducted in

two independent experiments (n=2), with each condition performed in at least duplicate.

2.2.10 Checkerboard assay using AmpB in combination with lysosomal proteins against C.

neoformans

Anticryptococcal activity of AmpB in combination with anticryptococcal lysosomal
proteins was measured in vitro using a checkerboard method as previously described [169].
Assays were conducted in either phosphate buffer (pH 5.5) or RPMI-MOPS (pH 7.0) (both
described above) in 100 pl total. A 96-well plate was used with rows A-G and columns 1-9 used
to create the checkerboard titrations between AmpB and a lysosomal protein. Controls used were
protein only (row H), AmpB only (column 10), cryptococcal growth control (column 11), and
media control (column 12). Concentrations were evaluated in 2-fold dilutions ranging from 4
pg/ml to 0.062 pg/ml (for AmpB), 25 pg/ml to 0.098 pg/ml (for coronin), 50 pg/ml to 0.195
pg/ml (for HNE and MMP25), 72 pug/ml to 0.281 pg/ml (for MPO), and 2 pg/ml to 0.0078 pg/ml
(for NOSTRIN). C. neoformans strain H99 (0.5x10* cells/ml) was used to evaluate efficacy of
combinations. Plates were incubated for 48h at 35°C and optical densities of 490nm were taken
on a Synergy HTX multi-mode plate reader (BioTek). Combinatory results were analyzed using
the Fractional Inhibitory Concentration Index (FICI, a non-parametric model based on the Loewe
additivity theory) whereas FICI < 0.5 is synergistic, FICI 0.5-4 is indifference, and FICI > 4 is
antagonistic. FICIs were defined as the summation of individual FICs (FICI = FICamps +

FICprotein) With FICs being defined as the MIC in combination divided by the MIC alone (FIC =
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MIC combination/ MIC alonc). Off-scale MICs were considered to be the highest or lowest concentration
tested in the assay. Each checkerboard assay was conducted in two independent experiments

(n=2) for each lysosomal protein and for each buffer.

2.2.11 Time-kill assay

Rate of cryptococcal killing by lysosomal protein was measured using a time-kill assay as
previously described [170]. C. neoformans strain H99 was tested at a concentration of 1x10°
cells/ml with lysosomal proteins at 2X their respective MICs (coronin: 25 pg/ml, HNE: 3.125
pg/ml, MPO: 18 ug/ml, MMP25: 0.78 pg/ml, NOSTRIN: 0.25 pg/ml) in 1000 pl of phosphate
buffer (pH 5.5). Solutions were incubated for 48h at 35°C with 50 ul aliquots being taken at hours
0-8, 12, 24, 36, and 48 post inoculation. Aliquots were diluted and plated on YPD agar for 48h at
30°C to enumerate CFUs. Each time-kill assay was conducted in two independent experiments
(n=2) for each protein along with fungus only growth control. Percent inhibition was calculated

as described above with any negative inhibition values displayed as 0% inhibition.

2.2.12 Cytotoxicity assay

The macrophage cell line J774A.1 (TIB-67; ATCC, Manassas, VA) was used for
cytotoxicity assays of the present study. J774A.1 cells were grown in cell culture medium
(DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS), 10% NCTC-109,
1% non-essential amino acids, 100 U penicillin/ml, and 100 pg streptomycin/ml) in CytoOne T75
tissue culture flasks (USA Scientific, Ocala, FL) at 37°C, 5% CO,. J774A.1 cells were passaged
according to manufacturer’s directions. For detection of cytotoxicity of DC lysosomal proteins,
the Vybrant Cytotoxicity Assay Kit (Molecular Probes, Eugene, OR) was used according to
manufacturer’s instruction at near physiological pH (7.5). Briefly, J774A.1 cells were added to a
96-well plate in triplicate at a concentration of 10 x 10° cells/ml in 25 ul. Lysosomal proteins

were prepared similarly to the anticryptococcal assay except cell culture media was used for
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dilutions instead of phosphate buffer. Each protein was used at 25 pl per well. Controls included
no-cell, untreated cells, and fully lysed cells. All wells were prepared in triplicate. Plates were
incubated for 24 h at 37°C, 5% CO». After incubation, 50 pl of reaction mixture was added to all
wells. Fluorescent readings were taken on a Synergy HTX multi-mode plate reader (BioTek,
Winooski, VT) with filters for 530/25 (excitation) and 590/20 (emission). Each cytotoxicity assay
was conducted in three independent experiments (n=3), with each condition performed in

triplicate.

2.2.13 Statistical analysis

Unpaired two-tailed t-tests were used to compare CFUs using GraphPad Prism version
5.00 for Windows (GraphPad Software, San Diego, CA). Significant differences were defined as

p <0.05 and a = 0.05 unless noted otherwise.

2.3 Results

2.3.1 C. neoformans growth is inhibited by DC-derived lysosomal fractions

Previous studies have shown that C. neoformans growth can be inhibited by DCs
[76,153] as well as by DC-derived lysosomal extract [154]. Our previous studies showed that
cathepsin B, which is found in the DC lysosome, can also significantly inhibit the growth of the
fungus [145]. In order to identify other proteins within the lysosome that can inhibit the growth of
C. neoformans, DC-derived lysosomal extract was first fractionated by molecular weight, and
fractions were verified by SDS-PAGE (Figure 2.1A). Protein concentration was measured in each
fraction, and those containing at least 50 pug/ml protein (the protein concentration that was
antifungal for DC lysosomal extract [154]) - fractions 1, 7, 8, and 10 - were used in
anticryptococcal assays. C. neoformans strain H99 was incubated at 1 x 10° cells/ml with either

individual fractions in phosphate bufter (pH 5.5), total extract in phosphate buffer, or in

24



phosphate buffer alone for 24 h at 37°C, 5% CO,. All fractions that were tested (fractions 1, 7, 8,
and 10) showed significant killing (p < 0.0001) of the cryptococcal growth when compared to the
C. neoformans inoculum (Figure 2.1B). These data show that multiple fractions of DC lysosomal
extract have anticryptococcal activity, and therefore, there are multiple compounds within the
lysosomal extract that can kill C. neoformans or inhibit cryptococcal growth. In order to further
identify individual proteins within the lysosomal extract with anticryptococcal activity, the
fractions were analyzed by mass spectrometry to identify the contents of each fraction. Analysis
revealed over 3000 different proteins present within the lysosomal fractions (Supplementary

Table S2.1).

1.5%10¢%+

1.0%106

CFU/ml

5.0%10°4

Figure 2.1. Fractions of DC Lysosomal Extract Have Anticryptococcal Activity. (A) Crude DC-derived
lysosomal extracts were separated by molecular weight using a GELFrEE™ 8100 system into 12 different
fractions and further resolved by standard SDS-PAGE. Proteins in the 12.5% gels were stained using
BioSafe Coomassie Stain and visualized using a Gel Doc XR+ system. (B) C. neoformans serotype A strain
H99 yeast cells (1 x 10° cells/ml) were incubated in phosphate buffer (pH 5.5) with whole lysosomal
extract or fractions of lysosomal extract for 24 h at 37°C, 5% CO», following which CFUs in the wells were
determined. Data shown are means + standard errors of the means (SEM) of the results of three
independent experiments (n=3), with each condition performed in duplicate. Two-tailed t-tests comparing
H99 inoculum to each treatment were performed with asterisks (*) indicating significantly lower CFUs of

treatment compared to the H99 inoculum (fraction 8: p = 0.0001, all others: p <0.0001).

2.3.2 DC Lysosomal Proteins Have Anticryptococcal Activity
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In order to determine the anticryptococcal potential of DC lysosomal proteins, ten
different lysosomal proteins were tested for anticryptococcal activity. From the >3000 proteins
identified by mass spectrometry, ten test proteins were selected based on potential antimicrobial
activity, such as those that are known antimicrobial peptides or cysteine proteases [160,171-173].
Concentrations of individual proteins used in our anticryptococcal assay were based upon either
prior published concentrations [161-164] or were based on our previous studies with cathepsin B
[145,161-164], where concentrations of 50 and 10 ug/ml were used. Specific protein
concentrations used in this study are provided in the methods section. C. neoformans strain H99
was incubated at 1 x 10° cells/ml in a 50 pl volume separately with each protein in sterile 0.1 mM
phosphate buffer, pH 5.5 (phosphate buffer) or in phosphate buffer alone for 24 h at 37°C, 5%
CO,, followed by diluting then plating on YPD agar to quantify CFUs. Percent cryptococcal
inhibition was defined as CFUs of the experimental condition (C. neoformans incubated with test
protein) divided by the CFUs of the control condition (C. neoformans incubated with phosphate
buffer alone). We observed that incubation of C. neoformans with five of the lysosomal proteins
(Coronin, HNE, MMP25, MPO, NOSTRIN) led to a significant (p < 0.0001) reduction of CFUs
when compared to the C. neoformans grown in phosphate buffer alone which is shown as a high
percent inhibition (Figure 2.2A), while the remaining five proteins either did not inhibit fungal
growth with low percent inhibition (cystatin B, striatin) or significantly enhanced fungal growth
(calmodulin, p < 0.0001; calnexin, p < 0.0001; S100A6, p = 0.0034), as shown by negative

percent inhibition (Figure 2.2B).
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Figure 2.2. Cryptococcal Inhibition by Lysosomal Proteins. C. neoformans strain H99 yeast cells were
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grown in YPD broth for 18h in a 30°C shaking incubator, then washed and adjusted to a concentration of 1
x 10° cells/ml. Fungi were incubated in phosphate buffer alone (pH 5.5) or in phosphate buffer with each
protein for 24h at 37°C, 5% CO,, and percent inhibition defined as 100% - (protein CFUs/control CFUs) x
100%. Data shown are means + standard error of the means (SEM) of the percent inhibition of three
independent experiments (n=3), with each condition performed in triplicate. (A) Lysosomal proteins that
showed significant cryptococcal inhibition (*) compared to H99 in phosphate buffer alone as indicated by
two-tailed t-tests (p < 0.0001 for all). (B) Lysosomal proteins that showed no cryptococcal inhibition or
significantly enhanced growth (*) by two-tailed t-tests when compared to H99 in phosphate buffer alone (p
=0.0034 for S100A6, p <0.0001 for calmodulin and calnexin). (C) Reduced concentrations of select
lysosomal proteins with white bars, striped bars, and black bars indicating protein concentration at 100%,
10%, and 1%, respectively. Two-tailed t-test comparing fungal growth with protein against growth in
phosphate buffer alone confirmed significant inhibition (*) at 10% for coronin (p < 0.0001), HNE (p <
0.0001), and MMP25 (p = 0.0008). MPO showed significant inhibition at 1% (p = 0.0213) but not 10%
while NOSTRIN was not able to reduce growth at any of the lower concentrations. At 1% original

concentration, MMP25 significantly (p =0.0010) increased cryptococcal growth.

2.3.3 Cryptococcal Inhibition Is Dose-Dependent

To further elucidate the effective anticryptococcal concentration of each lysosomal
protein, similar assays with reduced protein concentration were conducted on the five proteins
that showed cryptococcal inhibition. Each of the five proteins were diluted to 10% and 1% of

original concentration and incubated under the same conditions. Of those tested (coronin, HNE,
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MMP25, MPO, and NOSTRIN), only coronin (p < 0.0001), HNE (p < 0.0001), and MMP25 (p =
0.0008) significantly inhibited cryptococcal growth at the 10% protein concentration, but did not
inhibit growth at the 1% concentration (Figure 2.2C). Surprisingly, MMP25 significantly
enhanced fungal growth (p = 0.0010) at 1% of the original concentration when compared to
growth in phosphate buffer alone. While MPO was not able to reduce the growth of H99 at 10%
concentration, when tested at 1%, it did have the capacity to significantly inhibit (p = 0.0213) the

growth of the fungus. NOSTRIN was not effective at either of the reduced concentrations.

2.3.4 Minimum Inhibitory Concentration (MIC) of Anticryptococcal Lysosomal Proteins

Next, in order to verify that the concentrations used for the previous experiments were
similar to the minimum inhibitory concentrations (MIC), the five anticryptococcal lysosomal
proteins were evaluated for MICs against C. neoformans strain H99 yeast cells. Highest
concentrations of proteins started at the same maximum value as previous assays and ranged from
50 pg/ml to 0.0488 pg/ml (for HNE and MMP25), 25 pg/ml to 0.0224 pg/ml (for coronin), 18
ug/ml to 0.0176 pug/ml (for MPO), and 2 ug/ml to 0.0020 pg/ml (for NOSTRIN). Proteins were
assessed in phosphate buffer (pH 5.5) as in our antifungal assays above as well as a more
physiological relevant condition in RPMI-MOPS (pH 7.0), which is the media typically used in
fungal MIC assays. Assays were completed over 48h at 35°C as per Clinical and Laboratory
Standards Institute (CLSI) [165-168]. Results for these assays are summarized in Table 2.1.
When testing in lysosomal-like conditions (pH 5.5) HNE, MMP25, and NOSTRIN retained
similar anticryptococcal efficacy. In addition, these three compounds also retained some ability to
inhibit yeast growth at pH 7.0. MPO was unable to inhibit cryptococcal growth at the highest
tested concentration of 18 pg/ml under both conditions and did not replicate its previous

effectiveness (Figure 2A). MIC values for coronin were not able to be determined in these assays.
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Due to the nephrotoxicity associated with high doses of Amphotericin B (AmpB),
examining methods to increase efficacy and lower dosage has become an area of intense research
[9,51,174]. One method is the use of a combination of compounds that, by themselves, display
anticryptococcal properties, such as current guidelines that advise treating cryptococcal
meningitis using combination therapy with AmpB and flucytosine [47]. Therefore, we tested our
anticryptococcal lysosomal proteins in combination with AmpB against the fully virulent C.
neoformans strain H99 using a checkerboard method and categorized data based on the fractional
inhibitory concentration indices (FICI) [169]. While still retaining their previously stated
anticryptococcal capacity, none of the lysosomal proteins showed any synergistic effects when
used in combination with AmpB (Supplemental Table S2.2). Each protein/AmpB combination
scored between 1.0 and 1.8 placing them comfortably within the indifference category (0.5-4.0)

and provided neither antagonistic nor synergistic results.

Table 2.1. Minimum inhibitory concentrations (MIC) of anticryptococcal lysosomal

proteins in phosphate buffer (pH 5.5) or RPMI-MOPS (pH 7.0).

