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V. Abstract

Candida albicans is one of the most prominent human fungal pathogens. The usage of
vertebrate and invertebrate in vivo models of candidiasis have provided important insights
into the pathogenesis of fungal pathogens. However, there are still limitations with the
available animal models used to analyze the early stages of fungal infection and the
ensuing response in both the host and the pathogen. Here, | describe the development
and characterization of a new model that improves the ability to study the initial stages of
a fungal infection. Specifically, | studied early infection stages of C. albicans infection using
the planarian flatworm, Schmidtea mediterranea. | demonstrated that C. albicans
successfully infects and colonizes planarian tissue. The virulence of C. albicans in the
planarian model is dependent on the ability of C. albicans to adhere to and to form
filaments during infection, which is similar to what has been observed in vertebrate
infection models. Interestingly, however, | show that adherence of C. albicans to the
planarian epithelial layer leads to a uniqgue multi-system response (not shown using other
models) involving the nervous and excretory systems along with transcriptomic changes
resembling the early wound response. | propose that the increased activity of the host
excretory system may be mediated by cholinergic neurons to increase mucus secretion
leading to a reduction in C. albicans adhesion. Mechanistically, | identified that C. albicans
infection triggers increased expression of the Dectin signaling pathway and stem cell
hyperproliferation. Collectively, | demonstrate that planarians are a tractable model system
to investigate host-pathogen interactions resembling the virulence and characteristics of
an early mucosal fungal infection in mammals. In addition, my work demonstrates that
planarians are useful in understanding unigue aspects of how fungal pathogens interact
with their hosts that are not currently observable using other animal model systems.
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1. Introduction

1.1. Host-pathogen interactions

Animals are exposed to a myriad of pathogens throughout their lifetime!? and as a result
have established several lines of defense including barriers, immune cells, and effector
proteins®>. Pathogens interact with all of these defenses, adapting to the host, surviving
within the new environment, and when conditions allow it infecting and invading tissues®
8, The study of host-pathogen interactions investigates the responses of both organisms
during the active infection. The goal of these studies is to increase our understanding of
infectious diseases and elucidate the different stages of infection to design effective
clinical interventions.

Many animal models have been adapted to study host-pathogen interactions and have
identified novel immune functions, which may be useful for studying and combating human
diseases®1!, Clearly, a single model that is highly descriptive of humans would be ideal,
but organisms differ in their response to diseases and infections; therefore, prioritizing and
focusing solely on one animal model decreases the chances of significant scientific
developments'2. Thus, analysis of varied immune responses across the animal kingdom
may glean life-saving knowledge of interactions fundamental to animal survival in distinct
host environments.

Several unigue mechanisms have been identified in a variety of animals to prevent the
colonization of pathogens**!4. For example, a pathogen such as herpes viruses
(Herpesviridae) can infect both invertebrates and vertebrates even though they possess
vastly different immune systems!®. Disparate cellular and humoral responses upon
infection are generated by these groups of animals for elimination of the same pathogen.
Importantly, studying how different hosts interact with the same pathogen has provided
insight into conserved and unique functions of their immune systems. For example, Toll-
like receptors, important pattern recognition receptors (PRRs), were first observed in
Drosophila melanogaster®®. Further, the generation of biofilms was observed on medical
devices in rat models'’, and innate immune memory (also known as trained immunity) has
been observed in various invertebrate species!®. Moreover, pathogens have developed
several tactics for survival in different hosts, enabling them to escape varied strategies
used against them. For example, the fungal pathogen Candida albicans has different
morphological phenotypes that allow it to survive and infect diverse animals and tissues®®.

Non-mammalian model organisms are increasingly used to study infection behaviors of
human pathogens?°. These are usually invertebrate models, which are used to investigate
virulence, biofilm formation, and host-microbe interactions with different pathogens?:.
Invertebrate models for the study of infections have become popular because they are
less expensive to culture in laboratory settings, less ethically challenging, provide
relatively rapid responses, and these organisms are genetically tractable hosts compared
to murine models?. In addition, invertebrate models aid in the discovery of new
therapeutic agents and aspects of the innate immune response to pathogens?. Although
some argue that invertebrate models are less valuable than mammalian models, it is
increasingly recognized that they serve as powerful tools to classify the development,
adaptation, and evolution of infections.
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Each animal has uniqgue mechanisms for the identification and elimination of pathogens.
Likewise, individual pathogens have specific adaptions for interaction and survival within
hosts. Thus, introduction of a novel model can provide new knowledge of important human
pathogens, such as C. albicans.

1.2. Candida albicans: Virulence factors and host infection models

Fungal pathogens are an increasing threat to global public health, as they kill more than
1.5 million and affect over a billion people every year?*-2¢, The emergence of antifungal
resistance and the ability to adapt to different environments have increased the prevalence
of fungal pathogens worldwide. The genus Candida, which includes around 500 species,
contains a few species that infect humans, several of which are opportunistic pathogens
found in the human microbiota?-?°. These species are responsible for most hospital-
acquired fungal infections®%3!, The pathogenic species Candida albicans is the most
prominent human fungal pathogen®. C. albicans can quickly adapt to dynamic
environments and evade host defenses facilitating tissue colonization. Thus, although
there have been advancements in both diagnostics and treatments, C. albicans remains
challenging to treat®:,

Humans naturally have C. albicans in their microbiota as a commensal. More specifically,
it is found in the vascular system, skin, oral cavity, esophagus, gastrointestinal tract, and
genitalia in the human body®*. As a commensal, C. albicans asymptomatically colonizes
mucosal surfaces; however, disruptions in the host environment or presence of immune
dysfunction can result in proliferation of C. albicans and subsequent invasion of virtually
any site in the host. While most of the infections caused by C. albicans are superficial, this
pathogen can also cause lethal systemic infections. Fatal infections primarily affect
immunocompromised individuals with co-morbidities such as AIDS, individuals
undergoing treatment with cancer therapeutics, and individuals receiving
immunosuppressant drugs®.

C. albicans uses its phenotypic switching ability to infect a wide range of tissues. For
instance, its ability to change morphologically allows it to adapt to completely different
environments like the digestive tract and skin®®. These morphological changes depend on
environmental cues and conditions that favor one morphology over another. The ability to
transition between different growth forms of C. albicans, such as the budding yeast form,
pseudohyphal and hyphal forms is an important virulence factor for disease progression®
(Figure 1). These growth forms have different virulence capabilities, and their importance
depends on the specific environmental niche. In particular, many adhesion proteins are
expressed by the hyphal growth form, which is an important growth form for invading host
tissues. In addition, the hyphal growth form has the ability to mask pathogen-associated
molecular patterns (PAMPS) through rearrangements of the cell wall, making it challenging
for the host to identify and eliminate this pathogen®"-28, At the same time, C. albicans grows
in the yeast growth form in the gastrointestinal tract®®, which is known to support its
colonization as a commensal in that niche.

In addition to transitioning between the yeast and hyphal growth forms, C. albicans also
can switch between the white and opaque cell states (Figure 1). This transition is
epigenetically regulated and controlled by the mating type locus®, and affects multiple
traits in C. albicans, including immunogenicity, pathogenesis and niche specificity*.
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Perhaps the most apparent difference is that the opaque state is stable at 25°C , is
metabolically specialized for selective nutritional conditions, and seems to be specialized
for skin colonization*2. In addition, the filamentation response and the genetic wiring are
different in both states. Another phenotypic state is the GUT (gastrointestinally induced
transition) cell type of C. albicans?. GUT cells seem to be attenuated in most mammalian
host niches and appear to be specialized for the gastrointestinal tract*®. Overall, these
various cell states reveal how C. albicans uses distinct strategies to transition and adapt
to multiple host niches and notably, between being a commensal and invasive pathogen.
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GUT Opaque

Hyphae Pseudohyphae

Figure 1: Common Candida albicans cell types. Representation of some of the common and reversible cell
types of C. albicans.
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In addition to phenotypic switching, other important virulence factors, such as adhesins,
are essential for the early stages of the C. albicans infection. Adhesins are specialized
proteins that mediate fungal cell adherence to other microbial cells, to abiotic surfaces,
and to host tissue**4°. The agglutinin-like sequence (Als) family of proteins consists of at
least eight characterized fungal adhesins. The C. albicans ALS genes encode
glycosylphosphatidylinositol (GPI)-linked cell surface proteins, and Als3, in particular, is
crucial for adhesion*®4?. Als3 is overexpressed during infections in vitro and in vivo and is
one of the adhesins that contributes to early biofilm formation. Further, disruption of
adhesins, and subsequent reduction in C. albicans adherence, results in attenuated
virulence in murine infection models*®.

Even after adherence and colonization, C. albicans continues to express several virulence
factors including secreted aspartyl proteinases (Saps)*®, which are crucial for oral
colonization as they function in adherence to tooth surfaces and in the degradation of
proteins. Expression of SAP genes differs and is particular to specific host tissues and
environments. SAP1 and SAP3 are overexpressed during oral infections, while in
epithelial infections SAP2, SAP4, SAP5, and SAP6 predominate®®®, Saps fulfill different
specialized functions during infection that include digestion of host tissues, cell
membranes, and molecules®?. As a result, C. albicans expresses different sets of SAP
genes depending on the specific animal model or tissue infected.

A wide range of animal models have been used to study the virulence factors and infection
processes of C. albicans, with murine models being the most common. Virulence is
typically assessed in these models through injection of a high concentration of C. albicans
into the tail vein of the mouse followed by harvesting of organs to analyze infection. In
addition, mice and rats provide a variety of infection niches that mimic human colonization
sites, such as the vagina, oral cavity, and bloodstream®%3, Although mouse models are
often considered to more accurately recapitulate human candidiasis than other models,
an immunocompromised mouse must be used®. This provides a disadvantage as it
eliminates a component of the host immune response and disrupts the natural interactions
between the host and pathogen.

In addition, although mouse infection models display similarities with the human system,
they currently only recapitulate late stages of infection, hindering the study of early stages
of C. albicans infection. As an alternative, invertebrate models display a similar course of
C. albicans infection as observed in humans. Moreover, invertebrate models can reveal
unique features of C. albicans and host responses not observed in mammals. Therefore,
using a variety of models, both vertebrate and invertebrate, provides complementary
perspectives and unigue advantages due to differences in environmental stressors,
immune systems, and tissues. Utilization of animal models to study the development of
infection will result in a more comprehensive understanding of how C. albicans adapts to
and survives in the host environment.

I introduce the planarian Schmidtea mediterranea as an alternative invertebrate model to
study different stages of C. albicans fungal infection. The planarian model has the
advantage of allowing observation of infection at early time points, as it can mimic a
mucosal epithelial infection (i.e., a skin infection) occurring at room temperature. Due to
the ease of infection and exposure to various pharmacological agents, Schmidtea
mediterranea is an excellent model organism for infection. Further, this model will facilitate
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investigation of several C. albicans virulence factors, such as morphological transitions,
the secretion of proteases, and the expression of adhesins, all of which have been
suggested as attractive therapeutic targets. In addition, highly virulent Candida species,
such as Candida auris, are emerging and becoming more prevalent, and further exploring
fungal infections with the planarian model may reveal potential solutions for human health

issues caused by other fungal pathogens.

Animal model Advantages Disadvantages

Mus musculus

- Most resemble human infections

1. Must be immunocompromised

1
2. Observe infections in medical devices 2. Infected by injection
and @ 3. Variety of different tissue to infect 3. Long life span and higher cost
rattus rattus 4. Whole genome sequence
5. Creation of Knockout murine models
Drosophlla 1. Fast thruput model and cost efficient 1. Must be immunocompromised
2. Whole genome sequence 2. Infected by injection
me’anOQaSter 3. RNAI libraires available 3. Requires specific lab equipment
Caenorhabditis 1. Fast thruput model and cost efficient 1. Does not possess immunocompetent cells
2. Rapid life cycle 2. lts hard to calculate how many C. albicans
elegans /'/ 3. Physiologically simplistic cells are consumed when infected through
4. Cuticle is transparent feeding
5. Progeny are identical 3. Infecting through injection is difficult because of
its small size.
Galleria @ 1. Fast thruput model and cost efficient 1. Not able to produce mutant strains
2. Cangrowin 37 °C 2. Infected by injection
mellonella 3. Large enough to inoculate without 3. Warmer temperature improves its immune
(larvae) causing too much damage response

Table 1: Animal models for C. albicans. Advantages and disadvantages of different animal models used to
study C. albicans infections. Note, D. melanogaster, C. elegans and G. mellonella are invertebrates and do
not possess an adaptive immune system.

1.3. The planarian Schmidtea mediterranea, a new model for host-pathogen
interactions

Planarians are widely used for the study of fundamental biological questions associated
with stem cell-mediated tissue regeneration and maintenance of adult tissues. Planarian
are bilaterally symmetrical, triploblastic animals that can reproduce sexually or
asexually®®%¢, Furthermore, the planarian model contains a small genome with a basic
anatomy, making it a tractable model (Figure 2A-B). As an invertebrate model, planarians
have a complex primordium body plan consisting of a brain, ventral cords, protonephridia,
digestive system, immune system, and diverse range of cells (Figure 2C)%. In addition,
planarian flatworms possess a large pool of adult stem cells called neoblasts, which are
instrumental for their regenerative capabilities, developmental plasticity, and cell turnover
(Figure 2C)%%°, In recent years, the immune system of planarians has received more
attention for its potential to regenerate tissues and the ability to clear a broad spectrum of
pathogenic bacteria within a short period of time. Current studies in freshwater planarians
are primarily conducted in two species, Schmidtea mediterranea and Dugesia japonica,
which are likely to encounter a wide variety of microbial pathogens in their natural habitats
(i.e., ponds, rivers, etc.)%52,
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Figure 2: The anatomy of the Schmidtea mediterranea planarian model.. (A) A general orientation
of the planarian in whole-mount images. (B) Model of the transverse cross-sections of planarians.

(C) Depictions of multiple systems and stem cells in planarians.
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Remarkably, during asexual reproduction or accidental injury, there are little to no traces
of infection in open wounds$263, These observations provide an opportunity to study the
role of the invertebrate immune system in clearing and preventing the growth of microbes.
In addition, resources exist for data mining and genomic analysis to identify possible
human homologs with predicted functions in the immune system of planarians®6465,
Finally, using a combination of transcriptomic analysis and the ability to disrupt gene
expression, fundamental molecular mechanisms and signaling cascades of the planarian
immune response can be identified. Exploiting these mechanisms could potentially
eliminate pathogens during injury or colonization in humans.