Minimum Inhibitory Concentration (ug/ml)
Phosphate Buffer (pH 5.5) | RPMI-MOPS (7.0)
Coronin Undetermined’ Undetermined’
HNE 3.125 50
MPO >18? >18?
MMP25 0.78 6.25
NOSTRIN 0.25 2

'ODs of the protein were higher than yeast growth. 2Growth present in the highest tested concentration.

2.3.5 Time-Kill Kinetics of Lysosomal Proteins against C. neoformans

MIC assays are useful starting points for understanding antimicrobial properties of unknown
compounds, since they have been standardized by various laboratories and agencies. The time-kill
assay studies the kinetic rates of inhibition over a period of time rather than examining only the
end result. While they give great quantitative results and the ability to explore fungicidal rates,
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their methods are not as widely uniform and they can become time consuming the more time
points and concentration one examines [175]. For this, we used a modified version of the method
proposed in a paper by Klepser et. al which has since been cited over 200 times since its
publication [170]. Cryptococcal cells were incubated with 2X MIC values (listed in Table 2.1 or
2X highest concentration tested if none could be determined) in an acidic phosphate buffer (pH
5.5) for 48h. As conditions change within the test chamber, properties of the proteins may also be
altered, therefore, pH was monitored throughout the study, but we did not observe any changes in
pH over the course of the study. We measured the percent inhibition of cryptococcal growth over
time using the five anticryptococcal lysosomal proteins (Figure 2.3). Three of the five
(NOSTRIN, HNE, and MPO) displayed sustained inhibition starting from as early as three hours
post inoculation. Meanwhile, at the 3h time point, coronin and MMP25 exhibited intermediate
and no inhibition, respectively. However, by 24 hours, the latter two proteins showed inhibition
and caught up to the other three by 48 hours.
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Figure 2.3. Time-kill Plots Demonstrating Cryptococcal Inhibition by Lysosomal Proteins. C.
neoformans strain H99 yeast cells were grown in YPD broth for 18h in a 30°C shaking incubator, then
washed and adjusted to a concentration of 1 x 103 cells/ml. Fungi were incubated in phosphate buffer alone
(pH 5.5) or in phosphate buffer with each protein at 2X MIC for 48h at 35°C. Aliquots were taken and
plated for CFUs for each hour 0-8, and at 12, 24, 36, and 48 hours. Percent inhibition is defined as 100% -
(protein CFUs/control CFUs) x 100%. Data shown are means of two independent experiments (n=2).
Lysosomal proteins NOSTRIN, HNE, and MPO showed sustained cryptococcal inhibition by 3 hours post
inoculation while coronin displayed intermediate inhibition and MMP25 exhibited no cryptococcal
inhibition at the same time point. By 24 hours all proteins presented with cryptococcal inhibition through

48 hours.

2.3.6 Cytotoxicity of DC Lysosomal Proteins

To test the relative cytotoxicity of these anticryptococcal lysosomal proteins on mammalian cells,
a murine macrophage cell line (J774A.1) was used in conjunction with the Vybrant Cytotoxicity
Assay Kit (G6PD assay) (Molecular Probes, Eugene, OR). Mammalian cells were incubated with
the highest concentration of anticryptococcal protein (stated in methods section) in cell culture
media or in cell culture media alone for 24 h at 37°C, 5% CO», then cytotoxicity assay was
performed at near physiological pH (7.5). After fluorescence was normalized to control wells
(J774A.1 macrophages in cell culture media alone), percent cytotoxicity was defined as
fluorescence of experimental wells (macrophages and proteins) divided by positive control wells
(macrophages and cell-lysis buffer). A compound is defined as “cytotoxic” if there is a reduction
of more than 30% of viable cells when compared to control wells [176]. All proteins showed low
cytotoxicity (<20%) at the highest concentration tested for cryptococcal inhibition assays (Figure

2.4).
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Figure 2.4. Cytotoxicity of Lysosomal Proteins. J774A.1 macrophages (5 x 10° cells/ml) were incubated
in cell culture media alone or cell culture media with each antifungal protein at 100% concentration for 24
h at 37°C, 5% CO,, and percent cytotoxicity was calculated as per manufacturer’s instructions (pH 7.5).

Data shown are means + standard error of the means (SEM) of the cumulative results of three independent

experiments (n=3), with each condition performed in triplicate. All proteins tested had low cytotoxicity

(<20%).
2.4 Discussion

The primary function of the DC lysosome is to break down many different biomolecules
including pathogens that may cause harm to a host in order to generate peptide fragments for
antigen presentation [157,177]. This rapid degradation by the lysosome favors presentation
through the MHC-II pathway rather than cross presentation via MHC-I [178]. Studies have shown
that it can kill a wide variety of pathogens regardless of whether they are fungal, bacterial, or
viral [179-183]. Previous studies have shown that C. neoformans traffics to the lysosomal
compartment of DCs and is killed by its components [153,154]. It was also shown that contents of
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the DC lysosomal extract have activity against the fungus in vitro [145,154]. Furthermore, the DC
lysosomal component cathepsin B can inhibit or kill the pathogen [145]. Due to the problems
associated with current anticryptococcal drug therapies, finding new sources of treatment has

become a major area of research.

To combat these ever-changing problems, most current research focuses on either
discovering novel antifungal drugs or repurposing older drugs [61,184-186]. Our research focuses
on identifying DC lysosomal components that are anticryptococcal and determining how these
can be used to develop immune-based therapies to combat cryptococcosis. In accordance with our
previous study on DC lysosomal proteins and their anticryptococcal effects, our current study has
shown there are multiple DC lysosomal compounds that can inhibit and/or kill C. neoformans in
an acidic buffer (pH 5.5) in a dose dependent manner. Three (HNE, MMP25, MPO) of the five
compounds that showed anticryptococcal activity are known proteases that have been shown to
have antimicrobial activity [187-189]. The other two are both associated with antimicrobial
activity by other means: coronin is an actin binding protein that is involved with phagocytosis in
leukocytes [190] and NOSTRIN modulates the release of the oxidative stressor nitric oxide [191].
Several of these proteins still displayed inhibition at reduced concentrations which shows dose-
dependent activity. Contrary to these results, however, reduced concentrations of MMP25 showed

significant increase in fungal growth and may be a cause for concern if used as a therapeutic.

In order to verify that the concentrations used in these studies were in the range of
minimum inhibitory concentration (MIC) concentrations, we tested the five antifungal proteins
(Fig 2) (coronin, HNE, MPO, MMP25, and NOSTRIN) in MIC assays in accordance with CLSI
guidelines [165-168]. Three proteins (HNE, MMP25, and NOSTRIN) showed promising results,
as not only did they recapitulate their effects in low pH, but also displayed some anticryptococcal
activity at the higher pH, albeit at a lower efficiency. This was expected as pH changes can affect

the activity of many lysosomal proteins, notably cathepsins [192]. Despite the lower activity,
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these results point to a future of promising therapeutics for systemic cryptococcosis, since some
of these proteins can also be antifungal at neutral pH. Two proteins had different MIC results
compared to our original lysosomal assays. However, differences in methodology between
standard MIC assays (conducted in non-CO; conditions and at 35°C, as is standard MIC
procedures in the field) and our antifungal assays (conducted at 37°C, 5% CO,), may have

contributed to these discrepancies.

Currently, there are only a few classes of antifungal compounds, all of which can become
toxic to the host at high concentrations [9,174]. Despite being the drug of choice when treating
cryptococcal meningitis, AmpB does have these same concerns, especially targeting the kidneys,
causing nephrotoxicity. We sought ways to reduce standard treatment concentrations by
investigating synergistic activity that may exist between it and our anticryptococcal lysosomal
proteins. However, none of the compounds showed any synergy when combined with AmpB at
any of concentrations tested. These results are not too surprising owing to the fact that the H99
strain, while fully virulent, is still susceptible to AmpB at low doses and other compounds may
not show synergistic effects. These results may differ and show synergistic effects when testing
against a cryptococcal strain that is resistant to AmpB. Furthermore, synergistic combinations
tend to target both pathogenic processes and cell growth to completely inhibit a fungal infection
[193]. More pre-clinical research in this area is needed as these studies were conducted in vitro.
We also wanted to further understand the kinetics of these anticryptococcal lysosomal proteins, so
a time-kill assay was conducted to evaluate growth over 48 hours, the same as a standard MIC
assay. Three (HNE, MPO, NOSTRIN) of the five proteins showed sustained inhibition quickly,
within 3h post-inoculation. However, by the time point of our typical lysosomal assays (24h), the
remaining lysosomal proteins all showed inhibition of cryptococcal growth, which was sustained

through the 48h experiment.
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Despite previous reports of antimicrobial activity against bacterial pathogens [194-197]
and/or interference with virulence pathways (such as the calcium-binding pathway [160,198]),
several proteins tested in this study (calmodulin, calnexin, cystatin B, S100A6, and striatin)
showed either no cryptococcal inhibition or enhanced fungal growth. We hypothesized that this
enhanced growth may be attributed to secretion of nutrients or trace metals that may enhance
cryptococcal growth and we are currently analyzing the contents of media in these conditions.
Additional studies are also underway in our laboratory to examine the mechanism(s) by which
these components enhance cryptococcal growth. Cystatin B is a cysteine protease that inhibits
cathepsin B by tightly binding to it [199]. While cystatin B did not show any efficacy in our
studies, previous work has shown that when cathepsin B and other inhibitors (calpain and CA-
074) are used in conjunction with cathepsin B, they lead to increased inhibition C. neoformans
growth when compared to cathepsin B treatment alone [ 145]. Striatin proteins have a diverse
range of functions in both filamentous fungi and mammals including the signaling of motor
functions and cell division [200-202]. This family and the closely related pyristriatins that have
select antimicrobial activity against Gram positive bacteria and some filamentous fungi as well as
yeasts [195]. When tested against our yeast, C. neoformans, striatin showed no change in the
cryptococcal growth. The S100 series of proteins are known antimicrobial peptides and are also
known as alarmins, and these proteins have a range of antimicrobial activity [203,204]. ST00AS8
and S100A9 form a heterodimer named calprotectin, which has anticryptococcal activity by the
depletion of zinc from the fungus [205-207]. However, the related protein S100A6, which has
similar zinc-binding potential, significantly enhanced the cryptococcal growth [208]. The final
two proteins tested, calmodulin and calnexin, also significantly enhanced cryptococcal growth.
Calmodulin is a calcium binding protein that activates calcineurin and is implicated in increased
pathogen defense [160,209]. The membrane associated protein calnexin is also a signaling protein
that functions as a chaperone but has been also associated with increased adaptive immunity

[210]. DCs that express higher than normal levels of calnexin were able to induce T cell function
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greater than unmodified DCs [211]. It is currently unknown why these proteins had either limited
or opposite effects than previously stated literature would suggest or by what means they

increased cryptococcal growth.

To our knowledge, the cytotoxicity of DC lysosomal proteins has not been tested in
mammalian cells. Our findings indicated that of the proteins tested, none were cytotoxic at the
concentrations needed for anticryptococcal activity. This shows promise that these compounds
may be used further in the treatment for cryptococcosis. However, the physiological relevance
and bioavailability of these compounds in a live model remains to be seen. Our laboratory is
currently in the process of testing these lysosomal components in a murine model of
cryptococcosis. Furthermore, the complex interactions of these proteins with other proteins
residing within the lysosome has not been investigated. None of these proteins are usually present
alone or act upon pathogens individually, and we recognize that there are many more proteins and
protein combinations that may add to the complexity of these interactions. To help us understand
these problems, we are actively working on elucidating the mechanism(s) of action for these
anticryptococcal proteins, studying interaction of multiple lysosomal proteins, and identifying the

mechanism(s) of enhanced cryptococcal growth in our lab.

The present study has investigated the anticryptococcal activity of specific proteins of the
DC lysosome. Five different fractions showed similar anticryptococcal activity to the entire
extract. Mass spectrometry revealed many different compounds present within this extract that
could potentially inhibit cryptococcal growth. Our results show that not only are there several that
indeed inhibit cryptococcal growth, but these are also not cytotoxic to mammalian cells at these
concentrations. From these findings, novel immune-based anticryptococcal treatments may be
developed from immune-based proteins that could ease the burden brought on by this deadly

disease.
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2.5 Supplemental Materials

Table S2.1. Contents of dendritic cell lysosomal fractions. Mass spectrometry was conducted

on each of the twelve dendritic cell (DC) lysosomal fractions (see methods for description). Each

identified protein is listed along with the gene name, and the number of hits for each protein in

each fraction is listed under the corresponding fraction.

https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-021-92991 -

6/MediaObijects/41598_2021 92991 MOESM?2_ESM.xlsx

Table S2.2. Fractional inhibitory concentration indices (FICI) of amphotericin B in

combination with lysosomal proteins against C. neoformans.

mbination Amphotericin B in combination with
Media (pH) Coronin HNE MPO MMP25 NOSTRIN
Phosphate Indifference | Indifference | Indifference | Indifference | Indifference
Buffer (5.5) (1.28 £0.00) | (1.78+0.50) | (1.03+0.25) | (1.18+0.04) | (1.01+0.04)
RPMI-MOPS Indifference | Indifference | Indifference | Indifference | Indifference
(7.0) (1.07 £0.07) | (1.25+0.03) | (1.50+0.50) | (1.13+0.15) | (1.01+0.20)

Numbers in parenthesis are values for FICI £ SEM for two independent experiments.
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CHAPTER III

PROTECTIVE INTERACTION OF HUMAN PHAGOCYTIC APC SUBSETS WITH
CRYPTOCOCCUS NEOFORMANS INDUCES GENES ASSOCIATED WITH METABOLISM

AND ANTIGEN PRESENTATION +

1 This chapter is reproduced with slight modifications from the following publication:

Nelson, B.N., Daugherty, C.S., Sharp, R.R., Booth, J.L., Patel, V.I., Metcalf, J.P., Jones, K.L.,
Wozniak, K.L. (2022). Protective Interaction of Human Phagocytic APC Subsets with
Cryptococcus neoformans Induces Genes Associated with Metabolism and Antigen Presentation.

Frontiers in Immunology, 10(1054477). Reprinted with permission.

Abstract

Cryptococcal meningitis is the most common cause of meningitis among HIV/AIDS patients in
sub-Saharan Africa, and worldwide causes over 223,000 cases leading to more than 181,000
annual deaths. Usually, the fungus gets inhaled into the lungs where the initial interactions occur
with pulmonary phagocytes such as dendritic cells and macrophages. Following phagocytosis, the
pathogen can be killed or can replicate intracellularly. Previous studies in mice showed that
different subsets of these innate immune cells can either be antifungal or permissive for
intracellular fungal growth. Our studies tested phagocytic antigen-presenting cell (APC) subsets
from the human lung against C. neoformans. Human bronchoalveolar lavage was processed for
phagocytic APCs and incubated with C. neoformans for two hours to analyze the initial

interactions and fate of the fungus, living or killed. Results showed all subsets (3 macrophage and
38



3 dendritic cell subsets) interacted with the fungus, and both living and killed morphologies were
discernable within the subsets using imaging flow cytometry. Single-cell RNA-seq identified
several different clusters of cells which more closely related to interactions with C. neoformans
and its protective capacity against the pathogen rather than discrete cellular subsets. Differential
gene expression analyses identified several changes in the innate immune cell’s transcriptome as
it kills the fungus including increases of TNF-a (7NF) and the switch to using fatty acid
metabolism by upregulation of the gene FABP4. Also, increases of TNF-a correlated to
cryptococcal interactions and uptake. Together, these analyses implicated signaling networks that
regulate expression of many different genes — both metabolic and immune - as certain clusters of
cells mount a protective response and kill the pathogen. Future studies will examine these genes
and networks to understand the exact mechanism(s) these phagocytic APC subsets use to kill C.

neoformans in order to develop immunotherapeutic strategies to combat this deadly disease.

3.1 Introduction

Cryptococcus neoformans is an opportunistic fungal pathogen that causes pneumonia and
fatal meningitis in immunocompromised individuals [125,126]. This fungus has an environmental
niche that includes decayed wood and pigeon droppings. Humans frequently encounter either
their yeast cells or desiccated spores which are then inhaled into the lungs [106,127]. The
polysaccharide capsule surrounding the fungus allows it to ward off many first line innate
immune defenses of the lung, but cell-mediated immunity (CMI), provided by Thl-type CD4* T
cells, is usually sufficient for clearance of the pathogen before any symptoms arise [126,141,212].
However, in situations where the person has a suppressed immune system, such as during
immunosuppressive therapy for organ transplants or HIV/AIDS, C. neoformans can survive and
begin to replicate within the lung. Once established, pulmonary cryptococcosis presents clinically
as pneumonia [128,129]. If left untreated, C. neoformans can traffic to the brain, presumably

inside macrophages, causing highly fatal cryptococcal meningitis [213,214]. Cases of
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cryptococcal meningitis are highly associated with AIDS, which has led the CDC to name it as an
AIDS-defining illness [130,131]. Evidence for this was demonstrated in an analysis of the 2014
Joint UN Programme on HIV and AIDS which estimated 223,100 yearly cases of these co-
infections with a vast majority (73%) occurring within sub-Saharan Africa [31]. These cases are
also frequently lethal with mortality rates exceeding 80% worldwide. These numbers are

unacceptably high, and reduction of the disease burden among affected individuals is paramount.

After inhalation, C. neoformans interacts with pulmonary innate immune cells including
macrophages and dendritic cells (DCs) [138,215]. Effective immune responses will result in
either phagocytosis and destruction of the fungal cell or sequestration and development of a
cryptococcal granuloma [216]. However, in immunocompromised individuals, killing does not
always happen post-phagocytosis, and instead the pathogen will survive and begin to replicate
within host macrophages [156,214]. From this point, it can travel throughout the rest of the body
intracellularly via the bloodstream all while effectively evading the immune system [217].
Normally, the blood brain barrier (BBB) will prevent pathogens or other unwanted substances
from entering the central nervous system (CNS), however, C. neoformans has developed ways of
crossing this obstacle either by direct transcellular migration of the fungus across the BBB or
intracellularly within a trafficking immune cell [41-44]. After traveling to the brain inside a
pulmonary phagocyte, C. neoformans can exit the cell either by lytic or non-lytic means and

cause infection and damage to the brain tissue [45,46].

Cryptococcal interactions with innate immune cells have been studied extensively in the
context of cell origin, lineage, and host condition. The first-line defenders in the pulmonary
cavity to recognize C. neoformans are tissue resident macrophages and DCs [63]. In both mice
and humans, these innate phagocytes can kill the pathogen through both oxidative and non-
oxidative means [154,155,218,219]. And while both immune cell types are antigen-presenting

cells (APCs), DCs are the primary antigen-presenting cells to present Cryptococcus antigens to
40



naive T cells to initiate the CMI that is necessary in eradicating the disease [75]. Following
infection, neutrophils, another innate phagocyte, can infiltrate into the pulmonary tissue.
Although C. neoformans can be phagocytosed by neutrophils, depletion of these cells in murine
models leads to increased clearance of C. neoformans, suggesting that neutrophils may be
detrimental [80,81,220]. For cryptococcal clearance, the adaptive immune system relies on a Thl
and Th17 profile while Th2 cytokines correlate with fungal dissemination [128]. Previous studies
have shown that IFN-y, IL-12, IL-17A, and IL-23 are beneficial for host survival and IL-13 and
IL-33 lead to exacerbation of disease [111,221-223]. Despite this, there is also evidence that
depending on the activation phenotype, macrophages can either destroy the pathogen or harbor it
intracellularly allowing for persistence of the fungus. Major factors of this include the
polarization of the macrophage to the antifungal M1 (by cytokines IFN-y and IL-12) or more
permissive M2 phenotype (by cytokines IL-4, IL-5, and I1L-13) [214,224,225]. However,
polarization of the macrophage does not occur in the naive macrophages in the early preliminary
stages of cryptococcosis, and there may be other factors including cell origin and subsets that can

account for the differences in disease progression.

Current methods of treating cryptococcosis and cryptococcal meningitis include a variety
of antifungal drugs including fluconazole, flucytosine, and amphotericin B [58,133,134]. The
gold standard for treatment of this disease includes a combination therapy of amphotericin B with
flucytosine [47]. However, due to high cost, lack of availability, and oversight for the compliance
of the treatment regime in the most needed areas, fluconazole monotherapy is the usual treatment
method [226]. Complicating these problems, many of these antifungal drugs target ergosterol, the
fungal analogue of cholesterol, and is often associated with toxicity to host cells at recommended
doses [9]. The combination of drug-mediated host cell toxicity, lack of antifungal drug
development, and emerging resistance to current therapies, make it clear that there is need for

additional treatment methods [227,228]. Fortunately, there has been recent work on improving

41



the immune response to combat C. neoformans through the use of immunotherapeutics. These
treatments include a variety of ways to enhance the body’s intrinsic immune systems to better
recognize and eliminate the fungus. Options include the use of cryptococcal proteins as antigens
to initiate protection through CMI [229,230]. All of these treatments must strike a balance
between the protective Thl responses and excessive inflammation that could worsen disease
outcomes [117]. In a mouse model of cryptococcal infection, adjunctive IFN-y increases the
antifungal effects of amphotericin B both in vivo and in vitro [120,121]. Despite the extensive
work in this model, there is limited data directly applicable to human disease. However, these
limited studies have shown that levels of IFN-y are associated with protection in patients and that
immunotherapies with adjunctive IFN-y are well tolerated in humans and can lead to positive
outcomes [122-124]. The exact mechanisms whereby this therapy optimizes immune responses,

specifically in first-line defenders such as lung macrophages and DCs is unknown.

Recently, subsets of macrophages and DCs of both human and mouse lungs have been
characterized [63], and their lineages have been defined in recent years [91,231]. In the
pulmonary airways and tissues of humans, macrophages have been historically divided into
alveolar macrophages (AMs), which are in the alveolar cavity, and interstitial macrophages
(IMs), which exist in the interstitium [232]. In addition to differences in surface marker
expression, there are differences of inflammatory capacity and phagocytic index between the
subsets [233]. DCs are similarly subdivided based on their surface markers, expression of pattern
recognition receptors, and their ability to stimulate T cell proliferation [234]. Due to these
differences of lineages between tissue resident cells and circulating cells, it is important to isolate
and investigate specifically the cell subset(s) C. neoformans comes into contact within the lungs
[235-238] and the fate of the cryptococcal cells following uptake. Previous work has shown that
there are indeed differences in the fate of this fungus (and other pathogens) depending on which

subset it encounters. Mycobacterium tuberculosis (Mtb), another pulmonary pathogen which has
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a similar disease progression as C. neoformans, has differential interactions with macrophage
subsets [239,240]. Specifically, murine IMs kill Mtb with a glycolytic metabolic profile while
AMs allow for increased bacterial replication and are transcriptionally committed to fatty acid
oxidation [241,242]. Additionally, our lab has shown differences in murine macrophage and DC
subset responses to C. neoformans. Ly6c monocyte-like macrophages significantly inhibited the
growth of C. neoformans while the CD11b" conventional DCs significantly enhanced fungal
growth [98]. Between these two subsets, there were over 2,500 significantly differentially
regulated genes, but the most prominent was differential regulation of MHC-I genes, with these
being significantly upregulated in the antifungal Ly6¢c” monocyte-like macrophage subset and
significantly down-regulated in the permissive CD11b* DC subset. In addition, metabolic genes —
specifically those in the cytochrome P450 family (such as CYP1B1) were significantly up-
regulated in the cells permissive for cryptococcal growth —the CD11b* DCs. While these studies
have been performed using the mouse models, it is important to investigate primary cells of
human origin. Recently, six human pulmonary macrophage and DC subsets were consistently
observed and profiled, including alveolar macrophages, CD14 macrophages, CD14"
macrophages, CD207" DCs, CD14 DCs, and CD14" DCs [95]. These subsets differed in their
ability to internalize a variety of bacterial species. All the subsets were more effective at
internalizing the Gram-positives S. aureus and B. anthracis when compared to the Gram-negative
E. coli. Furthermore, the human AMs and CD14* DC and CD14" macrophage subsets were more
efficient at uptake than the other subsets. While these findings are significant, there are currently

no studies that investigate cryptococcosis with human pulmonary phagocytes.

In this study, we investigated the initial interactions of C. neoformans with resident
human pulmonary innate phagocytic APCs and determined how each subset responds to
coincubation with cryptococcal cells ex vivo. Due to the differential interactions found in

previously published studies, we hypothesized that the human subsets would have similar
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differential phenotypic patterns of killing versus permissive growth of the fungus as was found in
the murine model [98]. Human bronchial alveolar lavage (BAL) samples were enriched for
phagocytic APCs and incubated with C. neoformans to determine uptake, killing ability, and
transcriptional response. With these studies, we aimed to uncover the differential activity of
human pulmonary macrophage and DC subsets and understand the genes and signaling pathways

involved in these responses.

3.2 Methods

3.2.1 Reagents and Media

Unless stated otherwise, chemical reagents of the highest quality were obtained from
Sigma-Aldrich (St. Louis, MO) and tissue culture media of the Gibco brand and plasticware were
both purchased from Thermo Fisher Scientific (Waltham, MA). R10 media is defined as RPMI
1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 50
mM 2-mercaptoenthanol, 100 U penicillin/ml, and 100 pg streptomycin/ml, filter-sterilized
through a 0.22um filter. For the use of the Dead Cell Removal Kit (Miltenyi Biotech Inc.,
Bergisch Gladbach, Germany), 1X Binding Buffer was prepared by diluting 20X Binding Buffer
Stock solution with double-distilled water. The FACS buffer used in this study was phosphate-

buffered saline (PBS) + 2% FBS, filter-sterilized through a 0.22pum filter.

3.2.2 Culture of Cryptococcus neoformans

Cryptococcus neoformans strains H99 (serotype A, mating type o) and mCherry
producing strain JLCN920 (serotype A, KN99 mating type o), a kind gift of Dr. Jennifer Lodge
(Duke University, Durham, NC), were recovered from 15% glycerol stocks stored at -80°C and
were cultured for 18h at 30°C with shaking in yeast extract-peptone-dextrose (YPD) broth (BD
Difco; Franklin Lakes, NJ) and collected by centrifugation. Organisms were washed three times

with sterile PBS, and viable yeast cells were quantified using trypan blue dye exclusion in a
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hemocytometer. Cryptococcal cells were resuspended in appropriate medium at the concentration

needed for each experiment.

3.2.3 Human bronchoalveolar lavage sample processing

Isolation and preservation of lavaged lung cells was performed as previously described
[95,243]. Briefly, whole human donor lungs were obtained through LifeShare of Oklahoma
(Oklahoma City, OK, USA; http://www.lifeshareoklahoma.org) and the International Institute for
the Advancement of Medicine (IIAM, Edison, NJ, USA; http://www.iiam.org). Lungs were
deemed nontransplantable for reasons such as histocompatibility mismatches, lung size, uncertain
drug usage, or prior incarceration. Our criteria for lung acceptance included: 18-70 years of age,
no history of smoking tobacco or nonsmoking a minimum of 2 years, no history of lung disease,
noncardiac death, a PaO2/FiO2 ratio > 200, and normal to minimal atelectasis based on chest x-
ray results, with no evidence of intercurrent infection. The donor demographics for the lungs used
in this study can be found in Table S3.1. Lungs were harvested and transported as per transplant
protocols. Upon arrival at the Metcalf laboratory at OUHSC, Wisconsin solution and residual
blood was washed from the vasculature using sterile physiological saline (0.9% w/v). Saline was
pumped at low pressure (~20 cm water) into the main bronchus to produce visible swelling of
lobes. The resultant BAL collections were pooled, and cells were concentrated by centrifugation
at 300 x g for 10 minutes, resuspended to 1 x 107 cells/ml in freeze medium (40% RPMI 1640,
50% FBS, and 10% DMSO) [244], frozen in 2 ml aliquots at a rate of ~1°C/min at -80°C, and
stored in liquid nitrogen vapor at -190°C. For experiments, aliquots were thawed quickly at 37°C
in a Precision™ GP-10 water bath (Thermo Fisher Scientific) and allowed to settle in R10 media
for 10 minutes at room temperature (RT) followed by centrifugation at 1000 x g for 5 minutes.
Dead cells were removed from collected cells with the Dead Cell Removal Kit (Miltenyi Biotech
Inc.) as per manufacturer’s protocol with the following changes: 5X recommend amount of Dead

Cell Removal Microbeads (500 pl per 107 cells) were used in order to properly label excessive
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dead cells and separation occurred within LS columns (Miltenyi Biotech Inc.). Viable cells were

quantified using trypan blue exclusion dye in a hemacytometer.

3.2.4 Active cryptococcosis detection

Presence of active cryptococcal infection was determined using the Cryptococcal Antigen

Lateral Flow Assay (CrAg® LFA; IMMY, Inc., Norman, OK) as per manufacturer’s instructions.