Recent interest in the planarian immune system led to the identification of several
molecular structures capable of identifying mucus membranes, phagocytic cells, Pattern
Recognition Receptors (PRRs), complement, and natural flora®"61:6466-68  The first barrier
of the immune system is mucus, which contains digestive and immune properties and
provides an extra obstacle for pathogens to overcome %72,

Planarians have a thin mucus layer covering their exterior and lining the digestive
system’2”®, This mucus layer represents the first physical barrier to pathogenic
microorganisms (Figure 3A-B), and aids in digestion, locomotion, adhesion, and immunity.
Gland cells, called insunk epithelial cells, are found in the pharynx and subepidermal
regions of planarians, which secrete mucus (Figure 3C)". This mucus is a dynamic
semipermeable barrier that allows for the movement of vital molecules and obstructs
movement of invading pathogens. Proteomic analysis of the planarian mucus revealed a
total of 1,604 proteins, some of which are antimicrobial peptides, zymogens, and
proteases that possess digestive and immunological roles (Figure 3B-D)®7°,
Phenoloxidase is an active zymogen in planarians that originates from its precursor,
prophenoloxidase®%4. Phenoloxidase facilitates the formation of the pigment melanin,
leading to the sequestration of foreign material when phagocytosed’®. The mucus within
the intestinal system of planarians contain several proteases with predicted roles in
activation of PRRs"’.

The planarian immune system has long been known to recognize and respond to
pathogens, while discriminating their own microbial flora. Recent studies show, planarians
eliminate prominent, lethal, and evasive human pathogens®¢57, Moreover, the planarian
model has shown impressive recovery when infected via feeding, soaking in, or injection
of various pathogens®°%6:67 These infection studies and the improvement of the genome’s
annotation have resulted in increased attention on the immune system of this organism.
The planarian’s robust immune system was first studied through infections of various
bacterial pathogens® 8 including Mycobacterium tuberculosis and Staphylococcus
aureus, which are prevalent human pathogens and the leading causes of death by
infection worldwide®. For these studies, planarians were infected via feeding of 1 x 10° —
1 x 10° bacterial cells mixed with 50 pL of liver, and within three to nine days the bacterial
infections were cleared®. In another case, planarians were incubated with Pseudomonas
aeruginosa for 24 to 48 hours. While feeding P. aeruginosa to planarians did not cause
disease, infection through soaking did®. In fact, at a concentration of 2 x 108 cells/mL,
pseudomonas infection caused morphological phenotypes and even death in some cases.
The contradicting results obtained with these infection methods demonstrates the
differential immunological responses of the gut and epidermis of planarians. Moreover,
these studies resulted in the identification of human homologs relating to autophagy, the
immune response, and inflammatory pathways. Nevertheless, knowledge of the planarian
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immune system remans incomplete as these recent investigations have only scratched
the surface.

Planarian infection studies also resulted in the identification of the immunological roles of
phagocytic cells contained in the planarian digestive tract. The presence of these
phagocytic cells in the digestive tract suggests the ability to rapidly uptake and eliminate
pathogens and foreign particles (Figure 3E-F)%%. In addition, prior studies had found that
phagocytic cells can migrate from the digestive tract into other tissues when animals are
injected with heat-shocked bacteria®. However, these observations were made using an
electron microscopy, and no markers or mechanisms of cellular-mediated elimination of
pathogens were analyzed. Thus, more research is necessary to understand how
phagocytic cells of planarians function. It should be noted that planarians, like other
invertebrates, have evolved over long periods of time. Thus, novel effectors against
microbial pathogens are likely to be identified in this model.
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Figure 3: General outline of the planarian immune system. (A) Phagocytic cells along the digestive tract. (B)
Magnified illustration of the digestive epithelium and connective tissue underneath (Basal Membrane),
highlighting the mucus layer covering epithelial cells (yellow outline). (C) The mucus membrane creates
resistance and countercurrent that prevents microbes from colonizing and penetrating the epithelial layer. (D)
Mucus proteins: zymogens and protease (purple and red structures, respectively, participate in the
degradation of microbes and initiate inflammatory responses. Green shapes are predicted C-type lectin
functions that may participate in the elimination of microbes. (E) Representation of the potential mechanisms
used by phagocytic cells to eliminate microbes in planarians. The process may involve the fusion of the
phagosome with lysosome-containing degradative enzymes. (F) A hypothetical scenario whereby phagocytic
cells secrete perforin which binds to microbes and creates a pore structure resulting in diffusion of the
cytoplasmic contents.
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1.4. Interactions between Planarians and Candida albicans

This research aims to establish the planarian flatworm as an infection model for Candida
albicans. Focus was placed on the planarian’s ability to eliminate the fungal pathogens
and C. albicans’ ability to invade planarian tissue. Specifically, | utilized the planarian
model to observe different stages of C. albicans infection and identify the subsequent host
responses. First, a methodology was established to observe the early stages of infection
and classify any phenotypes in the planarians resulting from exposure to C. albicans.
Additionally, | aimed to identify the C. albicans virulence factors that are responsible these
responses.

| identified that adding C. albicans cells to the water where planarians are stored (i.e.,
soaking) was the best method compared to feeding or injecting the pathogen (Figure 1).
Feeding and injecting the pathogen produced inconsistent amounts of adhering C.
albicans. In addition, it was challenging to inoculate the pathogen in a high enough
concentration to cause any morphological changes, and the few cells that did attach would
only last two days before being cleared. On the other hand, the success of the feeding
method depended on the amount of pathogen and food (i.e., liver paste) each animal
consumes. As a result, there was great variance in the number of C. albicans cells
inoculating the planarians. Further, no morphological phenotypes were observed post-
infection using the feeding method. Whereas infecting through soaking was the most
consistent, this method showed equal distribution of C. albicans cells adhering to the
planarian epithelium and demonstrated several morphological phenotypes. Furthermore,
| was able to observe C. albicans penetrating the epithelium and infecting deeper tissues,
resulting in severe and lethal infections. | concluded, the soaking method with C. albicans
was the most convenient strategy to infect planarian.

| also studied the cellular response planarians mount during C. albicans infection.
Planarians have pluripotent stem cells called neoblasts that are essential for regeneration
and tissue renewal®*8!, | identified two time points when there is an increase in neoblast
mitotic activity during infection. A similar mitotic response has been described upon
injury®283_ Nonetheless, | noticed the spatiotemporal mitotic responses were somewhat
different between infection and regeneration.

The C. albicans infection-induced neoblast hyperproliferation was specific to a subset of
stem cells and geared toward the excretory and neural lineages. This finding led us to
examine the transcriptional responses of differentiated tissue related to these systems
during infection. | found that the expression of markers in cholinergic (chat+) neurons
increased during the infection. Moreover, knockdown with RNAIi targeting
neurotransmitters produced in cholinergic neurons led to an increase in mucus production,
suggesting a potential role for these neurons in the regulation of mucus production.
Additionally, the expression of markers associated with protonephridia cells, which are
critical to balance electrolytes, fluids and other molecules, also increased. This together
with the macroscopic observation of increased mucous production upon infection, led me
to speculate that antimicrobial peptides are secreted, and the transcriptional increase
observed in protonephridia is likely involved in the cellular response to fight the pathogen.
These findings suggest that there is a multi-system response involving multiple planarian
tissues that lead to effective clearance of the fungal infection in planarians.
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Furthermore, | identified that proteins commonly involved in C. albicans adherence are
mediators of the host cellular response during fungal infection. | tested C. albicans als,
sap, and bcrl deletion mutant strains; these genes are responsible for adherence, hyphal
formation, production of secreted proteases, and biofilm formation. Using these C.
albicans mutant strains to infect planarians, | analyzed the resulting mitotic response in
the host. | found that the als3 and bcrl mutant strains are avirulent and elicit a lower mitotic
response in the host compared to the wildtype strain. Based on these results, | propose
that adherence of C. albicans to the planarian initiates the immune response and that
filamentation enhances virulence of the pathogen during an infection. In addition, this new
planarian method of infection provides insights into the host immune response and
confirms similar observations made following C. albicans infection of other animal
models®7-¢8

The host-pathogen model described in this work bears strong resemblance to early
mucosal infections in mammals, which could lead to additional understanding about fungal
infections. The developed infection method allows numerous experiments to be conducted
in a short period of time, as analysis of the pathogen’s virulence, host immune response,
and the observation of infection can all be accomplished within one week. It also allows
systemic analysis of host responses and study of the complex interplay of several tissues
in response to a superficial infection. Overall, this new experimental model has produced
new knowledge about the planarian immune response to a fungal pathogen and provides
a tractable tool to dissect early stages of fungal infections.
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2. Materials

2.1. Organisms
Planarians:

Schmidtea mediterranea CIW4 is the planarian species used in all the experiments. The
planarian culture was maintained as previously described®*. All planarians were grown
and raised in water with 1x Montjuic salts (planarian water). They were fed liver once a
week when not used in experiments. Every experiment used animals that were starving
for at least one week, apart from the antibiotic exposed animals that were starved for two
weeks.

Microorganisms:
Candida albicans strains:

Candida albicans strain SN250 and SC5314 were used as the wildtype control strains.
The hyper-filamentous strain TF125 (nrg1)® and non-filamentous strain TF156 (efg1)®®
were used to compare the effects of filamentation on the planarian model. Mutant strains
TF137 (bcrl)®®, asl1®, als3%, sapl/sap2/sap3®’, and sap4/sap5/sap6®’, were used to
assay different virulence factors of C. albicans.

Bacterial strains:

NEB 10-beta Competent E. coli is the bacterial strain used for cloning.

2.2. Plasmids and primers

All cloning was used with pCR-TOPO from Thermo Fisher.

Primers:

Primers were designed using NCBI primer blast®. The designed primers were then
ordered through Fisher Scientific using their oligos synthesis services.

List of primers used:

Dectin signaling | gPCR primers Cloning primers

markers

syk ACGATTCCAGTGGCTGTCAA ACAACCCCTGGGGAATACCT
CGCAGTTGTGACATTGTTCGT GCCATTACACGTGCTTCTGC

card GAGCAATCTAGTGAAGATCCGACT | CAACCACACCCATTCCAGAGA
CTCTGGAATGGGTGTGGTTGT AAGACGAATGCACCATCAACG

blc TGCCACAGGTCCATTGCTAA TCATTTTGCAGAACCCGAATCA
CCATCCACCGTGTAGAATGA TTAGCAATGGACCTGTGGCA
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maltl TGTGCTACACTAGAGACCTCC TGGAATAAAACGGCTGGCCT
AGGCCAGCCGTTTTATTCCA GCGGTTGCAGAAATAGTCGG
tabl TTGCGGACTAAACCCGGATG TGGGGTTATTTTTCGCTGGC
AATCCCCGACACAACGAGAA TCCGGGTTTAGTCCGCAATC
takl AAGCTGTATGGTGCAGGTCC ACCGTCAAATCGGTTCAGCA
TCCTTGTGCCAGCGTGTAAT CCGGTCGCTCCTTGTATTGA
Neobalst | Neobalst gPCR primers Cloning primers
Markers
NB2 tspan-1+ TGCTGCGGACGAATCAGTTA | GGTAGCCTGTCGTTGGGAAT
AGTCGCGTTTAGAACGGCAT | CAGCCGGTGTTCCAATCGTA
NB3 Imo3+ ATGAGGGCGGGAAGTTTTGT | AACCAGGCCTCTCTGTTGAG
ACATTTGTCCCCAACGCAAA | AACTTCCCGCCCTCATTACC
NB11 ston-2+ TGTTCTTGCACCTCACGACA | AAGCATGTTGGAAGCAAGCG
GCTCCTGAAACTGTGCTTGC | CCAGTACCCGTTAGGCCATC
NB9 pou2-3+ TCGGGTTAGCCCTCGGTAAT | GACGAGTTGGAGCAGTTTGC
TCGGCTTCTTGCAACCACTT | AACCTCAATGCTGGTTCGCT
NB4 pcdh1l+ CGAGTGCCGCATACAAATCG | CGAGTGCCGCATACAAATCG
CGTCATCGGTTGCAATTGGG | GTCGACAGTGTACTTGGCCT
NB7 fOXA+ CTTGACCGGAATCGGACCTC | CTTGACCGGAATCGGACCTC
GTCTCATTCCACCGGCCATT | ACTAGCTTCTTGCGATGCGT
NB5 gatad56+ GGTGCCGTCTTCAGAATCGT
TGTGATTGAAGGGCTGGACT
NB1 zfpl+ CCCGTGCCTGAACAATTTGAC
GCGCATGCCTCTGTAGATTTG
NB6 atohs+ CTTACCAGAGAACGCCGAGT | CGCTCAATCGCCGAAAGAAT
AATAACCAGGCACAGCATGGC | TCGGCGTTCTCTGGTAAGAC
NB8 ligl1+ GCTCATGTCGAATTACCCGC
TCTTCTTGCGCTACTGCGAT
NB10 ascl1+ CGACACGAAGACCGCAGAAA | TAGTGGAGCCATGAGTCGGA
GTTGACCTGTTCCACCCGTT | GCGTTTCGCTTCGCGATATT

2.3. Reagents

Antibodies and stains

NETlE]

Anti-Candida
Anti-
Phosphorylated
histone H3 (Serl0)
anti-caspase-3
Anti-Digoxigenin-
AP

Host

Rabbit
Rabbit

Rabbit
Sheep

Working dilution Source

in PBSTB
1:500
1:500

1:500
1:2000
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Anti-Digoxigenin- Rabbit
POD