3.2.5 Cryptococcal uptake by standard flow cytometry

Processed human BAL cells were incubated with fluorescent mCherry expressing C.
neoformans strain JLCN920 at a 1:1 ratio (1 x 10° cells each) with 1 pg/ml anti-GXM mAb
F12D2 (kind gift of Dr. Tom Kozel, University of Nevada Reno, Reno, NV) at 37°C, 5% CO for
2h in 100 pl of R10 media. Following incubation, samples were resuspended in 100 pl of FACS
buffer and stained with the CD45 leukocyte marker, a lineage cocktail (CD3, CD19, CD20, and
CD56), a viability dye, calcofluor white (CFW), and subset markers (specific markers and
fluorophores used are shown in Table S3.2) for 30 minutes at 4°C. Samples were washed three
times and then fixed with 2% formaldehyde and subsequently analyzed on a Novocyte 3000 flow
cytometer (Agilent Technologies, Inc., Santa Clara, CA) with data analyzed using NovoExpress
software (Agilent Technologies, Inc.). Gating scheme for detection of populations and
associations was based on previously published research [95] and are shown in Figure S3.2. Gates
were determined using controls including live/dead stain, unstained cells, single color, and
isotype control samples. To calculate percent uptake, the total number of cells that were double-
positive (positive for subset markers and positive for mCherry) were divided by the total number

of that subset, then multiplied by 100. Percent was then plotted for each individual patient.

3.2.6 Cryptococcal morphology by imaging flow cytometry
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Processed human BAL cells were enriched for phagocytic populations by negative
selection of CD3, CD19, CD20, and CD56 microbeads and magnetic separation (Miltenyi
Biotech Inc.) as per manufacturer’s instructions. Phagocytic populations were then incubated with
mCherry expressing C. neoformans strain JLCN920 at a 1:1 ratio (1 x 10° cells each) with 1
pg/ml anti-GXM mADb F12D2 at 37°C, 5% CO, for 2h in 100 pl of R10 media. Following
incubation, samples were separated into half (one for each of the two different staining schemes
needed for analysis), resuspended in 100 ul of FACS buffer and stained with leukocyte and subset
markers (specific markers and fluorophores used are shown in Table S3.2) for 30 minutes at 4°C.
Samples were washed three times and then fixed with 1% paraformaldehyde and subsequently
analyzed on an Amnis® ImageStream®* Mk II Imaging Flow Cytometer (Luminex Corporation,
Austin, TX) with data analyzed using IDEAS® 6.2 software (Luminex Corporation). Gating
scheme for detection of populations and internalization is shown in Figure S3.3. Gates were
determined using single color controls with UltraComp eBeads™ Compensation Beads (Thermo
Fisher Scientific). Quantification of fungal killing results was conducted by examining up to 100
morphologies of internalized cryptococcal cells for each subset. Previous research has indicated
that budding and single round cryptococcal cells are viable and condensed cells and debris are

nonviable cells [145]. Examples are shown in Figure 3.2A.

3.2.7 Cryptococcal uptake for single-cell RNA sequencing

Processed human BAL cells were enriched for phagocytic populations as previously
stated above and incubated with C. neoformans strain H99 at a 1:1 ratio (1 x 10° cells each) with
1 pg/ml anti-GXM mAb F12D2 at 37°C, 5% CO, for 2h in 100 pl of R10 media. Controls were
phagocytic populations from the same human samples in media alone incubated under the same
conditions. Samples were then washed once and then resuspended with PBS + 2% BSA. Libraries
were made of pairs of controls and co-incubated sets using the 10X Chromium Controller and the

Chromium Next Gem Single Cell 3° GEM, Library, and Gel Bead Kit v3.1 (10X Genomics Inc.,
47



Pleasanton, CA) and sequenced on a Novaseq series sequencer (Illumina Inc., San Diego, CA) as

per manufacturer’s protocols.

3.2.8 Identification of clusters of macrophages and DCs

Single-cell analysis and cluster identification was performed on 1,654 — 16,903 captured
cells per sample using the 10X Chromium single cell system (10X Genomics Inc.) at the
University of Oklahoma Health Sciences Campus Genomics Core Facility and sequenced each
sample to a read depth of 95-164K reads/cell, yielding 85-92% sequence saturation. Read
mapping and expression quantification were performed using a combination of the 10X Cell
Ranger pipeline (10X Genomics Inc.) and custom Seurat analytic scripts [245]. Briefly, single-
cell reads were mapped to the human genome (GRCH38) and assigned to genes using the
standard Cell Ranger pipeline. Normalized gene expression was then used to produce a UMAP
plot that provided cell clusters based on similarity of gene expression. Once cells were assigned
to a cluster, custom Seurat scripts were used to statistically derive the gene expression differences
within and between cell clusters using 7-tests in Seurat. Trajectory analysis was then conducted
using Monocle [246]. To be statistically similar across the study, the Monocle trajectories were
used to guide specific trajectory specific 7-tests within Seurat. From these, pathway analyses were
performed using Ingenuity Pathway Analysis (IPA, QIAGEN, Hilden, Germany) on the

differential transcriptional profiles seen in the cell clusters and trajectory groups.

3.2.9 TNF-a intracellular imaging flow cytometry

Processed human BAL cells were enriched for phagocytic populations as previously
stated and incubated with C. neoformans strain JLCN920 at a 1:1 ratio (1 x 10° cells each) with 1
pg/ml anti-GXM mAb F12D2 at 37°C, 5% CO; for 2h in 100 pl of R10 media. BD GolgiStop™
and BD GolgiPlug™ (BD Biosciences, Franklin Lakes, NJ) were used, as per manufacturer’s

protocol, to prevent cytokine secretion. Following incubation, samples were separated into half
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(one for each of the two different staining schemes), resuspended in 100 pl of FACS buffer and
stained with either TNF-a panel #1 or #2 (Table S3.2). Extracellular staining was performed as
previously stated for 30 minutes at 4°C. Following extracellular staining, cells were fixed with
2% formaldehyde for 10 minutes at room temperature and permeabilized with Intracellular
Staining Perm Wash Buffer (BioLegend®, San Diego, CA) for 10 minutes at room temperature.
Cells were stained with intracellular markers (IL-1B, CCL3, CXCL8 and TNF-a), washed, and
fixed with 1% paraformaldehyde. Samples were analyzed on an Amnis® ImageStream®* Mk IT
Imaging Flow Cytometer (Luminex Corporation) with data analyzed using IDEAS® 6.2 software
(Luminex Corporation). Gating scheme for detection of populations and internalization are shown
in Figure S3.6. Gates were determined using single color controls with UltraComp eBeads™

Compensation Beads (Thermo Fisher Scientific).

3.2.10 Statistical analysis

All statistical analyses were conducted using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego, CA) unless noted otherwise. Significant differences were
defined as p < 0.05 and a = 0.05 unless noted otherwise. The student’s unpaired two-tailed #-test
was performed to calculate level of significance among MFI means of CXCLS8, CCL3, IL-1p, and
TNF-a between phagocytic APCs which contained C. neoformans versus cells without the
fungus. One-way ANOVA with Tukey’s Multiple Comparison Test was performed to compare
medians of human phagocytic APC subsets, their uptake of C. neoformans, and percent
cryptococcal killing of each subset. Linear regression was performed to calculate the line of best
fit in correlations of JLCN920 fluorescence intensities to antibody intensities for markers
CXCLS8, CCL3, IL-1pB, and TNF-a. scRNA-seq analysis, cluster identification, and trajectory
analysis was performed with a combination of Cell Ranger pipeline, Seurat, Monocle, and custom

R scripts.
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3.3 Results

3.3.1 Phagocytic APC subsets were identified in human bronchoalveolar samples and interact

with C. neoformans

We sought to understand the differences in cryptococcal killing by macrophage and DC
subsets [98,215,217,224,247], and, therefore, chose to follow up on a study that identified subsets
of phagocytic APCs within the human lung [95]. To avoid biases and remove the possibility of
pre-activation that come with an active cryptococcal infection, we used a commercially available
detection kit (CrAg® LFA) to identify Cryptococcus-positive samples. None of the samples used
in this study tested positive for infection, so we could, therefore, assume the fungal cells were not
activated (representative image of results in Figure S3.1 and results in Table S3.3). We next
removed dead cells from the human BAL samples before incubating live cells with a fluorescent
mCherry expressing C. neoformans strain JLCN920. Following a 2-hour incubation to allow for
cryptococcal interaction and possible uptake, the phagocytic APCs were stained with fluorescent
markers and analyzed by flow cytometry (gating scheme shown in Figure S3.2). Figure 3.1A
shows the percent total of each of the previously identified subsets, and, in accordance with
previous findings, the first three groups (AM, CD14*CDI1c¢’, CD14°CDIc¢’) are macrophages while
the last three groups (CD207*, CD14°CDIc¢", CD14CDIc") are DCs [95]. Alveolar macrophages
(AMs) comprised over 85% of the total population, but despite being very low in total numbers,
the other five subsets were identified within the samples (Figure 3.1B), with the occasional subset
being undetectable (recorded as 0%). Next, we identified the percent that each of the detected
subsets phagocytosed the fluorescent C. neoformans. Using calcofluor white (CFW) post-
incubation, we were able to detect which fungi were external or on the surface of the phagocytic
APCs and exclude those from the findings through the gating scheme. Results indicate that all six

subsets interacted and phagocytosed the fungus to some degree (Figure 3.1C). However, two
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macrophage subsets (CD14°'CD1¢” and CD14'CD1c¢’) had significantly lower uptake when

compared to one of the dendritic cell subsets (CD14CDl1c").
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Figure 3.1. Percent Population of Each Subset Identified and Interact with C. neoformans. Processed
human BAL cells were incubated with fluorescent mCherry expressing C. neoformans strain JLCN920 for
2h and then stained with fluorescent antibodies for flow cytometric analysis. (A) Representation of each
phagocytic APC subset shown as a percentage of total population indicated by surface markers. (B) Inset
from panel (A) showing relative abundance of remaining low number subsets. (C) Percentage of uptake by
each phagocytic APC subset of C. neoformans indicated as positive for mCherry. Data points shown are
individual samples with black bars as median of the results of 12 samples (n=12), with each sample
performed in duplicate. One-way ANOVA with Tukey’s Multiple Comparison Test was performed to
compare each column against all others. *** indicates significantly different means of AM subset to all

others (p <0.0001) and * represents significantly different means of indicated macrophage subset to DC

subset CD14CDIc" (p < 0.05).
3.3.2 Subsets of phagocytic APCs show differential killing of C. neoformans

Previous studies have shown that dead or dying C. neoformans take on a deformed
morphology (c-shaped or condensed) rather than their usual round or budding appearance while
alive [145]. Using morphology as a proxy for cryptococcal fitness, we examined several of these
internalized fungal cells within each subset of phagocytic APCs. Prior to use, the human BAL
cells were enriched for phagocytic APCs by removal of lineage-positive cells (CD3, CD19,
CD20, CD56). Then cells were incubated with the mCherry-producing cryptococcal strain and
incubated for 2 hours. Using imaging flow cytometry (gating scheme shown in Figure S3.3), we
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were able to discern the different morphologies of internalized cryptococcal cells while also
identifying the phagocytic subset. Fungal fitness was scored according to their morphologies and
examples of the system used in this study are shown in Figure3.2A. By convention, cryptococcal
cells which appeared either as round or budding are deemed alive while those that take on a more
deformed shape are considered dead/dying [145]. Cells that were positive for the fungal marker
(fluorescent in the mCherry channel) but showed no discernable fungal shape but rather a
diffusive staining were also determined to be dead. All the captured images (up to 100) for each
of the subsets were quantified and graphed according to cryptococcal fate (Figure 3.2B). Results
show that one of the macrophage subsets (AMs) and all the DC subsets were able to kill the
fungus with high percentages of antifungal activity (>70%). However, macrophage subsets
CDI14'CDlc¢ and CD14'CDI1c” were unable to kill internalized C. neoformans (0% dead/dying

morphologies).
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Figure 3.2. Subsets of Phagocytic APCs Show Differential Killing of C. neoformans. Processed human
BAL cells were enriched for phagocytic APCs and incubated with fluorescent mCherry expressing C.
neoformans strain JLCN920 for 2h and then stained with fluorescent antibodies for imaging flow
cytometric analysis. (A) Representative images of internalized C. neoformans to determine fate of the
fungus. Budding and round fungal cells were considered as living while condensed and debris were deemed
at dead cells (red box). (B) Percent killing of C. neoformans by phagocytic APC subsets. Up to 100 images
of internalized cryptococcal cells by each subset were analyzed according to panel (A). Four of the six
subsets showed substantial killing (>70%) of internalized fungal cells. Macrophage subsets CD14°CD]1¢
and CD14°CDlc allowed live fungal cells to persist internally in all analyzed images. Data shown are
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means *+ standard errors of the means (SEM) of the results of 2 independent experiments using 12
independent BAL samples (n=12). One-way ANOVA with Tukey’s Multiple Comparison Test was
performed to compare each column against all others. *** indicates significantly different means from

killing subsets (p < 0.0001).

3.3.3 ScRNA-seq identified different clusters of phagocytic APCs

To understand the gene expression in the phagocytic APC subsets that displayed different
cryptococcal killing phenotype during the early stages of cryptococcal interaction, RNA-seq was
performed to investigate their transcriptome. Once the samples are thawed, the life span of cells is
extremely limited (~4 hours) and physical separation of the cells into discrete groups is not
possible. Therefore, single-cell RNA sequencing (scRNA-seq) was performed for the level of
resolution needed to identify differential clusters prior to this time [248,249]. Human BAL
samples were enriched for phagocytic APCs by removal of lineage-positive cells (CD3, CD19,
CD20, CD56), and then incubated with C. neoformans for two hours to allow for initial
interaction or uptake. Control cells from each human sample were incubated under the same
conditions without the pathogen. Analysis revealed 9 individual clusters among 18,958 total cells
for the control cohort (naive) and 18 clusters among 22,344 total cells for cells incubated with C.
neoformans (infected) (Figure 3.3A-B). We initially investigated the distribution of macrophages
among the given clusters by use of the macrophage gene APOCI [250]. Projections of this gene
onto the cluster map space revealed no pattern of clustering in either the naive or infected cohorts
(Figure 3.3C-D). Previously, identification of each phagocytic APC subset was accomplished
using surface markers, and the transcriptional profile for naive cells of each subset was
determined [95]. Using a single gene from the previous transcriptional profile to identify each
subset, we identified cells from each subset in our samples; however, distribution of each subset
also did not follow computational clustering, so we were unable to cluster the cells according to

subset for either naive or infected cohorts (Figure S3.4A-L).
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Figure 3.3. Phagocytic APCs Incubated with and without C. neoformans Show Distinct Clustering of
Cells which Are Not Correlated with Macrophage Identity. Processed human BAL cells were enriched
for phagocytic APCs and incubated with or without C. neoformans strain H99 for 2h and then processed for
scRNA-seq. scRNA-seq analysis identified 9 and 18 discrete clusters among the naive (A) and infected (B)
cohorts, respectively. Cells were also examined for the expression and distribution of APOC1 (macrophage
gene) for both naive (C) and infected (D) cohorts. The distribution of macrophages did not follow the
clustering scheme for either of the cohorts. Data shown are transcriptional regulation of shown genes for

18,958 (naive) and 22,344 (infected) total cells for three individual experiments for each cohort (n=3).
3.3.4 Trajectory analysis splits clusters into distinct groups with different phenotypes

Since we were unable to isolate individual subsets, we sought to instead focus our efforts
on the phenotypic outcomes and cellular processes rather than the inherent subset and their
molecular differences. Since there are double the number of clusters in the infected cohort when
compared to the naive using the same standard for cluster discrimination and similar cell

numbers, C. neoformans may have influenced the number of discrete clusters by causing a
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transcriptional change in some of the immune cells. With this evidence of a change in gene
expression, a trajectory analysis was necessary to understand the full picture of the discrete
clusters and how they compared to one another. Shown in Figure 3.4 are the trajectory analyses
conducted by R package Monocle on the 18 clusters identified in the infected cohort. Using
cluster #0 as the starting point, there is a stark divergence between cells on the left and right side
of the plot (Figure 3.4). Clusters 1 = 9 = 12 - 6 follow along one transcriptional evolution
(left) while clusters 3 > 2 > 7 = 5 follow another progression (right). This departure between
the paths is driven mainly by mitochondrial genes (including MTRNR2LI12 [p = 0], MT-ND6 [p =
0], MT-ATPS [p = 4.67 x 102"], MT-CO3 [p = 0], MT-CYB [p = 0]) on the right and lipid
metabolism genes (such as FABP4 [p = 0]) coupled with immune recognition genes (such as
MARCO [p=2.90 x 10'®] and CXCL16 [p = 0]) and antigen processing genes (HLA-A [p = 5.58
x 102, -B [p = 0], -C [p = 0], HLA-DRA [p = 1.72 x 10""%%]) on the left (Figure 3.5A). A
complete list of differentially expressed genes can be found in Table S3.4. The canonical
pathways and predicted upstream regulators were analyzed by Ingenuity Pathway Analysis (IPA,
QIAGEN) and the most significantly affected are shown in Figure 3.5B-C. The most altered
pathways were EIF2 signaling and oxidative phosphorylation, which indicates the cells are
altering their protein products and metabolism (Figure 3.5B). Pathways such as phagosome
maturation and antigen presentation are affected by differences in MHC class 1 (HLA-A4, -B, -C)
and class II (HLA-DR) molecules along with the scavenger receptors MARCO and CXCL16. Most
of the highest predicted upstream regulators involve mTOR (including torin-1, LARP1, and
RICTOR) which can coordinate mitochondrial energy production (Figure 3.5C) [251]. Taken

together, these patterns indicate a cryptococcal killing phenotype for the left-side clusters.
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Figure 3.4. Trajectory Analysis Shows Divergent of Clusters into Two Main Groups. Processed human
BAL cells were enriched for phagocytic APCs and incubated with C. neoformans strain H99 for 2h and
processed for sScRNA-seq. Uniform manifold approximation and projection (UMAP) plot was created from
the 18 clusters of the infected cohort. From the initial cluster of #0, there is an immediate split of the
clusters which follow clusters #1/9/6/12 towards to the left and clusters #2/7/5/3 to the right. Data shown
are the 18 Seurat clusters for 22,344 total cells from the infected cohort for three individual experiments for

each cohort (n=3).
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Figure 3.5. Upregulation of Antifungal Genes in Left Side Clusters #1/9/6/12. Processed human BAL
cells were enriched for phagocytic APCs and incubated with C. neoformans strain H99 for 2h and
processed for scRNA-seq. Genes differentially expressed in clusters #1/9/6/12 when compared to clusters
#2/7/5/3 were analyzed by IPA. (A) Differential expression of select genes in clusters #1/9/6/12 (left) and
#2/7/5/3 (right). Top 10 significantly regulated canonical pathways (B) and predicted upstream regulators
(C) as ordered by p-value or p-value of overlap. To the right of each bar is the statistical z-score for each
pathway or upstream regulator with positive and negative being increased and decreased, respectively
(NaN = not a number, no activity pattern). Data shown are combined analysis of cells from three individual

experiments (n=3).

Secondary to the initial split in the trajectory plot, on the left side there are indications of
a further evolution of transcriptomes from clusters #1/9/12 (top) to #8/14 (bottom) (Figure 3.6).
The most differentially expressed genes in this trajectory are CCL3 and CXCLS, both genes
downstream of TNF-o and indicative of a protective response against C. neoformans (Figure
3.6A) [252,253]. These genes are upregulated in the lower clusters. A complete list of
differentially expressed genes can be found in Table S3.5. Among the upper clusters, there were
an increase in expression of genes that directly recognize cryptococcal cells such as the scavenger

receptors MARCO (p = 0) and CXCL16 (p = 0), stress sensor PPARy (p = 9.93 x 10%?), the
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lysosomal indicators LAMPI (p = 3.62 x 107%%) and LAMP2 (p = 6.43 x 10"'7), genes that
contribute to the antifungal activity of lysosomes (CTSB [p = 2.64 x 107'%7] or cathepsin B; PSAP
[p = 0], the precursor to saposins A-D), and the antigen presentation MHC-II gene HLA-DRBS5 (p
~ 0). All these were accompanied with an increase of gene expression indicating fatty acid
metabolism (FABP4 [p = 1.09 x 102!]). As we move into the lower clusters, there is a switch
from genes that deal directly with C. neoformans to genes involved in cytokine responses with
increases in expression of the previously mentioned genes TNF-a (TNF) (p = 5.30 x 107%), CCL3
(p = 1.40 x 10", CXCL8 (p = 0) along with transcriptional factors JUN (p = 3.84 x 103!%) and
FOS (p = 3.84 x 10"'%). Again, these differentially regulated genes were analyzed by IPA and the
top changes to canonical pathways and predicted upstream regulators are shown in Figure 3.6B-
C. Similar to the left versus right analysis, the most differentially regulated pathway are general
pathways that control many cellular functions including mitochondrial functions, glucocorticoid
receptor signaling, and oxidative phosphorylation. However, pathways that control immune
responses are also present in the form of the sirtuin signaling and CLEAR (coordinated lysosomal
expression and regulation) signaling pathways (Figure 3.6B) [254,255]. Among the predicted
upstream regulators, LPS and dexamethasone are the most significant and are linked to the
expression of FABP4 (Figure 3.6C). This is congruent to the actual expression of F4BP4 which is

relatively high in the top clusters and tapers off in bottom clusters.
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Figure 3.6. Transcriptome Evolution to Active State in Clusters #8/14. Processed human BAL cells
were enriched for phagocytic APCs and incubated with C. neoformans strain H99 for 2h and processed for
scRNA-seq. Genes differentially expressed in clusters #8/14 when compared to clusters #1/9/12 were
analyzed by IPA. (A) Differential expression of select genes in clusters #6/8/14 (bottom) and #1/9/12 (top).
Top 10 significantly regulated canonical pathways (B) and predicted upstream regulators (C) as ordered by
p-value or p-value of overlap. To the right of each bar is the statistical z-score for each pathway or
upstream regulator with positive and negative being increased and decreased, respectively (NaN =not a

number, no activity pattern). Data shown are combined cells from three individual experiments (n=3).

3.3.5 Increases in TNF-a correlate with changes of cellular stress response and metabolism in

early clusters

With TNF-a known to provide a protective response against C. neoformans [252,256]
and coupled with our data on the increases of TNF-o, gene expression in particular clusters, we
focused our attention to the transcriptional effects that interaction with the fungus has on our
phagocytic APCs. Examining the scRNA-seq data and the distribution of TNF-a gene expression
in the infected cohort, we found that the cells up-regulating TNF-o, (TNF) are in the lower left

portion of the population (Figure 3.7A). This trend continues in genes downstream of TNF-a
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signaling as well, including /L-1f, CXCLS, and CCL3 (Figure 3.7B-D), which each contribute to
protection against Cryptococcus through feedback loops [257-259]. TNF-a. also manipulates
macrophage activation and although this study focused on early time points and events that occur
prior to macrophage activation (and in the absence of T cells or T cell-associated cytokines),
activation to either the protective M1 or permissive M2 phenotypes as well as Th1/Th2-type
cytokine production may also affect cryptococcal fate [72,260]. Within the clusters of the infected
cohort, we found no transcriptional indication of macrophage activation to either M1 or a Thl-
type phenotype (IFN-y, NOS2, IL-124, IL-12B) or M2 or a Th2-type phenotype (IL-4, IL-10, IL-
13, ARG1I) (Figure S3.5A-H). This information allows us to investigate the phenotypic
differences caused by a cryptococcal infection as inherent differences of cellular processes among
the cells of the samples as opposed to a generalized transcriptional skewing and activation of the

inflammatory network.
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Figure 3.7. Phagocytic APCs Incubated with C. neoformans Are Differential in TNF-a and Genes
Downstream of TNF-a. Processed human BAL cells were enriched for phagocytic APCs and incubated
with C. neoformans strain H99 for 2h and then processed for scRNA-seq. scRNA-seq analysis identified
differential regulation of TNF-a (TNF) (A), IL-15 (B), CXCLS8 (C), and CCL3 (D) that occur primarily in
cells in the bottom left portion of the plot. Data shown for are transcriptional regulation of shown genes for

22,344 total cells for three individual experiments (n=3).

To understand what occurs when TNF-a is upregulated, we investigated clusters #1 and
#9, which are among the early left side group and have differential TNF-a activation (p = 1.84 x
10-'Y). Compared to cluster #9, cells in cluster #1 display an increase in genes encoding for
scavenger receptors (MARCO [p = 0.001] and CXCLI16 [p = 2.67 x 10°°°]), cryptococcal killing
machinery (CTSB [p = 2.23 x 107 and PSAP [p = 2.00 x 10713°]), and the MHC-II chaperone
CD74 (p = 6.39 x 10°1%) (Figure 3.8A). As TNF-a becomes upregulated in cluster #9, the cells do
not induce the aforementioned genes, but instead switch to more signaling pathway genes that
include the stress sensor GADD450 (p = 1.60 x 10'!) and the transcription factors JUN (p = 5.32
x 10%) and FOS (p = 2.41 x 10?°). This is evident in the most highly upregulated genes being
ribosomal genes (like RPS12 [p = 7.50 x 10%]) and is accompanied by a utilization of fatty acid
metabolism through FABP4 (p = 1.46 x 10'%®). Finally, superoxide dismutase genes (SODI [p =
1.61 x 10*"] and SOD2 [p = 2.71 x 10"]) are also increased along with TNF-a (Figure 3.8A). A
complete list of differentially expressed genes can be found in Table S3.6. Examining the most
regulated canonical pathways and upstream regulators, many of the affected gene sets belong to
cellular wide functions including EIF2 signaling, oxidative phosphorylation, and glucocorticoid
receptor signaling as well as master regulators like torin-1, LARP1, RICTOR, and MYC (Figure
3.8B-C). These results show that the cells are significantly changing their proteome and

metabolism to adapt to a change in stress.
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Figure 3.8. Differentially Expressed Genes in Cluster #9 Led to Changes in Cellular Stress Response
and Metabolism. Processed human BAL cells were enriched for phagocytic APCs and incubated with C.
neoformans strain H99 for 2h and processed for scRNA-seq. Genes differentially expressed in cluster #9
when compared to cluster #1 were analyzed by IPA. (A) Differential expression of select genes in clusters
#9 and #1. Top 10 significantly regulated canonical pathways (B) and predicted upstream regulators (C) as
ordered by p-value or p-value of overlap. To the right of each bar is the statistical z-score for each pathway
or upstream regulator with positive and negative being increased and decreased, respectively (NaN =not a

number, no activity pattern). Data shown are combined cells from three individual experiments (n=3).

3.3.6 Differential staining of TNF-o. markers indicates cryptococcal interaction

To investigate these transcriptional differences that are accompanied with changes in
TNF-a expression in the phagocytic APCs and how they relate with intracellular cryptococcal
morphology, human BAL cells were again incubated with mCherry expressing C. neoformans
strain JLCN920 followed by an examination of the intracellular cryptococcal morphology as it
correlates with protein production of TNF-a (and downstream markers IL-1p, CXCLS, and

CCL3) on an imaging flow cytometer (gating scheme shown in Figure S3.6). Cryptococcal
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morphology was again used and scored as described above to indicate the fate of the pathogen
(Figure S3.7). We found that there were no significant differences of the fluorescent intensities
for TNF-a or any associated downstream markers between living and killed intracellular
cryptococcal cells (Figure S3.8A-D). However, a linear regression analysis showed a strong
positive correlation between all intracellular cryptococcal cells (both living and killed) and these
markers (Figure S3.8E-H). This led us to examine the differences of these markers in immune
cells that have either interacted (high mCherry intensity) or not interacted (low mCherry
intensity) with C. neoformans. Using the cutoff provided by the negative cryptococcal staining
control, we found significant differences of staining intensities between phagocytic APCs that
have interacted with the fungus versus those that have not in three (p-values = TNF-a: 0.0053, IL-
1B: 0.0017, CCL3: 0.0170) of the four markers, with the fourth (CXCLS, p-value = 0.1242)
trending in the same direction (Figure 3.9A-D). These data show that TNF-a, CCL3, IL-18, and
CXCLS protein levels are correlated with cryptococcal interaction. In addition, the expression of
these genes (by scRNA-seq) was correlated to expression of other genes involved in antifungal

activity (Figures 3.5-3.8).
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Figure 3.9. Phagocytic APCs Incubated with C. neoformans Show Differential TNF-a and
Downstream Protein Expression Following Fungal Interaction. Processed human BAL cells were
enriched for phagocytic APCs and incubated with mCherry expressing C. neoformans strain JLCN920 for
2h and then processed for imaging flow cytometric analysis. Analysis shows that increased presence of
protein expression of TNF-a (A), IL-1B (B), and CCL3 (D) occur when interaction with cryptococcal cells
was verified compared to non-interacting cells. CXCL8 (C) shows a similar but non-significant trend, as
well. Data shown are mean fluorescent intensities (MFI) of individual viable CD45" phagocytic APCs from
three individual experiments (n=3). Two-tailed #-tests were performed to compare pairs of columns. * and
** indicates significantly different means of p <0.05 and p <0.0001, respectively.