Anti-Fluorescein- Rabbit
POD

Alexa 568 anti- Goat
rabbit

HRP anti-rabbit Goat
Dapi NA

Enzymes

1:1000 Roche

1:1500 Roche

1:800 Invitrogen
1:1000 Millipore
1:1000 Thermo Fisher

Name

Proteinase K

Taq DNA polymerase
DNase

T3 RNA Polymerase
T7 RNA Polymerase
T3 RNA Polymerase
T7 RNA Polymerase
RNAsin

Source

Invitrogen

Invitrogen

Promega

Promega

Promega

New England Biolabs
New England Biolabs
Promega

Kits and reagents for routine molecular biology applications

Name Source

SYBR Green PCR Mix

QIAprep Spin Miniprep

1 Kb Plus DNA Ladder
SIGMAFAST NBT/BCIP

Verso cDNA Synthesis
Tyramide Signal Amplification
TOPO™ TA Cloning™
ApopTag®  Fluorescein In
Apoptosis Detection Kit

2.4 Media, buffers and solutions

Planarian water

Situ

Applied Biosystems
Qiagen

Invitrogen
Sigma-Aldrich
Thermo Fisher
Invitrogen

Thermo Fisher
Millipore Sigma

1 x Montjuic Salts for planarian water

Microorganism medias

1.6 NaCL
1.0 mM CacCl2

1.0 mM MgSO4

0.1 mM MgCI2

0.1 mM KCI

1.2 mM NaHCO3
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2XYT (bacteria media) 16g BactoTryptone
10g BactoYeast extract
5g NaCl
~ Fil to 1L with MiliQ water
~pH7.0

Luria Broth (LB) 10g BactoTryptone
5¢g BactoYeast extract
10g NacCl
~ Fill to 1L with MilliQ water
~pH 7.0

Yeast Peptone Dextrose (YPD) 20g of BactoPeptone
10g of BactoYeast extract
20g Dextrose
~ Fill to 1L with MilliQ water
~pH7.4

Rosewell Park Memorial Institute Sigma-Aldrich

(RPMI)

Other Reagents added to media 10g/L of Agarose
50 pug/mL carbenicillin

Solutions for mucus removal, fixations, and permeability

HCI Solution 570 pL
10 mL MilliQ Water
NAC Solution .75g N-acetyl cysteine
10 mL MilliQ Water
Carnoys solution 6 mL Ethanol

3 mL Chloroform

1 mL Glacial acetic acid
10X PBS 80g NacCl

2g KCI

14.4g Na2HPO4

2.4g KH2PO4

1L MilliQ Water

~pH 7.2
4% Fix 1.1 mL 36.5%

formaldehyde

~ 10 mL with MilliQ Water
Reduction Solution 500 mL 1M DTT

500 mL 10% SDS

200 pL NP40

~ 10 mL with 1 X PBS
PBSTx 3 mL Tritonx-100

~1L of 1X PBS
SDS solution 1 mL of 10% SDS

9 mL of 1X PBS
Proteinase K 1 yL Proteinase K

100 pL 10% SDS

1 mL 10X PBS

~ 10 mL with MilliQ Water
Formamide Solution
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Bleaching solution in 1X PBS 2 mL 30% H202

8 mL MeOH

Bleaching solution in Methanol

Formamide solution 300 uL of formamide
9.7 mL

Solutions for immunohistochemistry or in situ hybridization

PBSTXx 100 mL 10X PBS

3 mL Triton X-100
~1L of MilliQ Water

PBSTB 1.25 g BSA
50 mL PBSTx
PBSTI 500 pL 1 M Imidazole
50 mL PBSTx
Tyramide Solution 1:1000 FITC or 1:1000 Rhodamine
50 mL PBSTI
Quench 1% NaN3
50 mL Water
20x SSC 175.3 g NaCl
88.2 g Trisodium Citrate
~pH7
~ 1L of MilliQ Water
Wash Hybe 50% DI Formamide

20% 20X SSC

10% 20% Tween 20

20% Water
Hybe Solution 50% DI Formamide

20% 20X SSC

10% 20% Tween 20

10% Dextran Sulfate

10% Water
MABT 11.6 g Maleic Acid

12.5 mL 20X SSC

1 mL Denhardts

10 mL 10% Tween

~ 50 mL with MilliQ Water
MABTB 9 mL MABT

1 mL Inactivated Horse Serum

0.1g BSA
AP Buffer 100 mM Tris pH 9.5

50 mM MgCI2

100 mM NacCl

~ 10mL of MilliQ Water
NBT/BCIP 1 NBT/BCIP Tablet

10 mL 10% PVA
Tyramide FISH Solution Tyramide solution

4|1PBA

Western blot solutions

Name Reagents
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1X RIPA Buffer 100 uL 10X RIPA Buffer 100
10 uL ImM DTT
150 uL Protease Inhibitor cocktail

10 uL 100mM PMSF
10 uL Phosphatase Inhibitor
~ 1L of MilliQ Water

6X Laemmli Buffer, pH 6.8 1.47g Tris base
1.59g SDS

1.2 100% Glycerol

2.25 mL 2-Mercaptoethanol

7.5mg Bromophenol blue 7.5mg

~pH 6.8

~25 mL pf MilliQ Water
Protease Inhibitor cocktail 1 cOmplete mini tablet

~ 1.5 mL of MilliQ Water
10X Running Buffer 30.3g Tris Base

1449 Glycine

50 mL 20% SDS

~ 1L of MilliQ Water up to
10X Transfer Buffer 30.3g Tris Base

1449 Glycine

~ 1L of MilliQ Water
1X Running Buffer 100 mL 10X Running Buffer

~ 1L of MilliQ Water
1X Transfer Buffer 100 mL 10X Running Buffer

100 mL MeOH

~ 1L of MilliQ Water
Blocking Solution primary .05g BSA

~ 10mL of TBS-T
Blocking Solution Secondary 0.5g Nonfat Dry Milk

~10mL of TBS-T/SDS
TBS-T 50 mL 1M Tris, pH7.4

30 mL 5M NacCl

1 mL Tween-20

~ 1mL of MilliQ Water
TBS-T/SDS 50 mL 1M Tris, pH7.4

30 mL 5M NaCl

2 mL Tween-20

.5 mL 20% SDS

~ 1L of MilliQ Water
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3. Methods

3.1. C. albicans culturing

C. albicans strains are streaked and grown in yeast extract peptone dextrose (commonly
known as YPD) agar at 30°C for 48 hours. Single colony overnights are grown by shaking
at 30°C for 12-16 hours before the infection assay. This culturing condition was used to
grow all C. albicans strains, including wildtype, mutant, and clinical isolates strains, before
all experiments.

3.2. Infection assay

Injecting

The animals were placed in a cold plate to immobilize planarians®. An overnight culture
was prepared the night before and used after 12 to 14 hours of growth to infect. The
overnight culture was centrifuged at 5,000 rpm for 5 minutes and resuspended in 1mL of
planarian water. A few microliters were used to infect all animals using a microinjection
dispensing one nanoliter. However, you can also use a glass capillary and pick up a C.
albicans colony from a 48-hour YPD plate and stab the animal gently in the prepharyngeal
area (Figure 3). The animals were then placed in clean petri dishes with planarian water
and collected for specific experiments at desired time points.

Feeding®®

An overnight culture of C. albicans was prepared and used between 12 to 14 hours.
Allocate 10 million cells and centrifuged at 5,000 rpm for 5 minutes. Afterwards, decant
the supernatant and keep the pellet. The pellet will be mixed with 50 pL of liver paste, then
pipetted to a petri dish containing the animals®. The animals should have 2 to 4 hours to
feed and will turn a slight pink or red tint, indicating they have eaten. Once the planarians
have finished eating, the animal's petri dishes will be cleaned or moved to a clean petri
dish. Unfortunately, the planarians will regurgitate some parts of the mixture eaten, so they
must be cleaned the next day again.

Soaking®’

Ten animals were kept in 6 mL plastic wells containing 3 mL of planarian water to which
specific concentrations of C. albicans cells were added, and the total volume was adjusted
to 4 mL. The animals were kept in the infected media for three days. After the three-day
exposure, the planarians were washed daily with fresh water and observed under the
microscope to record any behavioral or macroscopic defects until collected for specific
experiments at various timepoints. All procedures during and after the infection with C.
albicans were performed at room temperature, the ideal temperature for planarian. Under
these conditions, C. albicans are not actively dividing in the media, and thus the infection
period was extended to three days.

Exposure of cell free filter sterilized infected planarian media
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The media from 6 hours post-infection assays was removed from the planarian wells and
filter sterilized using a Corning vacuum system with 0.22 ym pore-size 13.6 cm2 PES
Membrane. Uninfected animals were then inoculated with the cell-free filter sterilized
media using the soaking infection assay described above.

3.3. Colony Forming Unit measurements

Planarians were collected at the indicated time points during or after the infection and
rinsed with planarian water. The animals were homogenized in 500 uL of planarian water
and diluted in 10 mL of planarian water. After homogenization, 100 uL of the homogenate
was plated onto YPD media agar plates containing a cocktail of broad-spectrum
antibiotics. The colonies were counted to obtain CFUs after being incubated at 30°C for
48 hours. The number of colonies were then multiplied by 100 and divided by the number
of planarians to calculate colony forming units per planarian.

3.4. Fixation Protocols
NAC fixation
This fixation is used for planarians that will be used in WISH or FISH experiments.

Animals were selected at certain timepoints and placed in 20 mL scintillation vial.
Planarians were sacrificed by removing the planarian water and replacing it with 5% NAC
solution. N-acetyl cysteine (NAC) is a mucolytic (gets rid of mucus and kills the animals).
Rotate vials at room temperature for 5 minutes. Remove NAC solution and add 4%
fixative. 4% fixative is a cross-linking fixative. Rotate vials at room temperature for 15-20
minutes. Remove 4% fixative and rinsed twice with .3% PBSTx. Add 37°C preheated
reduction solution and leave vials in 37°C water bath for 10 min, agitating occasionally.
The reduction was carried out in a water bath with intermittent gentle agitation (specimens
are fragile at this step). Reduction aids with permeabilization to allow probe penetration of
prepharyngeal region. Remove the reduction solution and rinsed twice with .3% PBSTX.
Add 1:1 (MeOH: 0.3% PBSTx) solution. Rotate at room temperature for 7 minutes.
Replace 1:1 (MeOH: 0.3% PBSTX) solution with 100% MeOH. Rotate at room temperature
for 7 minutes. Rinsed once with 100% MeOH and store vials in -20°C for at least 1 hour
or long term for up to several months. Replace MeOH with bleaching solution and leave
vials under direct light at room temperature overnight. The bleaching step removes
pigment from the animal and increases permeabilization to help visualize the signal.
Remove bleaching solution and rinse two times with 100% MeOH. Use immediately or
return the specimen to -20°C.

Carnoys fixation

This fixation is for planarians that will be used for whole-mount immunostaining with anti-
phospho-histone H3 (serl0) or anti-caspase-3 antibodies. This stains the neoblasts or cell
death of the planarian respectfully.

planarians were placed in 20 ml scintillation vial. Make the appropriate fixing solutions and
leave them in ice to become cold before fixation. Planarians were sacrificed by removing
all the water and add 5.7% HCI solution. Leave on ice for 5 minutes. Remove HCI solution
and add Carnoy’s solution. Leave on ice for 2-3 hours. Remove the Carnoy’s solution and
rinse once with cold 100% MeOH. Replace with cold 100% MeOH and place in -20°C for
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at least 1 hour or long term. Remove the MeOH and add 6% bleaching solution. Place
under a light source overnight or until entirely bleached. Remove the bleaching solution
and rinse twice with 100% MeOH. Use immediately or place in -20°C for long term storage.

SDS fixation

This fixation is for planarians that will be used for whole-mount immunostaining with anti-
Candida antibody or TUNEL assay. This will stain the C. albicans infecting the planarians
or cell death respectfully.

animals were placed in 20 mL scintillation vial. They were sacrificed in 7.5% NAC diluted
in PBS for 5 minutes. The liquid was removed, and then the planarians were fixed in 4%
formaldehyde in 0.3% PBSTx for 20 min. The fixative was then removed, and the animals
were rinsed once with 1X PBS. Afterward, the planarians were permeabilized with 1%
SDS for 20 min. Remove the SDS and rinse three times with 1X PBS. Lastly, the animals
were bleached in 6% H20: in 1X PBS for 4 hours. Then afterward, the bleached solution
was removed and replaced with 1X PBS and stored at 4°C for a week.

Formamide fixation

This fixation is for planarians that will be used for whole-mount immunostaining with anti-
Candida antibody only after infected through the feeding method.

Planarians were collected in 20 mL scintillation vials. First, the animals were sacrificed in
7.5% NAC diluted in PBS for 5 minutes. Next, the liquid was replaced and fixed with 4%
formaldehyde in 1X PBS for 20 min. The fixative was removed and replaced with a 1X
PBS wash. After the wash, the planarians were permeabilized with formamide solution for
20 minutes. Afterward, the samples were washed multiple times with 1X PBS and
bleached in 6% H.O: in 1X PBS for 4 hours. Lastly, rinse the bleach off and store it in 1X
PBS at 4°C for a week.

3.5. Whole mount immunofluorescence

H3P staining

Animals were sacrificed and fixed via carnoys fixation. Worms were then rehydrated in
series from 100% MeOH to 100% PBST and blocked for 4 Hours in PBSTB. Planarians
were then incubated with the antibody Anti-Phosphorylated histone H3 (Ser10) for 4 Hours
at RT or 8 Hours at 4°C. After incubation, antibody was removed and washed every 20
minutes for 2.5 Hours and then replaced with secondary antibody. Alexa 568 anti-rabbit
or HRP anti-rabbit was incubated for 4 Hours at RT or 8 Hours at 4°C. The secondary was
removed and washed every 20 minutes for 2.5 Hours. For Alexa the staining can then be
mounted and viewed, but HRP secondary will then require tyramide amplification. In
tyramide amplification, FITC labeled tyramide will be diluted to 1:1000 with PBSTx and
added for 20 minutes. After 20 minutes, the tyramide was activated by adding 30% H»0
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to have a final concentration of 0.01% of H.O: for 15 minutes. The worms can then be
washed several times for 2 hours and then mounted for viewing.

Anti-Candida staining

Animals were sacrificed and fixed via SDS fixation. Planarian were blocked for 4 Hours in
PBSTB. Planarians were then incubated with the antibody Anti-Candida for 4 Hours at RT
or 8 Hours at 4°C. After incubation, the antibody was removed and washed every 20
minutes for 2.5 Hours and then replaced with secondary antibody. Alexa 568 anti-rabbit
for 4 Hours at RT or 8 Hours at 4°C. The secondary was removed and washed every 20
minutes for 2.5 Hours; for Alexa the staining can then be mounted and viewed.