3.4 Discussion
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With the increasing limitations of current therapies combating cryptococcosis and
cryptococcal meningitis, the goal of this study was to explore the initial interaction with C.
neoformans and lung innate immune cells in order to potentially identify other avenues for
intervention. The mounting evidence of the heterogeneity of these immune cells led us to
investigate subsets of macrophages and dendritic cells (DCs) that provide most of the early
protection from this disease. Our first objective was to identify these subsets within the human
lung. We used bronchoalveolar lavage (BAL) fluid from human lungs and examined the contents
for the presence of each subset using flow cytometry. Not only did we locate each of the subsets
as previously reported [95], but also identified their interaction with C. neoformans. Our data
show that each of the six subsets (three macrophage and three DC) were able to interact with the
fungus in different capacities. Our results were similar to those in previous studies where there
was relatively low uptake of certain bacterial pathogens by different subsets at low MOIs [95].
These findings were also similar to the high association of cryptococcal cells with pulmonary

phagocyte subsets in the mouse model [98].

In investigating the killing capacities of these subsets, we examined their intracellular
morphologies and correlated that to cryptococcal fate, as previously done in both in vitro human
and mouse models [145]. In our studies, we found that two macrophage subsets were completely
unable to kill C. neoformans. Thus, phagocytosis by different macrophage/DC subsets can result
in different specific fates for the fungus. In a mouse model, there were more subtle differences in
interaction with C. neoformans by the phagocytic subsets, with the most significant killing ability
exhibited in the Ly6c” monocyte-like macrophages, and the most significant intracellular growth
in the CD11b" DCs [98]. In our data, we found that AMs and the DC subsets had antifungal
activity, but the CD14" and CD14" macrophages did not have antifungal activity. Mycobacterium
tuberculosis (Mtb) is another pathogen with a similar disease presentation as C. neoformans in

their ability to evade the host immune system intracellularly by promoting a Th2 response [261].
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Unlike this study, against Mtb, alveolar macrophages were permissive for bacterial replication
and allowed rampant growth [261], whereas interstitial macrophages had antibacterial activity

[241].

In identifying differential killing capacities between the subsets of phagocytic APCs, the
question that now arises is the inherent molecular differences and transcriptomes between the
groups. Due to these cells’ short lifespan outside the human body, we were unable to separate the
subsets into discrete populations and conduct a series of focused experiments on individual
subsets. Therefore, we performed single-cell RNA sequencing (scRNA-seq) on the entire
population to obtain the resolution needed that is required in comparing cells or groups of cells to
one another. Using subset-specific genes identified previously [95], we found that subsets did not
correlate with computational clustering, and we were unable to identify these discrete subsets in
our samples. Despite being heterogeneous, these phagocytic APCs are still closely related to one
another, and cellular processes and interactions with pathogens such as C. neoformans can have a

more pronounced effect on their different interactions with pathogenic microbes.

To understand these effects that fungal interaction may have on the population, we
performed a trajectory analysis do discover how the clusters are related to one another.
Differences in mitochondrial functions and lipid metabolism coupled with immune recognition
create the first divergence of the cell populations. Two main transcriptomic groups occurred, the
first displaying anticryptococcal characteristics with increases of scavenger receptors to detect
fungal products, phagosome maturation which kills the pathogen, and finally antigen presentation
to continue the effort against the infection. These groups also displayed a higher-level gene
expression relating to fatty acid metabolism (FABP4) than those in the second transcriptomic
group. This differs from protective immune responses from Mtb, a pathogen with a similar
disease manifestation, in that for Mtb, macrophages use glycolytic processes in an effort to kill

the bacteria while permissive alveolar macrophages allow growth while using fatty acids and iron
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[242]. However, our results do concur with the data from the cryptococcal mouse model where
we observed similar gene expression associated with antifungal responses (genes involved in

antigen presentation) vs permissive responses (mitochondrial genes) [98].

The trajectory analysis also informs us of a secondary path the anticryptococcal cells are
taking: one that follows an increase in TNF-a transcription from top to bottom. Despite a single
incubation period, individual immune cells do not interact with each fungal cell at the same time
for the same amount of time but rather at different time throughout a dynamic process. The
trajectory analysis can inform us of these dynamics and order the direction by way of
pseudotimes [262]. Under that prism, we can see a progression of anticryptococcal activity
ranging from “naive” in the top clusters going through killing in the middle clusters and finally
ending up at cessation. As first line defenders, macrophages and DCs must recognize,
phagocytose, and kill the pathogen until proper adaptive immunity can emerge to control the
pathogen. In the upper (early) clusters we see an increase in scavenger receptors. This is in line
with other work showing that the scavenger receptor MARCO organizes and enhances antifungal
activity during early cryptococcal infections [263]. Additionally, the upper clusters demonstrate
increases in both lysosomal indicators, cryptococcal killing molecules, and antigen presentation
pathways. Inferring, that lower (later) clusters represent more mature pathogen-host cell
interactions, these processes give way to more cytokine signaling events along with increased
production of TNF-a and some of its downstream products which, again, potentiates cryptococcal

defenses [252].

The next step in investigating interactions between pulmonary phagocytic APCs and C.
neoformans is to understand the extreme early time points where the host cell first reacts to the
invading pathogen. Using TNF-a as the indicator for this initial recognition, we examined the
differences between early clusters #1 and #9 which have differential TNF-a expression. Before

the induction of this cytokine, the immune cell has most of the molecules necessary for the
67



detection and destruction of the fungus. As TNF-a becomes upregulated, there is a large changing
of the cell’s proteome as evidenced by the need to first change its protein production and increase
its ribosomes. This is also accompanied by increases in fatty acid metabolism through FABP4
which then acts as a link between this metabolism and inflammation [264]. Through the
scavenger receptors MARCO and CXCL16, intracellular lipid concentration is increased
(possibly creating foam cells) which triggers FABP4 [265,266]. This then activates inflammation
through both the IKK-NF-kf3 and INK-AP-1 pathways [267,268]. Among the inflammatory
cytokines produced from these pathways include CCL3, CXCLS, IL-12, and IL-23 which each
contribute to the control of a cryptococcal infection through recruitment of other immune cells or

enhancing a Th1 or Th17 adaptive immune response [75].

Combining all these data, a proposed model of the initial interaction between C.
neoformans and antifungal subsets of phagocytic APCs is displayed in Figure 3.10. In our model,
the cells with the highest propensity for cryptococcal killing are those that have a higher innate
usage of fatty acid metabolism (FABP4), Interactions begin with recognition of the pathogen,
which may happen through scavenger receptors MARCO and CXCL16 which bind to oxidized
low-density lipoprotein (oxLDL) [265]. The source of these lipids is unclear, one possible supply
is from lung surfactant that is highly abundant and necessary for proper pulmonary function [93].
However, in our studies this is unlikely as these studies are ex vivo and do not contain any
external lung surfactant, though residual phagocytosed surfactant could serve as a source.
Another possible source could be from the pathogen itself while it produces extracellular vesicles
(EVs) [269], which are in turn oxidized by reactive oxygen species (ROS) released by the host
cell in a process known as lipid peroxidation (LPO) [270]. Whatever the source, these lipid
products are taken up by the cell to increase its intracellular lipid concentration further activating
FABP4. FABP4 can then initiate inflammation through either the JNK-AP-1 or IKK-NF-«f3

pathways [264]. Additionally, FABP4 can directly regulate mitochondrial function [271].
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Meanwhile during these early events, phagocytosis occurs with subsequent endosomal processing
bringing the pathogen into a phagolysosomal compartment to begin destruction of the fungus. In
this process, lysosome markers LAMP1/2 are increased along with other mediators such as ROS
and cathepsin B (CTSB) as it combats C. neoformans [145,272]. Additionally, the cell will deploy
saposins (from the precursor protein prosaposin [PSAP]) to degrade sphingolipids used by the
fungus to facilitate intracellular growth [273,274]. Destroying the pathogen results in peptide
fragments which can be used in antigen presentation through either the MHC-I or MHC-II
pathways [74,275]. These actions put considerable stress on the host cell. This is sensed by
GADDA45a which activates NF-kf} through p38. Along with PPARy, GADD45a can also increase
the expression of FABP4 [276,277]. Finally, the NF-kf3 pathway will increase the expression of
TNF-a and its downstream mediators such as CCL3 and CXCLS8 while the AP-1 pathway will
upregulate the Th1 and Th17 mediators IL-12 and IL-23 [278-280]. There are additional feedback
and cross loops in this model which include JUN/FOS which feedback into FABP4 and TNF-a

cross-feeding into AP-1 [268,281].
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Figure 3.10. Model for Early Cryptococcal Interactions with Phagocytic APCs. Interactions of C.
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neoformans (Cn) with human pulmonary phagocytic APCs with high expression of FABP4 leads to

downstream activation of genes including NF-kf§ and AP-1 and phagosome maturation, and down-

69



regulation of many mitochondrial genes. Red and blue boxes indicate identified up- and down-regulated

genes, respectively. Orange boxes indicate predicted activation.

Being one of the first studies conducted on human phagocytic APCs and their initial
interactions with C. neoformans with single-cell resolution, we hope to provide some potential
avenues for combating this pathogen. We were unable to determine the exact reason for
differences in cryptococcal killing, however, our transcriptional data show that fatty acid
metabolism is closely related to anticryptococcal activities by providing signals that confer a
protective phenotype. Furthermore, specific proteins targets have been identified and their place
in a model of cryptococcal infection must be thoroughly inspected. Identifying these protein
targets and their abundance within the cells at different stages of interactions is important as the
association between transcript level and protein amounts may not always strictly correlate, and
may not carry a biological meaning [282]. Ongoing studies in our lab are examining this
relationship closely to determine the causal effects these networks have on one another. We are
conducting studies to validate the gene expression data from the single-cell RNA-seq, examining
metabolic differences in antifungal cells vs permissive cells, and silencing upregulated genes in
order to determine their role(s) in antifungal activity. The ultimate question is whether the
expression of these genes and corresponding proteins confers a differential phenotype on the
outcome of intracellular cryptococcal cells. In addition, we are interested in the networks that are
activated and mechanisms used in successful antifungal host cells. The present study lays the
foundation for future work to examine these areas and discover new treatments for pulmonary

cryptococcosis.

3.5 Supplemental Materials

70



Table S3.1. Lung cell donor demographics and cell yield. Demographics for patient samples

used in this study.

b b i
D ";“" Age | *Race | Gender | o ol;j;li(oz Pa OI;I/I;:?OZ Chest X-Ray Results Cell Yield
Normal except for scattered areas of
1 29 AA Male 438 438 nodularity within right lung suggestive of 5.62 x 10°
bronchiolitis.
Normal except for stable left basilar infiltrate
3 57 AA Male 540 383 with layering pleural effusion and stable 4.61x 10°

right mild basilar infiltrate.

Normal except for stable right pleural

9
effusion and volume loss in right lung base. 6.02x10

4 35 AA Male 363 262

Normal except for persistent
5 52 C Female 244 139 pneumomediastinum, and persistent soft 3.36 x 10°
tissue gas in the neck and left chest wall.

Normal except for mild bilateral parahilar

6 34 ¢ Male 329 321 and basilar infiltrates.

7.30 x 10°

Normal except for increasing retro cardiac
density, blunting in the region of the left
costophrenic angle, and exclusion of the
right costophrenic angle.

7 48 C Male 344 243 7.01 x 10°

Normal except for bibasilar pulmonary

9
opacities. Possible small pleural effusion. 1.60x 10

8 28 C Female 283 338

Normal except for left lower lobe atelectasis,
9 54 AA Male 410 410 with right basilar opacity suggesting 1.24 x 10°
atelectasis

Normal except for bibasilar airspace

10 43 C Female 404 328 infiltrates.

1.80 x 10°

Normal except for a few hazy low lung
11 48 C Female 427 416 opacities, indicative of layering effusions, 1.92 x 10°
atelectasis, and/or airspace disease.

Normal appearance. Lungs are expanded and

9
clear. No pneumothorax or pleural effusion. 8.84x10

12 31 C Female 434 211

Normal except for left basilar opacities and

9
small left pleural effusion suspected. 4.93x 10

13 53 C Female 390 390

3 AA, C = African American, Caucasian
® Pa02/Fi02 = partial pressure arterial oxygen / fraction of inspired oxygen.
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Table S3.2. Antibodies and viability dyes used for flow cytometry. List of all antibodies and

conjugated fluorophores used in each flow cytometry panel.

Assay used in:

Standard Imaging|Imaging| TNF-|TNF-
Marker Purpose |[Fluorophore| Clone | Company ;n A fow flow o o
a?l\::l panel | panel [panel|panel
p #1 | # | #®
Fixable Viability Fixable N/A ThermoFisher n i ) ) i
Aqua Aqua
Fixable Viability Fixable Near [N/A ThermoFisher ) i ) N N
Near IR IR
CD45 Leukocyte |BV605 2D1 BioLegend + _ _ _ _
CD45 Leukocyte |PE 2D1 Invitrogen _ + _ _ .
CD45 Leukocyte |PerCP efluor |HI30 Invitrogen
710 - - T
Lineage Lymphocyte| APC UCHT]1,|BioLegend
cocktail lineage HIB19,
(CD3, 2H7, .
CD19, 5.1H11 i ) ) i
CD20,
CD56)
Calcofluor |External Calcofluor |N/A ThermoFisher
white fungi white + - - - -
CD207 Subset PE 10E2  |BioLegend + - - - -
CDll1c Subset PerCP efluor 3.9 Invitrogen
+ + - - -
710
CDlc Subset PE-Vio 770 |AD5- |Miltenyi n i ) ) i
(BDCA-1) 8E7
CD14 Subset APC efluor [61D3 [Invitrogen
+ - - - -
780
HLA-DR [Subset BV650 G46-6 |BD + i ) ) i
Biosciences
CD123 Subset BV785 6H6 BioLegend + - - - -
CD14 Subset AF405 RPA- |Novus
- + + - -
M1
CDlc Subset FITC L161 Invitrogen - + - -
CD207 Subset PE 10E2 BioLegend - - + - -
CXCLS/IL- |TNF-a FITC NAP II |Invitrogen
8 marker B ) B + )
CCL3/MIP-[TNF-a PE CR3M |Invitrogen
la marker B ) B + )
IL-1B TNF-a FITC CRMS56 |Invitrogen
marker B ) B B +
TNF-a TNF-a PE Mabl1 |Invitrogen
marker B ) B B +
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Table S3.3. Active cryptococcal detection results. Patient sample results for CrAg® LFA.

Sample Number | CrAg® LFA Results
Negative (-)

Negative (-)

Negative (-)
Negative (-)

Negative (-)

Negative (-)
Negative (-)
Negative (-)

Negative (-)

Negative (-)
Negative (-)

Ll Bt
ol =l NN F-CH B o) KU [N [UC) IO o

—_
[\

Negative (-)

Table S3.4. Complete list of genes differentially regulated between left and right clusters.

https://ndownloader.figstatic.com/files/38224728

Table S3.5. Complete list of genes differentially regulated between top and bottom left-side

clusters.

https://ndownloader.figstatic.com/files/38224731

Table S3.6. Complete list of genes differentially regulated between clusters #1 and #9.

https://ndownloader.figstatic.com/files/38224734
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Negative Positive
Control Sample Control

i

- - Test control
¢ Positive indicator

Figure S3.1. Representative Image of CrAg® LFA Results. Prior to processing, human BAL samples
were tested for active cryptococcal infection by the commercially available CrAg® LFA kit. From left to
right are shown representative images of a negative control, sample test result (#1), and a positive control.
One line indicates a negative result while two lines indicate a positive result. Two replicate tests were

performed on 12 samples (n=12).
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Figure S3.2. Representative Gating Scheme for Identification of Phagocytic APC Subsets during
Flow Cytometry. The gating strategy used for identification of the 6 phagocytic APC subsets is shown.
Red boxes indicate gates and red arrows point towards new plots from previous gates. Combination of
positive and negative gating was used to identify subsets. Bottom six plots display total population for each
of the six subsets with their respective uptake of mCherry expressing C. neoformans. Controls included
unstained and single-color samples for color compensation as well as isotype control for false-positive

identification.
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Figure S3.3. Representative Gating Scheme for Identification of Phagocytic APC Subsets during

Imaging Flow Cytometry. The gating strategy used for identification of the 6 phagocytic APC subsets
during imaging flow cytometry is shown. Colored boxes indicate gates and arrows point towards new plots
from previous gates. (A) Scheme used with imaging flow panel #1 for the identification of alveolar
macrophages. (B) Scheme used with imaging flow panel #2 for the identification of all other subsets.
Combination of positive and negative gating was used to identify subsets along with internalization mask

for internalized cryptococcal cells. Controls included single-color samples for color compensation.
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Figure S3.4. Identification of Phagocytic APC Subsets by Subset Specific Upregulated Genes.
Processed human BAL cells were enriched for phagocytic APCs and incubated with (G-L) or without (A-F)
C. neoformans strain H99 for 2h and then processed for scRNA-seq. Phagocytic APC subsets were
identified using upregulated genes ACACB (A/G), ADAMTS2 (B/H), DPP4 (C/T), CD207 (D/]), ANTXRI
(E/K), and CNKSR3 (F/L) for AMs, CD14*CD1¢ macs, CD14:CD1¢” macs, CD207" DCs, CD14*CDl1c"*
DCs, and CD14°CDI1c" DCs, respectively. Data shown are transcriptional regulation of shown genes for

18,958 (naive) and 22,344 (infected) total cells for three individual experiments for each cohort (n=3).
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A IFN-y B IL-12A C IL-12B D NOS2

E IL-4 F IL.-10 G IL.-13 H ARG1

Figure S3.5. No Differential Macrophage Activation or Th1/Th2 Bias among the Cells. Processed
human BAL cells were enriched for phagocytic APCs and incubated with C. neoformans strain H99 for 2h
and then processed for sScRNA-seq. Immune cells from the infected cohort were examined for markers for
macrophage M1 or Thl-type cytokine genes (IFN-y, IL-124, IL-12B, NOS2) (A-D) and M2 or Th2-type
cytokine genes (IL-4, IL-10, IL-13, ARGI) (E-H) activation. The cells experienced little to no upregulation
for any of the genes. Data shown are transcriptional regulation of shown genes for 22,344 total cells for

three individual experiments (n=3).
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Figure S3.6. Representative Gating Scheme for Co;felation of TNF-o Markers and Cryptococc;:l
Morphology. The gating strategy used for identification of cryptococcal morphology as they correlate to
TNF-a markers during imaging flow cytometry is shown. Colored boxes indicate gates and arrows point
towards new plots from previous gates. (A) Scheme used with TNF-a panel #1 for correlation with markers
CXCLS8 and CCL3. (B) Scheme used with TNF-a panel #2 for correlation with markers TNF-a and IL-1p.
Combination of positive and negative gating was used to identify individual markers and cryptococcal

interaction. Controls included single-color samples for color compensation.
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Figure S3.7. Representative Images of TNF-o Markers and Cryptococcal Morphology. Processed
human BAL cells were enriched for phagocytic APCs and incubated with the fluorescent mCherry
expressing C. neoformans strain JLCN920 for 2h and then stained with fluorescent antibodies for imaging
flow cytometric analysis. Representative images of internalized C. neoformans to determine fate of the
fungus. Budding and round fungal cells were considered as living while condensed and debris were deemed
as dead cells. (A) Representative images for TNF-a and IL-1p. (B) Representative images for CXCL8 and
CCL3. Combination of positive and negative gating was used to identify individual markers and

cryptococcal interaction. Controls included single-color samples for color compensation.
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Figure S3.8. TNF-a Signaling Is Not an Indicator for Cryptococcal Fate. Processed human BAL cells
were enriched for phagocytic APCs and incubated with fluorescent mCherry expressing C. neoformans
strain JLCN920 for 2h and then stained with fluorescent antibodies for imaging flow cytometric analysis.
Analysis revealed no significant differences between living and killed cryptococcal cells for cytokines
TNF-a (A), IL-1B (B), CXCL8 (C), or CCL3 (D). Examination of fluorescent strengths for cryptococcal
intensities (y-axis) against TNF-a (E), IL-1p (F), CXCLS8 (G), or CCL3 (H) (x-axis) exhibited a strong
positive correlation. Data shown for panels A-D are mean fluorescent intensities (MFI) of individual viable
CD45" phagocytic APCs from three individual experiments (n=3). Panels (E-H) show pooled data from the
3 experiments in panels (A-D) of the same cells. Trend line is represented by the red line. Two-tailed #-tests
were performed to compare pairs of MFIs with notation “ns” to represent no significance. Linear regression
was performed to compare correlations of cryptococcal interaction with TNF- o markers. Slopes of all

interactions were significantly non-zero (p < 0.0001).
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CHAPTER IV

CONCLUSIONS

The focus of this research was to understand the capabilities of primary innate
phagocytes against the fungal pathogen C. neoformans, and the investigations of our studies into
these capabilities are presented in chapters II and III. Previous work into cryptococcal killing has
focused on the oxidative mechanisms that immune cells use to kill the fungus, and considering
that C. neoformans uses melanin to protect against this type of activity, we wanted to focus our
research efforts into the nonoxidative (or enzymatic) means by which our phagocytes kill that
pathogen [28]. The lysosome organelle is the compartment responsible for the destruction of
many different types of pathogens and is host to many different compounds that enable it to
achieve these means [157]. Many fungal pathogen survival strategies revolve around either the
escape of this compartment or disabling/attenuating its functionality [283]. It is currently unclear
if immune cells have any ability to destroy these pathogens enzymatically outside of the
lysosome. The results of these studies are the focus of chapter II. Additionally, due to differences
in the nature of antifungal activity by macrophages and dendritic cells, we also investigated
differential antifungal activities of individual subsets of these phagocytes that reside in the human
lung [75,98,214]. Since primary cryptococcosis first is established in the lungs, investigations into
those resident immune cells, rather than cells circulating in the bloodstream, is a more applicable

model to study differential interactions. To understand these differences, we used single-cell
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RNA sequencing (scRNA-seq) to investigate differential gene expression and discovered changes
that would potentiate the cell’s ability to kill C. neoformans. These data are the focus of chapter
1.

Investigating the anticryptococcal properties of the lysosomal contents of dendritic cells
(DCs), we found that several different molecular weight fractions of the total lysosomal extract
have killing characteristics. A mass spectrometry analysis was conducted on the total lysosomal
extract, and we found it contained over 3000 different proteins. These findings were expected as
the lysosomes are responsible for the breakdown of many different molecules including
pathogens (bacterial, fungal, viral, etc.), biomolecules (proteins, lipids, carbohydrates, etc.), and
other cellular debris [157]. Furthermore, out of the ten total individual lysosomal proteins tested
in this study, five displayed anticryptococcal properties. Of these five, three (HNE, MMP25, and
MPO) have shown antimicrobial properties directly acting as proteases against Gram negative
bacteria [187,189,284] while the other two (coronin and NOSTRIN) are associated with
antibacterial activity through indirect means [190,191]. Human neutrophil elastase (HNE) is a
serine proteinase that cleaves protein through the catalytic triad of histidine, aspartate, and serine.
This lysosomal protein is of particular importance in the defense of cryptococcosis, as it is often
found in the anticryptococcal neutrophil extracellular traps (NETs), and previous work has shown
that HNE can inhibit the growth of C. neoformans when the NETs themselves are not inhibited
by the cryptococcal capsular component GXM [285]. MMP25 is a member of the matrix
metalloproteinases that are endopeptidases [188]. While not much outside of this study is known
about the anticryptococcal properties of these proteins, they are abundant during lung
inflammation, which coincides with early cryptococcosis [286]. Myeloperoxidase (MPO) is an
enzyme that catalyzes hypohalous acid from hydrogen peroxide and is abundant in lung
neutrophils. The anticryptococcal properties demonstrated by human lysosomal extract is
congruent with previous studies also showing its anticryptococcal properties in a murine model

[287]. The first nonenzymatic anticryptococcal protein, coronin, has not been previously
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investigated in the context of cryptococcosis, but it may assist in fungal killing as is an actin
binding protein that facilitates phagocytosis in leukocytes [190]. The other nonenzymatic
anticryptococcal protein was NOSTRIN (nitric oxide synthase trafficking) which also has not
been evaluated against fungal infection. However, previous research showed that it does induce
the release of nitric oxide which, in turn, is directly used to kill and inhibit the growth of C.
neoformans [191,288]. Further, each of the proteins tested did not correspond to any one
particular molecular weight fraction. In fact, many of these proteins were found in multiple
different fractions, most notably coronin and MPO were found in eight and four individual
fractions, respectively (Supplementary Table S2.1). The target for these proteins is currently
unclear as their mechanism of action is unknown. However, it has been previously shown that
they inhibit bacterial growth via disruption to the cell membrane or aiding the efficacy of
ROS/RNS [187-192].

The five remaining proteins (calmodulin, calnexin, cystatin B, SI00A6, and striatin)
tested in this study all displayed little to no anticryptococcal properties despite their potential
based on previous data and/or mechanisms [145,205,209,210,289]. Cystatin B is a molecule that
inhibits cysteine proteases such as the anticryptococcal protein cathepsin B [290]. However, we
chose to test this molecule due to the fact that other cysteine protease inhibitors (calpain and CA-
074) had a synergistic anticryptococcal effect when used in conjunction with cathepsin B [145].
In our study, this protein did not retain its anticryptococcal properties that the other inhibitors
had. Striatin also showed no inhibition of C. neoformans, despite having broad-spectrum
antimicrobial activity [289]. The remaining three proteins from our study displayed significantly
increased fungal growth when compared to the control. The S100 family of proteins are
characterized by an EF-hand type conformation in the calcium binding site [207]. Family
members S100A8 and S100A9 combine to form a heterodimer called calprotectin which can
inhibit cryptococcal growth through zinc exclusion [205]. However, the related protein S100A6

did not retain these anticryptococcal properties, but rather increased the growth of the fungus.
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Both calmodulin and calnexin are calcium binding signaling proteins that have been shown to
increase antimicrobial activity against pathogens, including Gram negative bacteria like
Pseudomonas [209,210]. This efficacy was not retained in our study as shown by the significantly
enhanced fungal growth when incubated with these two proteins. As for the molecular weight
fractions, these ineffective proteins were found in many different factions as well as some
fractions that displayed anticryptococcal properties (Supplementary Table S2.1).

Due to differences in testing procedures between laboratories, the Clinical and
Laboratory Standards Institute (CLSI) have published standardized protocols for antifungal
testing [165,168]. Using these protocols, we tested the five anticryptococcal lysosomal proteins in
order to establish their efficacy under these standards. CLSI guidelines stipulate testing to be
done in RPMI-MOPS media (pH 7.0) rather than the phosphate buffer (pH 5.5) we used
previously to mimic intralysosomal pH[145,154]. Therefore, we tested the proteins in both
conditions to evaluate any changes in activity due to changes in media and/or pH. Under these
conditions, HNE, MMP25, and NOSTRIN not only retained their anticryptococcal activity in the
acidic phosphate buffer, but also showed some activity in the neutral RPMI-MOPS. Changes in
pH can change the conformation of antimicrobial proteins, which may affect their activity [291].
Having proteins retain some activity under neutral pH is promising for the use of these proteins to
treat cryptococcosis where pH is more neutral in the tissues. The two remaining proteins (coronin
and MPO) had different MIC values in RPMI-MOPS than in our initial assays. These changes
highlight the need for standardized protocols in laboratories, as differences in methodology,
incubation conditions/time, and fungal concentrations can all affect the results of the study.

To further understand the properties of killing and inhibition of our lysosomal proteins,
we conducted further investigations into cryptococcal killing involving combinatorial assays and
time-kill kinetic assays. Amphotericin B (AmpB) is fungicidal against C. neoformans and is
usually the drug of choice against infection [47]. However, at high doses it can become toxic to

the host so investigations in reducing dosage while still maintaining efficacy are needed [292].
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Therefore, we conducted checkboard assays to test for any synergistic effects between our
lysosomal proteins and AmpB. Despite retaining their original effective concentrations, none of
the test proteins showed any synergistic (or antagonistic) effects when used in combination with
AmpB. These results are not too surprising due to the tested cryptococcal strain (H99), while
fully virulent, is still susceptible to AmpB. Investigations using strains resistant to AmpB may
yield different results. We also developed a time course assay to determine the rate of killing for
the lysosomal proteins. We took 2X the MIC values established above and incubated the
lysosomal proteins with C. neoformans over 48 hours and calculated CFUs at defined intervals.
We found that while all five proteins reached inhibitory levels after 48 hours, the rate at which
they inhibit differed. NOSTRIN, HNE, and MPO all reached >75% inhibition by two hours while
coronin and MMP25 needed at least 24 (the time for our initial assay) hours to reach the same
levels of inhibition. Time-kill kinetic assays are useful for understanding interactions between the
protein and pathogen and can infer differences in mechanisms of killing or resistance [293]. Our
findings imply that there is more than one mode of fungal killing among our proteins, and further
elucidation into the mechanism(s) is needed.