Caspase staining

Animals were sacrificed using the SDS Fixation. Next, the Planarians were blocked for 4
Hours in PBSTB. Planarians were then incubated with the antibody Anti-Caspace-3
(1:500) for 4 Hours at room temperature or 8 Hours at 4°C. After incubation, the antibody
was removed and washed every 20 minutes for 2.5 Hours and then replaced with
secondary antibody, Anti-HRP (1:1000), for 4 Hours at room temperature or 8 Hours at
4°C. The secondary was removed and washed every 20 minutes for 2.5 Hours; the
solution was replaced with FITC tyramide and activated with .01% H-O, for 15 minutes.
The solution was then washed off with six washes of PBSTX, each wash being 20 minutes.
The animals will then be mounted and viewed.

TUNEL staining

Animals were sacrificed via SDS Fixation. Worms were prepared for TUNEL or
immunostaining identically to those designed for C. albicans staining. TUNEL was then
performed with ApopTag® Fluorescein In Situ Apoptosis Detection Kit as previously
described®. During the double staining, the animals were also fixed for TUNEL staining.

3.6. Cross sections

Animals were stained the same as mentioned before in whole-mount Immunostaining with
additional steps after completing the secondary stain. The addition steps compose of
prepping the sample for the cryostat. Following a 2-hour soaking period with 15 % sucrose
solution in 1X PBS and then replaced with 30% sucrose overnight at 4°C. Next, one single
animal was placed in an embedding mold with all the liquid removed and replaced with
cryostat embedding media. The animal was positioned accordingly to make transverse
cuts. Once the animal's position was finalized, the embedding mold was placed with a
solution of dry ice and ethanol for rapid freezing. The samples were then stored at -80°C
until ready for cross-sections via cryostat.

3.7. Quantitative PCR (qPCR)

RNA was extracted with Trizol. The quantitative real-time PCR (qPCR) was performed as
previously described®. The ubiquitously expressed gene Tata box was used as the
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control. Each experiment consisted of triplicates per time point and gene. The
investigations were independently repeated at least twice. RNA was extracted from
uninfected and infected animals (>15 per condition) and converted to cDNA using the
Verso cDNA synthesis kit. Gene expression is expressed of fold change in comparison to
the control. Average gene expression at each time point was generated from triplicate
replications and divided by the average of the control for that experiment.

3.8. In situ hybridization

The protocol is a three-day procedure®

Day 1.

To start, transfer NAC fixed worms from glass vials into a 24 well plate. Replace 100%
MeOH with 50% MeOH in PBSTx and then 100% of PBSTx for 5 minutes each step.
PBSTx and treat with proteinase K solution for 10 minutes. Replace Proteinase K solution
with 4% formalin and fix for 10 minutes. Rinse twice with PBSTX. Incubate samples with
1:1 Wash Hybe: PBSTx for 15 minutes. Replace 1:1 with Wash hybe and place in rotator
at 56°C for 2 hours. Prepare riboprobes in Hybe solution and heat them at 72°C for 2
minutes. Return the probes to 56°C. Replace prehybe with riboprobe mix. Cover top of
wells with aluminum seal and tape the outside. Incubate in rotator at 56° for at least 16
hours.

Day 2:

For the second day, remove riboprobes and store them at -20°C for re-use if possible.
Perform the following washes with preheated solutions in the 56°C rotator, two 30 min
washes with Wash Hybe, two 30 min washes with 1:1 Wash hybe, three 20 min washes
with 2X SSC, and 0.1% Tx and three 20 min washes with 0.2X SSC and 0.1% Tx. Move
to 23°C for the final wash. Wash two times for 10 min with MABT. Block for 1 hr in MABTB.
Dilute appropriate antibody in MABTB and incubate samples overnight at 4°C while
rocking.

Day 3:

For the last day, remove the antibody and discard it. Rinse twice with MABT. Perform 6 x
20 min washes with MABT. Develop worms as per selected development procedure. For
NBT/BCIP Colorimetric development: Equilibrate with two, five minutes washes in AP
Buffer and 5 min in AP Buffer (5% PVA). Suspend an NBT/BCIP tablet in 10 mL of 10%
PVA and add to wells to initiate development. When the stain has reached appropriate
levels, rinse two times in PBSTx. Fix in 4% paraformaldehyde fixative for 30 min. Rinse
2X in PBSTx. If desired, use 100% EtOH for 10 min at room temperature to eliminate
background staining in NBT/BCIP animals. Clear samples in 80% glycerol overnight at
4°C and mount them onto slides.

On the other hand, for Tyramide Amplification Fluorescent development, incubate
samples in 300 uL of FITC tyramide solution for 30 min. Add 6 uL of .15% H»O; directly
into the tyramide solution. Cover the well plate and incubate for 45 min. Rinse twice with
PBSTx. Add 300 uL of peroxide quench and incubate for 45 min. Rinse twice with PBSTx.
For double FISH, incubated in antibody overnight and repeat previous steps. Clear
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samples in 80% glycerol overnight in 4°C and mount them onto slides. Re-clear in 80%
glycerol and mount.

3.9. Protein extraction and western blot

Animals were dissociated until no tissue fragments were visible and incubated in 1x RIPA
buffer Complete Mini Protease Inhibitor Cocktail; 1 mM PMSF; 1 mM DTT) for 30 min on
ice. Volume-to mass ratio for this was as follows: 20 dissociated planarians were
incubated in 300 pl of 1x RIPA and protease cocktail mixture. Samples were spun at
20,8009 for 15 min at 4°C. The supernatant was transferred to a new tube and immediately
placed on ice. A 25 pl aliquot of the supernatant was used to measure protein
concentration. The remaining solution was mixed with equal volumes of 2x Laemmli buffer
(4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 M
Tris-HCI) and incubated at 95°C for 5 min (or boiled at 100°C) to denature and reduce.
Protein lysates were stored at -20°C. A Bio-Rad protein assay was used to determine
protein concentration. Western blot Protein lysate aliquots of 40 ug were heated at 80°C
for 5 min and loaded in 12.5-15% SDS-PAGE gel along with a molecular weight marker.
Samples were transferred to a 30 s methanol-activated PVDF membrane overnight in 1x
Tris-glycine transfer buffer [25 mM Tris base, 192 mM glycine, 10% (v/v) methanol, pH
8.3] at 4°C. The membrane was blocked with 5% milk for 1 h and incubated in the primary
antibodies overnight at 4°C on a rocker. Primary antibodies: anti-tubulin (1:500), anti-
RAD51 (1:5000) and anti-caspase (1:5000). The membrane was washed three times for
30 min before the addition of the secondary antibodies: HRP-conjugated goat anti-rabbit
antibody (1:2000) for anti-RAD51 and anti-caspase, HRP-conjugated goat anti-mouse
antibody (1:2000) for anti-tubulin. The membrane was washed three times for 30 min and
developed using Luminata Forte Western HRP substrate.

3.10. Identification of orthologs

Using the NCBI BLAST tool, selected gene targets were identified with human annotations
to find the ortholog using genomic resources for S. mediterranea® 4, The chosen
sequences went through translations and multiple well annotated alignments through
different protein databases UNIPROT, PFAM, and NCBI conserved domain to analyze the
protein conservation.

3.11. PCR amplification and gel electrophoresis

Half reaction of a PCR reaction is composed of a master mix containing 5pL of PCR buffer
with magnesium chloride, 1uL of DNTPs, .5uL of TAQ DNA Polymerase, 41.74pL of water,
and .625pL of both the specific forward and reverse primer. The cocktail was placed in a
thermocycler where the following cycles occur repeatedly: 94°C denaturing step, 57 to
62°C annealing step, and 75°C elongation step.

To image the size of the amplified sequence, a 1% agarose gel is made with 1X TBE and
2uL of ethidium bromide to stain the DNA. Then, 5uL of each reaction was mixed 2uL of
loading dye to load and run in the gel accompanied with a one kB DNA ladder to measure
the size. The gel ran at 100V and 0.05A for 40 minutes afterward it was ready to image
with a UV camera set to the EtBr filter.
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3.12. Imaging and data processing

Animal morphological phenotypes and digital pictures were recorded using a Nikon AZ-
100 multi zoom microscope and NIS Elements AR 3.2 software. Area measurements were
calculated with ImageJ. Brightness and contrast were adjusted with Adobe Photoshop.
Neoblasts were counted and normalized to the area (mm?) using ImageJ. Caspase-3
signal was quantified by measuring levels of fluorescence using ImageJ.

3.13. Statistical analyses

Data are expressed as mean + standard error of the mean (SEM) or fold change + SEM.
Statistical analyses were performed in Prism, GraphPad software Inc.
(http://www.graphpad.com). Two-way ANOVA was used to determine significance due to
multiple conditions within each experiment (ant/post, days 10,15,25, etc.). Power analysis
was used to determine if the sample size was adequate to establish the robustness of the
statistical analysis.
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4. Results

4.1. Introducing the planarian, Schmidtea mediterranea, as a new host-pathogen model
to study Candida albicans infections.

To understand the Candida albicans infection, both host and pathogen will need to be
observed and analyzed throughout the course of the infection. The first step to study the
infection was to establish an infection protocol. The two different methods previously
described in planarian literature were to infect the planarians by using either the injection
or feeding method®. The injection method appeared to be the least effective as it was only
mentioned in one study and the results were not described®. The same study abandoned
the injection method in favor of the feeding method. The majority of studies that use the
planarian flatworm as an infection model use the feeding method (Figure 3B)%%77:80.96.97 |
this work, both the feeding and infection models were used, in addition to a soaking
method. All three of these models are illustrated and described in Figure 4. All of the
infection methods mentioned have previously only been applied to bacterial pathogens.
They were reproduced with C. albicans to compare and standardize their effectiveness.
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Figure 4: Different infection assays observed in the planarian model. (A) Infection by Injection/pricking, a single
microbial colony was pricked with a capillary. The planarian was then pricked with the capillary. The planarian
was then placed in a well and observed or collected at specific time points. (B) Infection by feeding, overnight
cultures were diluted to the desired concentration and pelleted. The pellet was mixed with liver paste and
dispensed to the planarians. After one hour the planarians were washed. Animals that had eaten will have a
slight red tint in their body and were successfully infected. The worms were then observed or collected at
specific time points. (C) Infection by soaking, from overnight cultures, the desired concentration of cells was
calculated and dispensed into a well containing planarians, with the media totaling 4 mL. The planarians
remained in the media for three days; after the three days, the planarians were cleaned daily. The worms were
then observed or collected at specific time points.
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When using the injection method to infect the planarians, | also applied a pricking
technique with glass capillaries as typically used to infect flies (Figure 4A)%8. Both protocols
showed similar results, and both were very inconsistent. The C. albicans cells had difficulty
adhering to the planarians, and the few cells that did adhere only persisted a few days
(Figure 5A-B). As the results demonstrate, it appears that C. albicans can’t properly infect
the planarians by injection or pricking, and consequently, this method was abandoned in
favor of the feeding method.

Although the feeding method appears practical and repeatable, it can be inconsistent as
it is impossible to predict how much each worm will eat. Additionally, the virulence of the
consumed pathogens is not assured. The Planarians have evolved as scavengers. They
introduce various microbes to their digestive system when they eat, which is why they
possess a large population of phagocytic cells in their digestive tract. This evolutionary
adaptation may explain why there has not been a study using the feeding method where
the pathogen has colonized or killed a planarian. Therefore, pathogen clearance can be
assayed, but not pathogenicity and virulence.

When using the feeding method, | observed similar results to previous studies that used
the feeding method to infect the planarians with bacteria® 78, There was variation in how
much C. albicans and liver mixture was consumed, but all of the planarians had large
amounts of C. albicans cells after one day post-feeding (Figure 5C-D). These infected
planarians eliminated all the C. albicans within a week without displaying any disease-
associated phenotypes (Figure 5D). In addition, the planarians behaved normally, it seems
as though C. albicans did not cause any behavior changes within the host.

The soaking method was the most recently introduced and revealed to be the most
effective in observing virulence and infection characteristics of the pathogen (Figure 4C).
The soaking method displayed the ability of C. albicans to cause a variety of morphological
phenotypes in the planarians (Figure 6D). Furthermore, with the soaking protocol,
morphological changes of C. albicans were able to be visualized within the planarians. An
indiscriminate portion of C. albicans cells changed from the yeast growth form to the
hyphal growth form after the second day (Figure 5E). Thus, the soaking infection method
provided more insight into the interactions of both organisms and was therefore used to
establish the planarian-C. albicans infection model.
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Figure 5: Different methods of infecting planarians with C. albicans. (A) Visualization of C.albicans infection 6
hours post-injection//prick a colony of C. albicans cells in the prepharyngeal area of the planarians. (B)
Measurement of colony forming units (CFUs) after pricking the planarians with C. albicans colony. (C)
visualization of 100 million C. albicans cells after 1-day post-infection through feeding. (D) Measurement of
colony forming units after infecting the planarians with 100 million C. albicans cells through feeding. (E)
Visualization of the soaking infecting method using 15 million cells/mL of C. albicans. (F) Measurement of
CFUs after soaking the animals with 15 million cells/mL of C. albicans for three days. All scale bars are 200
um.
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4.2. The soaking infection method demonstrates that the hyphal growth form is a highly
virulent morphological form of C. albicans.

The following three strains of C. albicans were used: wildtype (SN250), non-filamentous
(efgl mutant), and hyper-filamentous (nrgl mutant). The non-filamentous strain is
attenuated for virulence, whereas the hyper-filamentous strain is highly invasive in both
bloodstream infections in the mice and C. elegans models'®°l, The difference in the
morphology is that the non-filamentous strain is locked in the yeast growth form while the
hyper-filamentous strain is locked in the hyphal growth form and seen in (Figure 6A).
Measuring the virulence of these strains at a variety of concentrations over a three-day
period, | observed different survival rates.