Before testing these proteins as therapeutics within an animal model, cytotoxicity tests
must be completed prior in order to establish mammalian cells tolerate the anticryptococcal
dosages. Therefore, we used a commercially available kit to test cytotoxicity in murine J774A.1
macrophages. Cytotoxicity standards state that cytotoxicity less than 30% is considered non-toxic
[176]. All of our tested proteins had values <30%, or non-toxic [218]. These proteins show initial
promise as therapeutics. However, their bioavailability in the bloodstream after medication
(depending on the route) and physiological relevance in a live model have not been tested. Those
types of data are difficult to gather until the complex interactions within a live model are studied.
Furthermore, there may be other complex protein-protein interactions that should be investigated
as well. These types of in vitro tests assess the bioaccessibility or the potential amount of active

compound available for absorption [294]. The data generated from these studies are a starting
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point from which more invasive bioavailability testing in live models can occur as the later must
measure the metabolic endpoints which cannot be evaluated by in vitro methods [295].

Further considerations must be had before human testing as these lysosomal proteins are
relatively large compared to current antifungals used for treatment. Amphotericin B is about 924
daltons and is one of the largest antifungal drugs while the tested lysosomal proteins are in the
30-80 kDa range and puts them in the category of large molecule drugs or biologics [218,296].
Being distinct from small molecule drugs, due to their size and complexity biologics carry unique
characteristics in absorption, distribution, metabolism, and elimination (ADME) [297]. The major
route of absorption for these molecules is through lymphatic uptake which is relatively slow and
can lead to a longer peak concentration (including possible toxicities) [298]. Additionally, the
volume of distribution in tissues can be small as it requires active transport through endocytosis
rather than passive diffusion [299]. Finally, once inside cells they are usually metabolized
through proteolytic degradation and eliminated by renal excretion [300]. Both of these processes
can be hampered by lysosomal diseases and kidney impairment [192,301]. Aside from ADME,
biologics can also be immunogenic and cause a host response which can eliminate them before
their intended action [302]. All of these properties must be accounted for before first-in-human
(FIH) dosing can even be researched [303].

Before phagocytosis and killing in the lysosome can occur, the immune cells must first
recognize and internalize a pathogen. There have been reports that macrophages can either be
fungicidal and kill the fungus or allow for its intracellular replication [75,214]. To study this, we
investigated the initial interaction between C. neoformans and human innate phagocytic antigen
presenting cells (APCs), such as macrophages and dendritic cells (DCs) in the lung. Previous
studies have found heterogeneity among the once established homogenous groups of these cells
within bronchial alveolar lavage (BAL) fluid and also in lung tissue [95,304,305]. Isolation of
cells from within the alveolar spaces is an important step in identification because many different

cells exist in the interstitial tissue of the lung, and additional monocyte-derived cells that can
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migrate into the lung in response to infection [232]. Together, different research groups have
found up to 8 individual subsets of macrophages and DCs (four each) [95,304]. Through the use
of flow cytometric analysis, our data show these different subsets within BAL fluid in similar
proportions as before. Furthermore, each of the six different subsets (three macrophage and three
DCs) that we examined were able to interact with and uptake the fungus in different capacities.
These differences are in line with the previous reports of these subsets having different
phagocytic indices for bacterial species at low MOIs [95]. Furthermore, the high association of
cryptococcal cells with pulmonary phagocytes were similar to what we observed in the murine
model [98].

The next step in determining whether each subset is fungicidal or permissive for
intracellular growth was to study cryptococcal fate, and we used intracellular morphology as a
proxy for this as previously shown for both Cryptococcus and Aspergillus [145,306]. Earlier
studies showed that C. neoformans adopts a c-shape or degrades into condensed blebs when
dying in the lysosome or following treatment with lysosomal enzymes [145,154]. To examine this
morphology, we used imaging flow cytometry in conjunction with an mCherry expressing C.
neoformans strain (JLCN920). In this study, we found that two of the macrophage subsets
(CD14'CDIc, CD14CDlc’), while able to phagocytose C. neoformans, were completely unable
to kill any of the internalized fungal cells. Comparing this to the mouse model of infection, we
see only one subset that exhibited significantly increased killing (Ly6¢c” monocyte-like
macrophage) and one that allowed significantly increased intracellular growth (CD11b" DC) [98].
One can also compare these results against Mycobacterium tuberculosis (Mtb), as that pathogen
has a similar disease presentation and resolution to C. neoformans. They both can survive
intracellularly in innate phagocytes such as macrophages, and they both promote Th2 responses
in evading the immune system [261]. However, unlike our study, with Mtb, alveolar macrophages

are permissive to intracellular growth, while the interstitial macrophages were antibacterial [241].
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Now that we have established that subsets differ in their anticryptococcal properties, the
question shifts to what makes these subsets different from one another? Why do some subsets
confer anticryptococcal properties, while others do not? Single-cell RNA sequencing (scRNA-
seq) was used on the innate phagocytic APCs following incubation/uptake of C. neoformans to
understand the transcriptomic differences that would impart killing versus permissive growth. We
were unable to utilize traditional bulk RNA-seq on the different subsets due to the time
requirements that cells need to be kept alive. Some subsets only survive ~4h after thawing, so
flow sorting and bulk sequencing were not viable options. Computational clustering of the
infected cohort showed twice as many different clusters when compared to the naive cohort. This
outcome was expected as only a portion of the cells will interact with the fungus and change their
profile, doubling the number of clusters [307]. To understand what cell type each of the clusters
corresponded to in the computational algorithm, we compared each cluster to subset-specific
transcriptional markers that have previously established [95]. However, none of these markers
correlated with any of the clusters, or even aligned with the macrophage differentiating gene
APOCI [308]. So despite being different subsets, the cellular processes that dominate the
interactions between immune cells and fungus drive the differences to a greater extent than the
subtle differences between subsets.

Since obvious patterns of computational clustering were not readily apparent, we used a
trajectory analysis to determine dynamic patterns of differences between clusters to infer
relationships and cellular processes [309]. Applying these analyses to the infected cohort revealed
two major branching paths (trajectories) that the clusters follow: one showing anticryptococcal
characteristics (with genes for fatty acid metabolism, antigen presentation, and scavenger
receptors upregulated) and the other being permissive for allowing intracellular cryptococcal
growth (mitochondrial genes upregulated). Two genes of note were upregulated in the
anticryptococcal clusters: FABP4 and MARCO. FABP4 has been shown to integrate lipid

metabolism with inflammation and, therefore, a protective response [310]. Additionally, MARCO
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is a scavenger receptor that contributes to early defense against cryptococcal infection [263]. This
receptor is mainly expressed on phagocytic APCs and can be upregulated during both fungal and
bacterial infections to both directly facilitate in phagocytosis and modulation of cell recruitment
and proinflammatory cytokines[311-313]. The fatty acid metabolism in the protective set also
mirrors the opposite phenotype in Mtb in which the antibacterial responses come from glycolytic
processes and the permissive cells utilize fatty acids [242]. However, our data in the human cells
supported what we observed in the murine model, which shows similar expression of antigen
presentation and mitochondrial genes [98].

Following the anticryptococcal clusters, we next sought to understand the processes and
changes in transcriptional profiles involved in the killing C. neoformans. Due to trajectory
analyses arranging clusters in a logical pseudotemporal order, we can see these differences in a
single incubation period [262]. Clusters in the early stages of cryptococcal killing have increased
expression of recognition genes (scavenger receptors MARCO and CXCL16) as well as
lysosomal markers (LAMP1/2) and anticryptococcal proteins (PSAP and CTSB) [145,273].
These line up with the previously mentioned MARCO that orchestrates early cryptococcal
defenses [263]. In the later stages, these genes give way to more signaling genes that include JUN
and FOS (which form the transcription factor AP-1) and TNF-a response genes (including
chemokines CCL3 and CXCLS8) [278,280]. These signaling genes have been shown to lead to
Th1 and Th17 type cytokine responses, which are applicable for protective responses against C.
neoformans [75,268].

With the evidence that the anticryptococcal cells increase regulation of TNF-a response
genes, we wanted to correlate whether these increased transcript levels coincide with the killing
cryptococcal morphology displayed earlier. Analyzing the fluorescent intensities of TNF-a, IL-
1B, CXCLS, and CCL3, we found there was no correlation between these markers and
cryptococcal morphology. This is possibly due to the lag time in protein production during a

transition state. As the cell transitions to the killing phenotype, it needs to make the mRNA first
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before gearing up the machinery to manufacture the protein. Only during steady state where cells
are undergoing long term processes such as proliferation can mRNA and protein levels be
accurately correlated. Short term and dynamic processes (as in our study) can induce these
differences leading to nearly 80% variance in abundance [282]. Instead, we saw differences in
TNF-a (and downstream markers) protein levels in cells that have interacted with C. neoformans
versus those that have not. This initial interaction happens prior to killing and, therefore, is likely
to have more time to proceed to the later signaling stages before killing can occur.

Putting these scRNA-seq data together, a sequence of events occurs as subsets of
phagocytic APCs kill the fungus (Figure 3.10). This starts with the recognition of oxidized low-
density lipoproteins (oxLDL) by scavenger receptors (MARCO and CXCL16) with are abundant
in FABP4" cells. The source of oxLDL is currently unclear and may be derived from either
endogenous (lung surfactant) or exogenous (fungal vesicles) sources [93,269]. Whatever the
source, these will get taken up and increase the intracellular concentration of lipids which will
signal FABP4. This intermediary between metabolism and inflammation can then signal the
response genes that activate either through JINK-AP-1 or IKK-NF-«k3 pathways [264]. These
pathways can regulate anticryptococcal cytokines/chemokines such as TNF-a, CCL3, CXCLS,
IL-12 and IL-23 [278-280]. Concomitant to these, the immune cell is also actively killing the
fungus through both oxidative and non-oxidative mechanisms which can then lead to antigen
presentation through either MHC-I or MHC-II [145,272,275,314]. Our studies found the
anticryptococcal lysosomal proteins cathepsin B and saposin being upregulated in this scenario.
There may be other genes within these data that may confirm our previous findings on
anticryptococcal lysosomal proteins. However, the cells used to generate those data were from
murine DCs while this study used human lung cells (a mix of macrophages and DCs) and,
therefore, genes may not be the same across cell types and host. Additionally, in the model are

feedback loops in the form of JUN/FOS directly feeding into FABP4 and TNF-a cross-feeding
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into AP-1[268,281]. As all these processes take place, there is a sizable downregulation of
mitochondrial genes which can occur directly through FABP4 signaling [271].

These data suggests that the axis for cryptococcal defense seem to rotate around the
modulation of FABP4. Going forward, we must first validate these findings empirically to better
understand the role of FABP4, fatty acid metabolism, and their modulatory networks in host
defense against fungal pathogens. There have been previous studies showing both the viability of
knockout (KO) mice and the efficacy of pharmaceutical inhibition of FABP4. One such study
was able to investigate KO mice up to 9 months in age which is longer than needed for murine
models of cryptococcosis [113,252,315]. Further studies have found that the FABP4 inhibitor
BMS309403 can influence the modulation inflammation and macrophage programming [316-
318]. While not directly related to fungal pathogens, the aforementioned studies do show a link
between fatty acid metabolism and host defense, and this link is shown to play a role in the
resolution of sepsis in mice [319]. The other side to all of this is the host response as it correlates
with an upregulation of FABP4. It is possible to supplement media to induce fatty acid
metabolism (and the induction of FABP4), however, care must be taken as even low levels can
impact models in the form of lipotoxicity [320,321]. Further studies can investigate the levels of
FABP4 in naive cells, but this type of assay can be limiting as tissue resident cells have a short
lifespan and are not suitable for FACS or magnetic sorting in addition to standard sequencing
preparation work.

Typically, Thl type CD4" T cell responses are responsible for eliminating the pathogen,
however, in cases where the patient has a compromised immune system (as with HIV/AIDS) this
type of response is not always possible [47]. In treating someone with both cryptococcal
meningitis and AIDS, care and a proper treatment regimen must be followed to ensure the highest
possible survival rate. This includes the treatment of the fungal infection with antifungal drugs
prior to treating HIV with antiretroviral therapies (ARTS), to prevent cryptococcal immune

reconstitution inflammatory syndrome (C-IRIS) [322]. This presents as exaggerated and even
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destructive inflammatory responses as the result of the rapid reversal of a weakened immune
system to create a Thl cytokine storm [323]. Due to these difficulties, we have explored other
means by which to treat this disease. Both the who (anticryptococcal phagocytic APC) and the
how (nonoxidative lysosomal proteins) were explored in these studies. Future work will need to
explore these properties in detail to elucidate both the full pathways and the mechanisms by
which cryptococcal killing occurs. Differences in metabolism between killing versus permissive
cells may be paramount, as innate immune cells respond differently depending on the invading
pathogen [98,242,324]. And by using and exploiting endogenous proteins and pathways to kill C.
neoformans, we do not risk both C-IRIS and toxic antifungal compounds.

With over 225,000 yearly cases which carry an 80% mortality rate, cryptococcal
meningitis is one of the leading causes of death in HIV/AIDS patients [31]. These numbers are
unacceptably high and the need to find new ways to combat this pathogen is paramount. Due to
lower overall funding for the development of novel compounds against C. neoformans and fungal
diseases, in general, the importance of chapter II becomes apparent [S1]. We found not only new
compounds which inhibit the growth of the fungus, but there may be multiple modes of inhibition
among the proteins. Furthermore, they are all well tolerated in mammalian cells which means
further testing in an animal model of cryptococcosis is possible. Chapter III searches for
differences among our immune cells and reveals a cryptococcal killing and permissive phenotype.
Transcriptional variations between these two phenotypes will give us possible avenues with
which to attack the pathogen. In addition, the metabolomic changes gives us clues about how
cells are investing their energy as they become stressed by the fungus. Many of these differences
are similar to our findings using mice. Therefore, we can now begin to validate some of these
finding and study specific genes and pathways to elucidate the specific mechanisms of antifungal
activity [98]. Considering that C. neoformans is distributed worldwide, these findings can go a

long way in combating a disease which can affect many people.
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