The wildtype strain required around 25 million cells per mL to kill all the planarians (Figure
6B). The non-filamentous strain was the most avirulent. It required more than twice the
concentration that the wildtype strain needed to kill all of the planarians. The hyper-
filamentous strain was the most virulent, only needing a concentration of 10 million cells
per mL to Kill all the planarians (Figure 6B). To further analyze the infection response
solely from life and death, | focused on the surviving planarians from an infection of 7.5
million cells per mL after three days post-infection of all three strains. | examined the
clearance of the infection after the initial three days, using colony forming units (CFU) to
dictate how long the planarians took to eliminate the infecting C. albicans. All three strains
were cleared within ten days (Figure 6C). Notably, the non-filamentous strain had the most
cells after the third day.

The morphological defects in the planarians that the C. albicans strains caused after three
days post-infection were also studied. To that end, | observed that all three C. albicans
strains caused different rates of morphological defects (Figure 6D-E). The hyper-
filamentous strain was the only one that caused 10% of the planarians to partially lyse,
while all three strains caused the head regression phenotype (Figure 6D-E). The non-
filamentous strain seemed only to cause head regression in planarians, implying that the
transition to hyphal is needed to cause lesions or lyse the planarians (Figure 6D-E). Death
was observed only in the wildtype and hyper-filamentous strains, with the hyper-
filamentous strain killing more than 50% of the planarians, confirming that it is the most
virulent. These studies confirm that the hyper-filamentous strain is the most aggressive to
the planarian model.

4.3. Visualizing C. albicans infection in the planarians

The antibody anti-Candida was used to evaluate the effects and distribution of C. albicans
in planarians. Using three different time points, during an early infection time point (1-day
post-infection), a late infection time point (3 days post-infection), and a recovery time point
(10 days post-infection). The immunostaining also provided the opportunity to distinguish
the morphological forms of C. albicans in the planarian tissue and assess their abundance
(Figure 8 & 9).

44



Yeast Growth Form Hyphae Growth Form
— —
- S
X S \« 1= |
~ T ;' ‘/
o .. 7 | N
i N B
~ nh J ° -~ :::{/-
~ - N |
? . N N /|
RS . )'/_'_ A \ ) "J
B g~ C o= 2
T g 2
% 60 2 :: Ay 8
= | © 400 c
0 40+ o a0 S
o 2 i E
g 20 o ig w
Q T T T T T T e —— b
a : ° 1 2 3 7 4 3 L ‘: 4 ¥ T T
n i ls/i 3 z 3
Concentration (x10/ cells/mL) Days PostInfection
— Non-Filamentous — Wildtype — Hyperfilamentous
After 4 Day Post-Infection E mm Death Partial Lysing mm Lesions
= =m Head Regression mm Normal
£ 1.00- ‘g
g 8
& 0.754 £
s 7]
3 o
i a
E 0.50 >
[
% 0.25- <
5 £
Head Partial & o0.00-
Control  Lesions  Regression Lysing Non- Wildtype  Hyper-
7.5 million cells/mL Filamentous Filamentous

Figure 6: The hyper-flamentous C. albicans strain is highly virulent. (A) Demonstration of the yeast growth
form and the hyphal growth form from the two mutant strains, the yeast locked and hyphal locked strains,
respectfully. (B) Planarian survival under different infection concentrations of wildtype, non-filamentous, and
hyper-filamentous strain after 3 days post-infection. (C) The number of C. albicans cells (three different strains)
in planarians during infection time points as colony forming units (CFUs) over time. Note that C. albicans
growth peaks during the first few days of incubation, but by day 10 post-infection, the presence of fungi is
dramatically reduced. The experiment was replicated three times with 10 animals per experiment infected with
a concentration of 7.5 x 10° cells/mL for all C. albicans strains. Two-Way-ANOVA, ***P < 0.0001 (D) Live
images are representing morphological defects observed after infecting the planarians with the three different
C. albicans strains at 7.5 x 106 cells/mL after four days of infection. Scale bar is 200 um. (E) Distribution of
morphological defects based on the different C. albicans strains after four days post-infection at 7.5 x 10°
cells/mL. Two independent replicates were performed with 20 animals each.
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The amount of C. albicans cells adhering to the planarian gradually increased during the
beginning of the infection and peaked at 3 days post-infection for all strains (Figure 7). As
seen with the planarian survival rates, the infections with the wildtype and hyper-
filamentous strains were more severe and prolific than those of the non-filamentous strain.
C. albicans was found throughout the entire bodies of the planarians, showing no
preference to either the dorsal or ventral side of the planarians (Figure 7 & 8). It was
observed that the wildtype and hyper-filamentous strains tended to form aggregates as
the infection progressed. These aggregates were seen in both 1 and 3 days post-infection
(Figure 7). The function of the aggregates is uncertain but may be related to biofilm
development, a top virulence factor of C. albicans!®?1%, |t was also observed that the
wildtype strain had some cells transitioned from the yeast growth form to the hyphal growth
form at 3 days post-infection (Figure 7F). The hyper-filamentous strain had hyphal cells
surrounding the entire animal, demonstrating a strong adherence ability (Figure 7E).
Interestingly, at 10 days post-infection all the C. albicans strains were dramatically
reduced or absent from the planarians (Figure 7A-C).

| performed transverse cross sections at 1 and 3 days post-infection to visualize the depth
in which the C. albicans cells infect the planarians. As seen in the cross-section model
(Figure 2B), planarian cross sections are taken from the pharyngeal area (Figure 8). All
three C. albicans strains were observed to adhere to the epithelial layer at day 1 post-
infection and will gradually penetrate the epithelial layer, eventually reaching the deeper
tissues of the planarians (Figure 8). The difference among the three strains was in the
number of cells breaking the epithelial layer and infecting the deeper tissues of the
planarians. Specifically, the planarians infected with wildtype and hyper-filamentous
strains had the more significant presence of C. albicans cells and tissue damage,
compared to the non-filamentous strain. It was observed that the planarians that survived
3-day post-infection fully recovered, no matter how many C. albicans cells were present
or how severe the infection. These results demonstrate that C. albicans can attach and
penetrate the planarian tissue, and that planarians can remove the C. albicans cells and
recover shortly after.
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Figure 7: Visualization of C. albicans in the planarians during infection. (A-C) Images represent whole-mount
anti-Candida antibody immunostaining during 1, 3, and 10 days post-infection of three different C. albicans
strains. Animals were infected with 2 x 107 cells/mL for the non-filamentous, 1.5 x 107 cells/mL for the wildtype,
and 5 x 108 cells/mL for the hyper-filamentous C. albicans strains. (D-F) High-magnification images of
planarian pharyngeal area of the whole-mount at 3 day post-infection. The yellow arrows indicate the presence
of hyphae in tissue infected with the wildtype strain. The purple arrows point towards aggregates of C. albicans
cells and the yellow arrows indicate the presence of hyphal cells. The scale bar in all images is 200 um. Three
independent replicates were performed using 10 animals each.
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Figure 8: C. albicans penetrates the epithelial and infects deeper tissue in the planarians. (A, B) Transverse
cross-section of anti-Candida antibody immunostaining images were taken from the middle of the planarian
body exposed to C. albicans strains (red signal) at 1 and 3 days post-infection. The pharynx is the circular
structure in the middle of the section. The purple arrows point towards the C. albicans cells breaking the
epithelial layer or in the deeper tissues of the planarian. The planarian tissue is counterstained with DAPI
(White). Animals were infected with 2 x 107 cells/mL for the non-filamentous, 1.5 x 107 cells/mL for the wildtype
and 5 x 10° cells/mL for the hyper-filamentous C. albicans strains. The scale bar is 200 um for all images. The
thickness of the sections was 10pum. Two independent replicates were performed using 5 animals each. Two
independent replicates were performed using 4 animals each.
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4.4. Candida albicans infection induces neoblast division and increases cell death

Neoblasts are stem cells in the planarian body and are the only cells that can divide®®®. |
investigated if the planarian neoblasts, crucial for tissue repair and regeneration, has a
role during the C. albicans infection. Using anti-histone-3 phosphorylated antibody (H3P),
a specific neoblast antibody, the neoblasts were observed during the infection of all three
C. alibcans strains. The hyper-filamentous and wildtype strain infections were
accompanied by an increase in neoblast proliferation.

The wildtype strain demonstrated an increase in neoblast proliferation during 1-day post-
infection (Figure 9A-D). Infection samples with both, hyper-flamentous and wildtype
strains, showed increased mitotic activity but then returned to uninfected levels soon after,
during the recovery time point (Figure 9A-C). The hyper-filamentous strain was the only
strain for which a rise in neoblast division was seen for both 1 and 3 days post-infection.
The non-filamentous strain did not cause any mitotic changes during the infection,
neoblast levels were close to those in uninfected planarians (Figure 9D).

Simultaneously, whole-mount immunostaining was conducted with both TUNEL (terminal
deoxynucletidyl transferase dUTP nick end labeling) and anti-caspase-3 antibody. The
double staining allowed me to observe the amount of cell death caused by C. albicans
(Figure 9D-E). Since the TUNEL assay labels both C. albicans and planarian cell death,
using the anti-caspase-3 antibody allowed me to distinguish host cell death and C.
albicans cell death.

Increase in cell death was observed for all three C. albicans strains during 3 days post-
infection (Figure 9D-E). Furthermore, the cell death levels differed greatly. The most
virulent strain, the hyper-filamentous, demonstrated the highest increase in cell death,
followed by the wildtype (Figure 9D-E). The non-flamentous strain did show a twofold
increase in cell death but was not seen to affect neoblast proliferation (Figure 9A-C).
Overall, the results demonstrate that the hyphal growth form elicits the highest mitotic and
cell death response in the host.
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Figure 9: The C. albicans infection causes neoblast hyper-proliferation and cell death in the planarians. (A-B)
Whole-mount immunostaining with anti-phospo-histone H3 (Serl0) antibody labeling mitotic cells (white foci)
at 1 and 3 days post-infection. Planarians infected with C. albicans strains: non-filamentous (2 x 107 cells/mL),
wildtype (1.5 x 107 cells/mL) and hyper-filamentous (5 x 108 cells/mL). Scale bar is 200 um. (C) Amount of
mitosis at three different time points of infection (1,3 and 10 days post-infection) of three different C. albicans
strains normalized to an uninfected control. (D) Double staining with anti-caspase-3 antibody (green signal)
and TUNEL positive cells (red signal) in planarian tissue at day 3 post-infection. White arrows indicate TUNEL
and Caspace positive cells. Planarians infected with C. albicans strains: non-filamentous (2 x 107 cells/mL),
wildtype (1.5 x 107 cells/mL) and hyper-filamentous (5 x 106 cells/mL). (E) Levels of double positive cells for
caspase+/TUNEL+ in planarian tissue at day 3 post-infection with C. albicans strains (7.5 x 106 cells/mL)
compared to an uninfected control. Cell division experiments consisted of three biological replicates using 10
animals each. Cell death experiments consisted of two biological replicates using 4 animals each. All graphs
represent mean + SEM. All statistical comparisons are against control unless noted with bars. Two-Way
ANOVA, *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001 and ns = no significant.
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4.5. The adherence of C. albicans to the planarian leads to a proliferation of neoblasts.

To further evaluate the mitotic response observed in Figure 9, | focused on the

wildtype strain and infected the planarians with a lethal concentration (25 x 106 cells/mL).
The infection of the C. albicans was analyzed temporally through a time course of 48 hours
post-infection (Figure 9). During this time course, no morphological defects or phenotypes
were observed between infected and uninfected animals.

| found two specific mitotic peaks occurring at 6 and 24 hours post-infection, and as
previously described, it was followed by a decrease in mitotic activity (Figure 10B). The
mitotic peaks at 6 hours post-infection were, by far the largest, with a 75% increase
compared to the uninfected control (Figure 10A-B). There was no specific tissue location
for the mitotic peaks, suggesting that this dispersed expression is a system-wide response
(Figure 10A). Planarians are known to respond to increased cell death with mitotic
proliferation®®. The planarians induce a regenerative neoblast proliferation response
occurring at 6 hours post-amputation that followed a spike in cell death®?.

Due to a similar time response to amputation, | measured cell death to understand if it was
the cause of the mitotic proliferation in response to the damage of the infection or a specific
response to C. albicans. Surprisingly, using the TUNEL assay during the infection, no
increase in cell death was observed before the neoblast mitotic peak at 6 hours post-
infection (Figure 10C-D). In Figure 10C-D, only 2 and 4 hours post-infection are shown
because those are the time points established to demonstrate a rise in cell death after
amputation®?. Only the TUNEL assay was used because there isn’'t enough C. albicans
cell death at these time points to misinterpret as the host cell death. Overall, there is no
connection to cell death and the mitotic peak observed with the infection, so | proceeded
to discern how C. albicans elicits the mitotic response.
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Figure 10: Lethal C. albicans infection induces early Neoblast hyper-proliferation. (A) Whole-mount
immunostaining with anti-phospho-histone H3 (ser10) antibody for planarians, which labels mitotic cells (white
foci) at 6 h post-infection with the C. albicans wildtype strain. (B) Number of mitosis between one to 48 hours
post-infection normalized to an uninfected control. Cell division experiments consisted of three biological
replicates using 10 animals each. (C) Staining of TUNEL (red foci) was done in animals infected during 2 and
4 hours post-infection at 25 million cells/mL using the wildtype strain. (D) Levels of TUNEL positive cells in
planarian tissue at 2 and 4 hours post-infection normalized to an uninfected control. Cell death experiments
consisted of two biological replicates using 4 animals each. All graphs represent mean +SEM. Scale bars are
200um in all figures. Statistical comparisons are against the uninfected control. Two-Way ANOVA, ****p <
0.0001.
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| performed immunostaining on whole-mounts and cross sections to observe how early C.
albicans cells begin to adhere to planarian tissue and if the cells penetrate the epithelial
surface. These experiments demonstrated that as early as 1 hour post-infection,
a few C. albicans cells began to adhere to the planarian tissue. From there, more cells
adhered to the tissue, gradually increasing every hour (Figure 11A-B). During the first 6
hours post-infection, the C. albicans cells began to form small aggregates over the surface
of the animal (Figure 11A). | also quantified the amount of C. albicans cells during the
early infection time period by measuring the CFUs within the planarians (Figure 10B).
These measurements confirm the gradual increase of yeast cells attaching to the
planarians from as low as roughly ten C. albicans cells 1 hour post-infection to a drastic
~900 cells after 6 hours post-infection (Figure 11B). To distinguish if the adhered C.
albicans cells are also penetrating the epithelial during the earlier time points, the yeast
cells were also assessed in transverse cross sections. Just as previously seen in Figure
8, no anti-Candida signal was found in the deep tissue before 1-day post-infection (Figure
8A & 11C). These findings suggest that adherence to the surface is all that the C. albicans
cells are able to do during this early infection time period.

Another response that planarians has been shown to express during physical injury is a
set of wound response genes®°* | measured the expression levels of Smed-runtl
(runtl) and Smed-egr2 (egr2) using Real-Time Quantitative Reverse Transcription PCR
(qRT-PCR). The two, runtl and egr2, are early wound response genes in planarians
necessary for regeneration, during the early time period of the infection. Significant
increase in the expression of egr2 was observed in all the early time points. However,
runtl was either slightly reduced or showed no changes in expression during the infection
(Figure 11D). The gene expression differences in early wound response demonstrate a
specific set of wound response genes with slight similarities to regenerative responses.

Furthermore, to reconfirm the gene expression of egr2, the planarian extracellular
regulated kinase (ERK) was investigated. ERK is known to be activated via
phosphorylation (pERK) ~ 15 min post-injury'%4-1%_Further, pERK activates the egr family
genes. Therefore, pERK protein levels were evaluated using western blots during early
infection period. These pERK measurements demonstrated a gradual increase from the
earliest time point, having a threefold increase at 0.5 hours post infection to a fourfold
increase during 6 hours post-infection (Figure 11E). These results suggest that the
adherence of C. albicans cells to the epithelial layer activates early wound response
genes, which will then lead to the proliferation of neoblasts.
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Figure 11: C.albicans adherence to planarian tissues causes an early wound response. (A) Whole-mount anti-
Candida antibody stain at 1, 3, and 6 h post-infection (white foci) in planarian tissue. (B) C. albicans colony
forming units (CFUs) normalized per planarian. Ten animals were used per infection time point. (C) Transverse
cross section images from the dorsal side of the planarian body showing the adherence of the C.
albicans wildtype strain (red signal) at 1, 3, and 6 h post-infection. Two biological replicates were used with a
total of eight planarians. (D) Gene expression levels represented in a heat map of wound-induced response
planarian genes runtl and egr2 at the different infection time points. Gene expression is represented by fold
change normalized to an uninfected control. Color scale depicts red as upregulation and blue as
downregulation; burgundy demonstrates upregulation greater than twofold. (E) Western blot of planarian
phosphorylated-ERK (p-ERK) and quantification at different time points of a C. albicans infection. -tubulin
was used as an internal control. Early wound response experiments were obtained in triplicate per experiment
for at least two biological and technical replicates. C. albicans infections were performed using 25 million
cells/mL. All graphs represent mean + SEM. Comparisons are against the uninfected control. The scale bar
for all images is 200 um.
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4.6. The ability of C. albicans to adhere to the planarian promotes virulence and the
proliferation of neoblasts in planarians.

The adherence of C. albicans was examined to observe if it alone contributed to the
planarian mitotic response. Additionally, secreted proteases of C. albicans were also
examined to measure their impact on host response. Both adhesion and secreted
proteases are known virulence factors of C. albicans that provide an increase in
virulence*. Through genetic disruption of C. albicans, the virulence factors were analyzed
during the infection. | focused on two gene families of C. albicans virulence factors, the
agglutinin-like sequence (ALS) family associated with adherence, filamentation and
biofilm formation, and the secreted aspartyl protease (SAP) family important for degrading
the epithelial layer®2.

The Als family of cell surface glycoproteins are essential for C. albicans adherence and
mediate cell—cell and cell-substrate adherence!?’. Specifically, Als1 and Als3 are the two
major Als proteins that are critical for adherence, filamentation and biofilm formation.
Moreover, biofilm and cell wall regulator 1 (Bcrl) is a known master regulator of biofilm
development that controls the expression of ALS1 and ALS3%. Aside from adherence, C.
albicans also contains ten different Saps that have different importance depending on the
environment of the infection®2'1°, Therefore, | focused on the ability of two triple
deletion SAP mutant strains, the sapl/sap2/sap3 and the sap4/sap5/sap6 mutant strains,
which encompass the significant Saps involved in virulence, to observe if they contributed
to the host mitotic responses.

Using anti-Candida immunostaining during the 6 hours post-infection with a lethal
concentration, all C. albicans mutant cells were able to adhere to the planarian surface,
but with different abundance of C. albicans cells (Figure 12). Comparatively, the als3 and
bcrl C. albicans mutant strains displayed a lower number of cells capable of adhering to
the host. Also, the als3 and bcrl mutant strains did not form any of the small aggregates
observed in the wildtype strain (Figure 7F and 12A). In addition to these observations,
planarians survived additional days when infected with the als3 and bcrl mutant strains
compared to the wildtype and the other mutant strains (Figure 12B). However, the sap
mutant strains did not hinder the ability of C. albicans to adhere to the planarian, and the
virulence was slightly more if not equal to the wildtype. Through gRT-PCR, it was also
observed that when the wildtype strain infects the planarians, there is a large increase in
gene expression of ALS1, ALS3, and BCR1 (Figure 12C). Essentially, the results of the
als3 and bcrl mutant strains and those of Figures 6 to 8 demonstrate that the adherence
to planarian tissue with the ability to transform to the hyphal growth form is vital for C.
albicans to infect and colonize the planarians.
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Figure 12: C. albicans genes ALS3 and BCR1 are essential for virulence in the planarian model. (A) Whole-
mount anti-Candida antibody stain of C. albicans mutant strains 6 hours post-infection. All mutant strains are
capable of adhering to the planarian epithelial surface. Purple arrows indicate notable C. albicans aggregates.
Scale bar is 200 um. (B) Planarian survival after infection with 25 million cells/mL of the different C. albicans
mutant strains. Logrank test, **P < 0.01; ****P < 0.0001. (C) Gene expression levels represented in a heat
map of C. albicans genes ALS3, ALS1, and BCRL1 at the different infection timepoints. Gene expression is
represented by fold change normalized to an uninfected control. Color scale depicts red as upregulation and
blue as downregulation; burgundy demonstrates upregulation greater than twofold. Data were obtained in
triplicate per experiment using three biological and technical replicates of a total of 30 planarians.

Furthermore, in addition to virulence, the C. albicans mutant strains were able to cause a
mitotic response in the planarians during the 6 hours post-infection peak. All C. albicans

56



mutants elicited a mitotic response to that of the wildtype strain except for two. The als3
and bcrl mutant strains were the only ones that displayed a reduced mitotic response at
6 hours post-infection (Figure 13A-B). Thus, the data suggest Als3 and Bcrl are important
for C. albicans virulence and the ability to induce the planarian mitotic response during the
infection. Additionally, C. albicans secretes a variety of virulence factors, which may also
contribute to the mitotic response of the planarians*3®. To analyze the secretions of C.
albicans, the planarians were exposed with filtered sterilized media from water obtained
at 6 hours post-infection. There was no difference in mitotic activity between planarians
exposed to the filtered infected media and unexposed animals (Figure 13C-D). These
results further indicate that the C. albicans secretions are not essential when infecting
planarians. Thus, adherence and hyphal development are the most important in C.
albicans during early infection in the planarian model.
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Figure 13: The planarian mitotic response decreases during infections using the C.
albicans als3 and bcrimutant strains. (A) Whole-mount immunostaining with anti-phospho-histone H3 (ser10)
antibody for planarians, which labels mitotic cells (white foci) at 6 hour post-infection with the C.
albicans mutant strains indicated. (B) Number of mitotic cells in response to C. albicans mutant strains
normalized to uninfected planarians at 6 hour post-infection. (C) Whole-mount immunostaining with anti-
phospho-histone H3 (serl0) antibody for planarians, which labels mitotic cells (white foci) at 6 hour exposure
for animals that were soaked in filtered sterilized cell-free infected planarians media and the uninfected
planarians. (D) Amount of mitotic cells in response to filter sterilized cell-free infected media exposed
planarians compared to infected planarians normalized to uninfected planarians at 6 hour exposure. Graphs
represent mean + SEM. All statistical comparisons are against the wildtype strain. The scale bar is 200 um for
all figures. Two-way ANOVA, **P < 0.01, ***P < 0.001, ***P < 0.0001
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4.7. The planarian Dectin signaling pathway has a role in the clearance of the C. albicans
infection

C-type lectins play various biological roles, including as a pathogen recognition receptor
for cells and tissues!!'. More specifically, there are highly evolutionary conserved C-type
lectins that detect C. albicans, such as Dectin!'>113, Therefore, the role of the planarian
Dectin signaling pathway was explored in mediating the host response during the
infection. Using qRT-PCR, the gene expression of Dectin components was measured.
During a lethal infection with C. albicans wildtype strain, | screened a list of genes from
the conical Dectin signaling pathway that are found in the planarians: SYK, the adapter
protein of Dectin; Smed-syk (syk) and downstream gene components Smed-card (card),
Smed-bcl (bcl), Smed-maltl (maltl), Smed-tabl (tabl), and Smed-tak (tak).

Interestingly, as early as 3 hours post-infection, everything slightly increased in expression
except for syk and takl; which exhibited the most significant increase (Figure 14A).
Additionally, 6 and 12 hours post-infection showed the largest expression for all Dectin
components. However, this large expression peak decreased after 24 and 48 hours post-
infection (Figure 14A). The adaptor protein syk presented the most dramatic increase
(threefold) during the 6 hours post-infection. The increase in expression was confirmed
with fluorescent in situ hybridization (FISH) at 6 hours post-infection. The syk probes
expression was observed throughout the animal with enrichment in the planarian digestive
tract in uninfected controls. During the infection, the planarian syk expression was more
prominent with the addition of foci appearing in the prepharyngeal area concentrated in
the main digestive branch below the eyes (Figure 14B).

The change in expression led me to further analyze the role of syk during the fungal
infection by disrupting the gene function using RNA interference (RNAI). The RNAI
planarians were evaluated in both uninfected and infected animals (Figure 14). The
disruption of syk demonstrated no morphological defects to uninfected animals.
Nevertheless, knockdown of syk led to small increases in mitotic activity compared to
infected control animals (Figure 14C-D). Furthermore, the downregulation of syk slightly
affected the clearance rate of the C. albicans infection, with RNAIi animals needing more
than 12 days post-infection to clear the fungi (Figure 14E-F). Though the knockdown did
not affect survivability, these findings suggest that syk with the accompanying Dectin
signaling pathway has a role in mediating the response to an infection.
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Figure 14: The planarian Dectin signaling pathway plays a role in the clearance of C. albicans. (A) Gene
expression levels for Dectin signaling pathway homologs during the C. albicans infection using 25
million cells/mL. Gene expression represented in a heat map displaying fold change normalized to an
uninfected control. Color scale depicts red for upregulation and blue for downregulation; burgundy
demonstrates upregulation over twofold. Data were obtained in triplicate per experiment for at least two
biological and technical replicates. (B) Fluorescent in situ hybridization showing expression of sykin an
uninfected and 6 hours post-infected animal. The boxed region are magnifications of the infected animal. This
experiment was replicated two times using five animals per experiment. (C) Whole mount immunostaining
with anti-phospho-histone H3 (serl0) antibody, which labels mitotic cells (white foci) at 6 hours post-
infection. (D) Number of mitoses of control infected animal versus syk-RNAi infected animals normalized to
an uninfected control at 6 hour post-infection. (E) Representative images of whole mount anti-
Candida antibody stain at 12 days post-infection (white foci) of a control animal and syk-RNAi animal. Boxed
region indicates C. albicans aggregates. (F) Number of C. albicans colony forming units (CFUs) normalized
per planarian of infected control versus infected syk-RNAI planarians throughout the infection. All experiments
were replicated two times using five animals per experiment. 25 million cells/mL were used for the infections.
All graphs represent mean + SEM. Scale bar is 200 um for all. T-test, *P < 0.05, **P < 0.01.
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4.8. The C. albicans infection elicits a transcriptional varied neoblast response in the
planarians leading to a multi-system response.

The planarian model has a heterogeneous neoblast population. Neoblast differ in a
transcriptional sets of enriched genes®. These transcriptomic changes allow the neoblast
to adopt different cellular identities as they further differentiate. To further understand the
neoblast dynamics and which subpopulations were affected during the infection, the
transcription levels of various genes encoding for different neoblast populations were
measured. The neoblast subpopulations are numbered from 1 to 12 (NB1-NB12) based
on the amount of Smed-piwi-1 (piwi-1), a universal neoblast marker, where NB1 has the
largest amount and NB12 the smallest amount (Figure 15A). Changes in gene expression
for six different neoblast lineages were taken during the infection using gqRT-PCR. The
data demonstrated that specific subsets of neoblast markers were upregulated (Figure
15B).  Surprisingly, NB2, which describes the pluripotent clonogenic neoblasts
(cNeoblast), was slightly decreased along with piwi-1 throughout the infection (Figure
15B). As a result, there is no increase in clonogenic neoblast division during the infection.
Further, there was a large increase of expression of neoblast subpopulations NB9, NB11,
NB4, NB7, and NB5, which possess the lowest amounts of piwi-1. The highest expression
levels were observed for NB9, NB11, and NB4; these showed a gradual increase that
peaked to a 3-8 fold increase at 48 hours post-infection (Figure 15B). These increased
neoblast subpopulations belong to the muscle, protonephridia, and neural lineages. Taken
together, the results demonstrate that there is a multi-system response to the infection.
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Figure 15: Expression of planarian neoblast subclasses during infection with C. albicans infection. (A) Depicts
the various neoblast subpopulations found in planarian and the lineage they follow. (B) Gene expression levels
of neoblast markers and subclass markers of clonal neoblasts throughout C. albicans infection. The
expression levels are represented in a heat map, where the color scale depicts red as upregulation and blue
as downregulation; burgundy is upregulation greater that twofold. Gene expression is represented by fold
change normalized to an uninfected control. Gene expression values represent triplicate samples for at least
two biological and three technical replicates.
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Afterward, the expression of NB4 was further inspected. The NB4 neoblasts gives rise to
the muscle lineage and belongs to the mesoderm lineage. The expression of all NB4
markers available during the infection was measured to compare to the expression of
pcdhll in Figure 15. Interestingly, just one other NB4 marker, PJ-1b, increased vastly
during 6 and 12 hours post infection (Figure 16A). Thus, it seems that only a few
mesodermal NB4 neoblasts have a specific response and role during the fungal infection.

To further examine the impact of the NB9 expression in the protonephridia lineage. The
gene expression of downstream differentiated cells that are a part of the excretory system
of the planarian were measured!'*!>, The protonephridia makes up the planarian's
excretory system, which is branched and widely distributed throughout the body*!*. Thus,
these post-mitotic cells may have essential roles during the infection. To determine the
impact of the excretory system by increasing NB9 levels, qRT-PCR was used to measure
the markers of the flame cell components, which are segments of the protonephridia*“.
Flame cells specifically contribute to excretory functions such as electrolyte balance and
mucus production!4. There was an increase in expression of collecting ducts Smed-slc9a-
3 (slc9a-3), distal tubules Smed-sic4a-6 (slc4a-6), and proximal tubules Smed-slc6a-13
(slc6a-13) of the flame cells during 12 and 24 hours post-infection (Figure 16B). These
results were confirmed with FISH using the gene Smed-inx10 (inx10), the protonephridia
marker was expressed throughout the planarian body!!4.

The FISH expression showed a gradual increase in flame cells, validating the gene
expression (Figure 16C). This indicates that there is an increase in secretions such as
mucus by the excretory system of the planarians. To measure the mucus being secreted,
| took advantage of the autofluorescence that the planarian mucus has. Mounting live
planarians, non-infected and infected planarians were compared by illuminating them,
using a blue filter, and observing the fluorescence of the mucus. A significant difference
between the mucus secretions of the uninfected and infected planarians was observed.
Peak mucus secretions were measured 3 days post-infection (Figure 16D-E). These
findings indicate that the excretory system greatly contributes to the planarians response
to the C. albicans infection by producing large amounts of mucus.

63



A
Expression of NB4 transcripts
NB4.3 RSPR-28 X1.A5.1 NCP1 NB4.7 PJ-1b 1Q-SEC7p1 NB4.10
©
O
)
(]
o 6 1.18 0.99 0.91 o0.88 147 1.37 0.67 0.99
[Pt
c
T
i
(7]
o
o
(7]
’5 12 0.97 0.86 1.17 1.04 0.81 0.79 1.14
o
I
B Expression of In Situ hybridization
- Protonephridia transcripts
9 SLC9a-3 SLC6a-13 SLC4a-6 :ch
Q = | 1)
£ £
£ 12 -
1 ) -
3 :
0o \ O
o 5
O 2 £
=
5] -
T Uninfected Infected
E
2 20+
2_
£g
87
g 5101
S5
L g 54
cE
3
=
Uninfected 1 3
Uninfected Day 1 Day 3 Control
Control Post-Infected Post-Infected Days Post-Infected

Figure 16: Specific mesenchymal neoblast and protonephridia markers are upregulated in planarians during
C. albicans infection. (A) Gene expression of eight other markers for NB4 (B) Expression of protonephridia
structure markers: slc9a-3 (collecting ducts), slc4a-6 (distal tubules), and slc6a-13 (proximal tubules). (C)
Fluorescent in situ hybridization showing expression of inx10 in an uninfected and 24-h infected animal. Scale
bar is 200 um. Images are representative of eight animals for at least two biological and technical replicates.
(D) Whole-mount autofluorescence of the planarian mucus during 1 and 3 day post-infection. Each experiment
represents five animals and two biological replicates. . (E) Intensity of mucus autofluorescence signal of
uninfected and infected animals. Intensity signal quantification involved two biological replicates and 10
animals. The gene expression experiments are represented by at least two technical replicates and three
biological replicates. All graphs represent mean + SEM. Scale bar is 200 ym for all. T-test, ****P < 0.0001.
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Next, the impact of the increased gene expression of NB11 that gives rise to the neural
lineage was analyzed during the infection, focusing on the differentiated neurons of the
planarians. The planaria's nervous system comprises distinct neuronal subtypes that are
categorized by the neurotransmitters that they synthesize!'®. These neural subtypes are
dopaminergic, octopaminergic, GABAergic, serotonergic, and cholinergic neurons, which
all have specific markers [Smed-th (th), Smed-tbh (tbh), Smed-gad (gad), Smed-tph (tph),
and Smed-chat (chat), respectively]. Using gRT-PCR, the expression of each specific
neural subtype was investigated to learn if the fungal infection impacts any of these
subtypes. Measuring the expression of the neuronal subtypes at 6 and 12 hours post-
infection, chat+ and tbh+ neurons were the only subtypes that increased in expression
levels, whereas the rest of the neural subtypes decreased slightly (Figure 17A). In
particular, chat+ neurons had the highest expression of the two neural subtypes staying
above a twofold increase during both time points. Confirming the chat expression, FISH
was used to validate the gRT-PCR. The expression of the chat+ neurons is located
explicitly along the brain and ventral cords of the planarian. The chat FISH probe showed
a larger expression in the infected planarian than in the uninfected animals (Figure 17B).

To further understand the role of the chat+ neurons during the infection, chat was
disrupted with RNAi and the knockdown was observed during the infection. The chat-RNAI
animals were not more susceptible to the C. albicans infection and chat-RNAi did not affect
survivability. Moreover, there was a slight, albeit insignificant, decrease in mitotic response
between chat-RNAI and control planarians during the first mitotic peak observed at 6 hours
post-infection (Figure 17C-D). It is important to note that disrupting chat in planarians
results in an abnormally large amount of mucus surrounding the animal. This
morphological phenotype seemed to aid the animals against the fungal infection. When
the C. albicans cells were observed, fungal cells had a more challenging time adhering to
the chat-RNAI planarians (Figure 17E-F). Overall, these results demonstrate that the
nervous system and excretory system contribute to defending against C. albicans.

Taken together, all the data presented in this dissertation demonstrated that the human
fungal pathogen C. albicans utilizes adhesins and filamentation to colonize the planarian
flatworm successfully. This leads to a multi-system response from the planarian to counter
the fungal infection. An interplay between the planarian model's immune, excretory, and
nervous systems was observed in response to C. albicans.
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Figure 17: Cholinergic neurons are upregulated in planarians during C. albicans infection. (A) Expression of
five different neuron subtypes. Gene expression levels throughout the C. albicans infection are represented
in the heat map. The color scale depicts red as upregulation and blue as downregulation; burgundy is
upregulation greater than twofold. Gene expression is represented by fold change normalized to an uninfected
control. The experiment is represented by at least two technical replicates and three biological
replicates(B) Fluorescent in situ hybridization showing expression of cholinergic (chat+) neuronsin an
uninfected and 24 hours post-infected planarian. Scale bar is 200 um. Images are representative of eight
animals for at least two biological and technical replicates. (C) Whole mount immunostaining with anti-
phospho-histone H3 (serl0) antibody, which labels mitotic cells (white foci) at 6 hours post-infection comparing
infected control with chat-RNAI. (D) Number of mitoses of control infected animal versus chat-RNAi infected
animals normalized to an uninfected control at 6 h post-infection. A total of 10 animals were used. (E)
Representative images of whole mount anti-Candida antibody stain at 24 hours post-infection (white foci) of a
control animal and chat-RNAi animal. A total of ten animals were used. (F) Intensity of anti-Candida signal of
uninfected and infected animals. Intensity signal quantification involved two biological replicates and 10
animals.
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5. Discussion

5.1. Development of the planarian infection model for the study of host-pathogen
interactions

The first necessity to study the interactions between the planarians and C. albicans was
development of a consistent infection method. In studying host-pathogen interactions, the
ability to observe the responses of both organisms is essential. Further, the method of
infection should result in the ability to assay clearance, virulence, survivability, functional
analysis, and tractability. All this was considered during development of a reproducible
infection protocol based on soaking planarians with C. albicans cells that are easily
introduced into the media. In addition, the maintenance and cost of planarians are low,
and the ability to generate an abundance of animals allows for rapid experimentation and
screening of C. albicans strains, which takes less than a week. This infection strategy also
allows visualization of the different stages of fungal infection, from initial contact, to
penetration, to colonization and deep tissue infection of the flatworm (Figure 18).

There are notable disadvantages with two other existing techniques for C. albicans
infection of planarians. First, the injection or pricking method allows infection of planarians
into any desired location, but C. albicans cells have difficulty adhering to the planarians.
This may be due to the allowance of insufficient time for C. albicans to adhere and the
ability of planarians to eliminate pathogens rapidly. In contrast, the feeding infection
method involves consumption of large amounts of bovine liver and yeast, filling the
majority of the digestive branches with yeast. However, the interaction of the pathogen
with the liver while inside the host appears to affect the infection. Additionally, the
planarians expulse a significant amount of mucus and liver components, resulting in a
large reduction of yeast cells after the first day. The scavenger nature of the planarian has
likely resulted in an evolutionary advantage to rapidly clear microbes like C. albicans with
no apparent phenotype. These properties of the planarians make it challenging for use as
a model to study C. albicans virulence and infection mechanisms.

However, the soaking infection method | developed resulted in the ability of C. albicans to
kill the planarians, allowing study of the infection from the fungal perspective. The ability
to assay virulence, in particular, is one of the greatest advantages our method has when
compared to the other infection methods used in the planarian field®*®’. The soaking
method required different virulence factors of C. albicans, including the ability to adhere,
change morphologies, and form aggregates. Surprisingly, these changes usually occur
after 1-day post-infection, and morphological defects in the planarians accompany these
changes (Figure 5). These observations can also be applied to mutant C. albicans strains
to examine differences in infection (Figure 6).

Furthermore, the soaking infecting strategy also grants the user superior control over the
duration of the infection and the amount of yeast cells exposed to the planarians. In
addition, it’s relatively easy to thoroughly wash away the infecting C. albicans cells with
fresh media to study clearance of the fungi. Moreover, the soaking strategy provides a
valuable tool to observe the interactions of the pathogen and host mucosal surface and
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epithelium. Although the feeding infection method results in a robust, rapid clearance of
pathogens, characteristics of this method introduce significant confounding problems,
which make it challenging to tease apart interactions between host and pathogen. The
advantages of infection by soaking are not observed with other infection methods. Thus,
the soaking method should be implemented as the standard for future planarian infection
studies. Importantly, the planarian infection method has been demonstrated to be as
successful as other animal infection methods.

To date, the study of vertebrate and invertebrate in vivo models of candidiasis has
provided important insight into the pathogenesis of fungal infections. However, limitations
to analyzing host-pathogen interactions in the context of the adult body and the stem cell
response still exist. For example, although mammalian models, such as the rat, mouse,
and rabbit, are the closest species used to mimic human infections, their use is limited by
sample size, handling, and cost. However, like all other invertebrate models, the
planarians lacks adaptive immunity and cannot provide insight into that specific area.
Nevertheless, this results in the ability to study the innate response independently of any
adaptive immune response. With the planarian model the whole system response of the
host can be observed, in contrast to concentrating on a specific organ or tissue as with
murine models. When studying the interactions of C. albicans in these host models, clinical
and mutant strains found to be virulent and avirulent in mice demonstrate similar virulence
in planarians. Thus, this model can be used to screen various C. albicans mutants and
strains at a more rapid pace.

On the other hand, although cost-effective invertebrate models, including Drosophila
melanogaster, Caenorhabditis elegans and Galleria mellonella, are limited in their utility
for analysis due to embryonic stages influencing host response and infection methodology
(e.g., injections cause injury adding another element to consider) and similarity to human
tissue. The planarian model also best mimics the mucosal epithelium, with its mucus
showing strong homology to that of humans. In addition, the other invertebrate models
possess a cuticle that needs to be pierced for infection.

All of these invertebrate models possess genetic tractability and have advantages and
disadvantages compared to each other (Table 1). Thus, the optimal infection model
depends on the specific investigation being undertake. If the question involves systemic
and mucosal epithelium infections and a requires a cost-effective choice with tractability
of both organisms, the planarian model would be the optimal choice. In addition, the
planarian is also an ideal choice to visualize the early response and development of a
systemic infection. Therefore, although the planarians is still an emerging model and
further research is needed, there is great potential for its use as an infection model for C.
albicans.

5.2. The hyphal growth form and adhesins are critical virulence factors of C.
albicans the elicit a specific neoblast response in the planarian model

Infecting planarians with the non-filamentous (efgl) and hyper-flamentous (nrgl) mutant
strains compared to the wildtype strain confirmed that switching from yeast to hyphae is
important for virulence®”. The aggressive nature of hyphal cells gives C. albicans the
capability to produce severe phenotypes and infect the deeper tissues of the planarian
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model (Figure 4). The results were similar to that seen in vertebrate infection models, such
as mice and rats, demonstrating that filamentation is an essential driver of virulence in
systemic infections. Additionally, hyphal defective mutants were found to be attenuated in
virulence in both planarian and mice models'*’19, It is important to note that all mutant
strains could adhere to the planarian epithelium. Still, the non-filamentous strain, with the
addition of the als3 and bcrl mutant strains, had less adherence and fewer aggregates
when infecting these animals (Figure 11). The hyphal growth form thus provided several
benefits for colonizing planarians.

The hyphal cells have a hyphae-specific transcriptional program that increases
upregulation of several virulence factors. For example, these cells exhibit augmented
adherence, biofilm development, and tissue invasion!®*-21, Moreover, adhesion is crucial
for both the induction of endocytosis and active penetration during host invasion by C.
albicans'??, Thus, this supports the notion that efgl, asl3, and bcrl mutant strains are not
as virulent due to decreased expression of adhesins, which makes it difficult to penetrate
the planarian tissue.

The non-filamentous strain was also predicted to be the fastest C. albicans strain
eliminated. This yeast growth form is the easiest to phagocytose, resulting in increased
clearance!?, This is due to the inability to escape phagocytosis by physically breaking
from the inside of phagocytic cells, which the hyphal growth form can do?. However, this
was not the case as the non-filamentous cells were still present 10 days post-infection,
with more cells than the wildtype and non-filamentous strains (Figure 6). Thus, it appears
that as long there is not significant tissue damage, planarians do not elicit a strong host
response and C. albicans is cleared more slowly.

Adhesion factors, such as the Als proteins investigated here, allow C. albicans to adhere,
invade, and damage the epithelium thereby enhancing virulence. Even though these
proteins are associated with hyphal properties, they markedly affect the virulence
observed in the infecting yeast growth form and its ability to cluster in the planarians. The
ability to adhere is the most critical step for successful infection of a host. Further, it is
possible that the adhesins are what the planarian model uses to detect infecting C.
albicans cells.

The planarian model, like all animal models, must be able to detect and respond to
pathogens. PRRs are proteins that recognize conserved and frequently found molecules
in pathogens'?+125, These PRRs are responsible for inducing signals to activate immune
cells and pro-inflammatory responses required to contain and eliminate the infection?.
There are various toll-like receptors and C-type lectins that recognize C. albicans and
promote an immune response against the fungi*'#'3. Dectin is a C-type lectin that
recognizes B-glucans with conserved downstream effector proteins!?®. The planarians
contain several effector proteins known to function downstream of Dectin-1, all of which
are upregulated during fungal infections (Figure 14). Specifically, syk and tak were
observed to be dramatically overexpressed at 6 hours post-infection, suggesting that there
is a conserved innate immune response in planarians. The increase in expression of
dectin downstream effectors is predicted to be responsible for the host responses of the
planarians during the infection.

The adherence of C. albicans to the planarian epithelial layer was found to induce the
dectin signaling cascade, which | speculate leads to the increase in neoblast proliferation
(Figure 13). This was dependent on the ability of C. albicans to transform to the hyphal
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form, which increases the expression of adhesins!'®?°, The non-filamentous strain
possessed a reduced amount of adhesins and therefore could not elicit an increase in
neoblast proliferation from the host. The hyper-filamentous strain, locked in the hyphal
growth form, exhibits the most abundant expression of adhesins and induced the most
marked hyper-proliferation of neoblasts in the host (Figure 9). Furthermore, the response
is also dependent on Bcrl, a transcription factor that is an important regulator of
adherence and controls the expression of ALS3, which is also essential for adherence.
Mutation of either of these genes resulted in a reduced adherence, accompanied by a
reduced amount of neoblast proliferation at 6 hours post infection (Figure 12-13). Thus,
the neoblast response of the planarian is dependent on the amount of adhesins C.
albicans is expressing during the infection.

Stem cells are essential for renewing tissue and replacing dead cells following injury,
infections, and other cell damage'?’. It is known that C. albicans infection of the planarians
induces proliferation of selective stem cells, both mesenchymal and hematopoietic,
leading to maturation of lineage-restricted cells necessary to defend and eliminate the
infecting pathogen. In addition, in vertebrates these cells lead to the development of
macrophages and specialized lymphocytes, which are essential for phagocytosing and
inhibiting the spread of C. albicans'®-13°, This work demonstrated a novel stem cell
response to invasive infections in the planarian model. (Figure 8 & 9). In fact, superficial
adherence of C. albicans was shown to elicit two neoblast proliferation events at 6 and 24
hours post-infection. This is the first report of the mitotic response occurring with no visible
signs of injury or increased cell death in a manner independent of any metabolic inputs.
The other two, metabolically or injury-induced neoblast hyper-proliferation peaks, occur at
6 and 12 hours post-feeding and 6 and 48 hours post-injury. Thus, occurrence of two
hyper-proliferation peaks appears to be typical of induced neoblast events®'%, The
infection-induced mitotic response has a similar induction time of 6 hours post-infection
with other induced neoblast events. Thus, it is possible that neoblast hyper-proliferation in
planarians takes around six hours in response to any stimuli.

Also, the infection-induced neoblast hyper-proliferation included similar transcriptional
changes in early wound response genes as observed during injury-induced neoblast
proliferation. Early wound response genes, such as RUNT1 and EGR2, are crucial for
activating the response to heal and regrow missing tissue in planarians®. In addition,
these early wound response genes have also been demonstrated to play essential roles
in inflammation and antigen-induced proliferation of lymphocytes in other animal
models®?, The observed increase in expression of egr2 did not peak and fall as in injuries,
but remained overexpressed throughout the infection. Moreover, the protein levels of
phosphorylated ERK, upstream of EGR2, were also increased similar to what is seen after
amputation. Like erg2, pERK peaks and falls in amputation; however, there were higher
levels of pERK throughout the course of infection (Figure 10).

However, the infection did not change the expression of runtl, which is another early
wound response gene essential for regeneration®%. Thus, the planarians wound
response transcriptomic profile differs from that seen during infections.

Overall, the prolonged increase of erg2 expression and pERK seems to be dependent on
the adherence of C. albicans to the planarian epithelium. Thus, the differences in wound
response and proliferation peaks indicate that infection promotes hyperproliferation of
specific neoblasts dependent on the adhesion of C. albicans. Previous studies have
classified different neoblast subpopulations based on expression of the transcription
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marker, piwi-1. The piwi-1 neoblast subpopulation is NB2, clonogenic neoblasts, which
are crucial for regeneration®®. Therefore, gene transcription in planarian neoblast
subpopulations was assessed following C. albicans infection. The high piwil expressing
neoblasts (NB1, NB2, and NB3) exhibited no increase in gene expression during the
fungal infection, although some genes were slightly downregulated (Figure 15). Thus, with
most of the neoblast subpopulations expressing genes at a basal level, these results
suggest that only a few neoblast classes are engaged during C. albicans infection. The
neoblast subclasses with the lowest expression of piwil were the ones upregulated
(Figure 14). Specifically, the NB9, NB11, and NB4 neoblast subclasses were upregulated
greater than eightfold during the infection. Of note, these three neoblast subclasses
contain less than 5% of the total piwil content in the planarians®. These results support
the idea that specific neoblast subclasses can cycle independently of others. Moreover,
the neoblasts with lower piwil expression are the populations with increased proliferation
at 6 and 24 hours post-infection. Overall, these results suggest that specific neoblast
subpopulations respond to yeast infections, particularly NB9, NB11 and NB4, and this is
distinct from what is seen in other instances of induced neoblast hyper-proliferation.

5.3. Increased mucus secretion by planarians counteracts C. albicans infection

The planarian neoblast gives rise to several differentiated tissues, including nervous,
digestive, excretory and sensory. Given the increased cycling of NB9, NB11 and NB4,
which belong to the neural, protonephridia and muscle lineages, | next investigated the
distinct transcriptomic expression of differentiated tissues associated with these neoblast
lineages. The genes associated with these two systems, excretory and nervous, were
found to be overexpressed during the infection. The upregulation of genes associated with
the excretory system was observed during the infection; specifically, genes related to the
protonephridia structure were largely overexpressed (Figure 15). It is documented that the
increase in protonephridia and other excretory components leads to an increase in mucus
secretion’>134, Mucus contains several antimicrobial properties that inhibit C. albicans
infection'3®. Moreover, mucus is easily observed due to its autofluorescence, and was
found to increase dramatically as the infection progressed (Figure 15). The planarian
mucus both acts as a physical barrier inhibiting pathogen adherence to the epithelium and
contains many antimicrobial peptides, zymogens, and proteases to aid in eliminating the
pathogen’,

Moreover, gene expression typical of specific neuronal subtypes was also dramatically
increased in the planarians. Specifically, both octopaminergic and cholinergic (tbh+ and
chat+) neurons were upregulated more than twofold. This implies that specific neural
subclasses could be involved in the planarian immune response to the C. albicans
infection. Several studies have shown the capability of some neurons to act as either, or
both, immunocompetent cells and immune system regulators, which is a highly conserved
function?®$1%7_ In addition, C. albicans has been demonstrated to induce nociceptive
neurons in murine models, which are essentially innate immune cells®. Thus, it appears
that planarians use chat+ and tbh+ neurons for organismal communication to defend
against C. albicans. Moreover, chat+ neurons may be particularly important in this
process, as this neuronal subtype is expressed from the anterior to the posterior of the
animal (Figure 16). Further investigation revealed that disruption of chat gene expression
with RNAI causes planarians to be overwhelmingly covered with mucus. Therefore, it
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seems that chat+ neurons help regulate the production of mucus independently of any
infection. Thus, when chat-RNAI planarians are infected, they start with the advantage of
having an excess amount of mucus, which interferes with the ability of C. albicans to
adhere and colonize the epithelium (Figure 17). Therefore, one immune function of chat+
neurons maybe to regulate the excretory system to increase mucus secretion in response
to fungal infections.

5.4. Concluding remarks

The results of this study shown that the planarians are a competent model for C. albicans
infection. The human fungal pathogen C. albicans was able to infect and colonize the
flatworm while expressing various virulence factors at different stages of infection. The
planarian model also displayed the capability to recognize the infection and mount a multi-
system response involving stem cells as well as differentiated tissues of the nervous and
excretory systems. Once the infection media containing the C. albicans cells was
removed, the flatworm effectively eliminated and cleared the infection in a short amount
of time, even when severe disease phenotypes resulted. Therefore, this investigation
establishes the planarian as a cost-effective fast throughput model to perform host-
pathogen interaction studies. A collection of various host models can provide wide-ranging
insights into the mechanisms underlying the development of infection and subsequent
elimination of pathogens. Thus, | advocate implementing the planarian model to study the
early stages of a mucosal and systemic C. albicans infections.

| suggest the host-pathogen model described in this work bears strong resemblance to
early mucosal infections in mammals, and can be a powerful tool to gain additional insights
about fungal infections (Figure 18). The planarian soaking infection method demonstrated
consistency in virulence associated with fungal filamentation and biofilm development
observed with other animal models. Moreover, this infection method allows numerous
experiments to be conducted with a rapid turnaround, as analysis of the pathogen’s
virulence, hostimmune response, and the observation of infection can all be accomplished
within one week. It also allows systemic analysis of host responses and study of the
complex interplay of several tissues in response to a superficial infection. Future
experiments will address the precise interplay between neoblasts, differentiated tissues,
and the molecular cascade orchestrated by the planarian innate immune system to defend
against invading pathogens. In addition, analyzing transcriptomic changes in both the host
and pathogen will provide more knowledge about the interactions occurring in both
organisms, as well as the immune responses in planarians.
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Mucous Mucous Mucous

Figure 18: Summary model of interactions occurring during C. albicans infection of planarians, using the
soaking infection method. The top (salmon color) section indicates the roles of C. albicans during the early
and late stages of infection. The bottom (blue color) indicates the planarian responses to C. albicans during
the infection. The middle images describe the stages of infection, demonstrating the C. albicans cells adhering
to the planarian epithelial layer to colonize and infect the planarian’s deep tissue.
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5.5. Future directions

This study is the first to describe the use of the planarian flatworm as an infection model
to investigate host-pathogen interactions with the fungal pathogen C. albicans. The
emerging model has provided insight into the planarian immune response and proven
useful as an additional tool to study C. albicans infection. To further develop this planarian-
C. albicans infection model, additional classification of the immune system and phagocytic
cells of the planarian flatworm will be required. In addition, no upstream PRRs have been
identified in planarians; however, | believe there are specific C-type lectins, homologous
to the dectin PRR, responsible for this function.

Because the planarian dectin signaling pathway was not thoroughly analyzed, it would be
interesting to functionally assess this pathway and the effector proteins identified here.
Disruption of canonical dectin signaling components found in the planarian would define
the importance of this pathway and indicate whether the planarian relies on other signaling
mechanisms during C. albicans infection. Further, of the six dectin sighaling components
in planarians, only the SYK gene has been disrupted. In addition, the expression of chat+
neurons and genes involved in mucus secretion during infection could also be assessed
in the absence of dectin pathway proteins. This would reveal possible regulatory
mechanisms eliciting the neural responses during fungal infection.

Future research avenues may also involve, high-throughput analysis of the transcriptomic
responses in both host and pathogen at different stages of infection. Although, omics
studies are needed, there are a few problems with this approach. Notably, the number of
C. albicans cells is vastly outhnumbered by host cells, so finding a method to obtain and
differentiate RNA from C. albicans would be crucial. Once a strategy is identified to
effectively sequence RNA from both organisms, potential identifying markers of planarian
phagocytic cells that respond to the infecting yeast can be identified to observe their roles
in eliminating C. albicans. This would help improve the planarian as an infection model,
adding the ability to visualize the phagocytic cells responding to the yeast and assay the
ability of different C. albicans strains to avoid or inhibit phagocytosis. Additionally, C.
albicans transcription factor mutants could then be screened to observe the transcriptomic
changes that result from successful in vivo infections to determine novel virulence
factors®®. Lastly, the omics strategy will also help identify genes within C. albicans
responsible for colonizing and evading the planarian immune system. These studies are
expected to identify molecular targets with potential for clinical applications.

The influence of the planarian microbiome during the C. albicans infection requires further
attention. In preliminary studies, | found that disrupting the bacterial flora with a cocktail of
antibiotics leads to increased resistance to lethal concentrations of C. albicans. To further
these results, a combination of in vitro and in vivo experimentation and transcriptomic
sequencing can be done to uncover why removing the bacterial microbiome increases
fungal infection resistance. In vitro experiments, for example, include homogenizing the
planarians and plating the homogenate in both complex media and minimal media, to grow
the microbiome, followed by streaking of C. albicans to observe morphological
characteristics of the yeast as a competition assay. In addition, antibiotic filter paper disks
can be introduced to compare the growth of C. albicans in the presence and absence of
the microbiome. These C. albicans cells can then be collected and transcriptomic
differences compared. In additional experiments, planarians exposed to antibiotics would
be infected with C. albicans and collected to assess transcriptomic changes in both
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organisms during the infection. These results could identify what is causing the increased
fungal resistance in the host.

Importantly, these investigations can also be expanded to other fungal pathogens.
Candida glabrata is another major human pathogen and Candia auris has become
problematic due to its multi-resistant properties?®3314°, These Candida pathogens can also
be analyzed in the planarian model to observe and compare their infection mechanisms.
Further, the results obtained from fungal pathogens can be compared to bacterial
pathogens to determine if the planarian response is specific for microbial pathogens or if
it is a general response to all pathogens. Thus, the potential of the planarian model is only
beginning, and my pioneering doctoral work set the basis of this intriguing new paradigm
and | expect to see future work capitalizing on it with long-term goals reaching into clinical
applications.
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