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Summary

Systemic candidiasis is a life-threatening disease that affects ~750,000 people every
year and has unacceptably high mortality rates due to a lack of efficient therapeutics. C.
albicans is the most common and virulent agent of systemic candidiasis, whereas less virulent
Candida spp. such as C. parapsilosis are more easily cleared by the host and thus have a lower
incidence in comparison with C. albicans. Here, through comparative transcriptomic analysis,
| sought to identify differences in the immune response triggered by C. albicans and C.
parapsilosis, in order to validate C. parapsilosis-specific targets for immune modulation
during C. albicans infections. This was conducted to assess the impact of the identified targets
in promoting C. albicans clearance and to determine their potential as immunotherapies for
C. albicans-induced systemic candidiasis. Strikingly, | found that the C. parapsilosis-triggered
macrophage immune response is dominated by the type | IFN signalling pathway, with IFN-[3
standing as the top upstream activator of this pathway. In vitro studies presented here reveal
that IFN-P3 boosts the candidacidal activity of BMDMs towards C. albicans via a mechanism
independent of ROS, NO and conventional AMPs. In vivo results indicate that administration
of IFN- has a negative effect on mice survival during C. albicans challenge. However, reduced
kidney fungal burden was observed in mice injected with a high dose of IFN-§ that survived
the infection. Preliminary in vivo experiments revealed that administration of hetlL-15, a type
| IFN-inducible cytokine complex, promotes splenic lymphocyte proliferation in C. albicans-
injected mice, with a significant expansion of granzyme B-producing NK cell populations, and
IFN-y- and granzyme B-producing CD8" T cells. C. albicans has been previously reported to
inhibit macrophage IL-27 production, another type | IFN-inducible cytokine. | uncovered here
that IL-27 inhibition is triggered by a soluble mediator, secreted during the C. albicans
morphotypical transition to true hyphae. Moreover, | have also discovered a novel B-glucan-
driven mechanism of IL-27 inhibition dependent on Dectin-1 signalling. However, it is still
unclear whether C. albicans uses this mechanism to inhibit IL-27 production. This thesis
presents the first comparative analysis of the macrophage immune response triggered by C.
albicans and C. parapsilosis, and the collective results displayed here can be further explored
to help devising new therapeutic approaches for treatment of life-threatening systemic

candidiasis.
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Chapter 1

General Introduction
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1.1 Candida spp.

Candida defines a fungal genus from the phylum Ascomycota that comprises a wide
variety of eukaryotic yeasts species that can be isolated from environmental, animal and
human sources. Candida spp. frequently exist as mammal commensal fungi that constitute
part of the normal microbiota of gut mucosa or genitourinary tract in healthy individuals,
however these can frequently shift from being a harmless commensal to a disease-inducing
pathogen when host immunity gets compromised. Indeed, more than seventeen different
Candida spp. have been identified as aetiological agents of human infection, but the majority
of Candida infections are caused by only five different species: C. albicans, C. glabrata and C.

parapsilosis, C. tropicalis and C. krusei**.

1.1.1 Epidemiology of systemic candidiasis

Most fungal infections are superficial, and common amongst the population with no
significant associated morbidity and mortality>®. Candida spp. are the second most common
agents of fungal infection after dermatophytes, and the majority of Candida infections are
superficial and non-invasive, such as mucosal oral infections or vulvovaginal candidiasis, with
varying incidence depending on socioeconomic and geographic factors, as well as cultural
habits®. While invasive fungal infections are much less frequent than superficial mycoses, they
are associated with high mortality rates and pose a much greater health concern, killing an
estimated ~1.5 million people every year®. Life-threatening invasive candidiasis is estimated
to affect ~750,000 people every year and is associated with extremely high mortality rates
ranging from 46-75%%’. Moreover, invasive candidiasis and candidaemia are typically
nosocomial infections, as most disease cases are acquired in hospital environments and in
patients with long intensive care unit stays. This causes Candida to be the fourth leading cause
of nosocomial bloodstream infections and the third in intensive care units in developed
countries like the U.S.871% According to a meta-analysis study on the global epidemiology of
fungal infections, only 39 countries have published data regarding the national burden of
candidaemia. From these countries, the U.K. ranks as the country with the 9" highest
candidaemia burden, with 5,142 cases reported in 2017 and an estimated burden rate of 8.1

cases per 100,000 citizens every year’1%,
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Over 90% of invasive candidiasis cases are caused by C. albicans, C. parapsilosis, C.
glabrata, C. tropicalis and C. krusei. Of those, C. albicans stands as the most common
infectious agent31213, Nevertheless, over the past two decades there has been a significant
increase on the incidence of non-albicans Candida spp. isolated from infected patients

suffering with candidaemia.

1.1.2 Candida albicans

C. albicans is the main Candida sp. responsible for infection in humans. Due to its
incidence and clinical relevance, most scientific research is focused on C. albicans, therefore
making it undoubtedly the best studied Candida sp. and setting it as a model yeast for
studying Candida-host interactions. C. albicans is a polymorphic fungus that can adopt several
different phenotypes!*?’ (Figure 1.1). The most relevant morphologies observed during
infection are the round ovoid-shaped budding yeast (white phenotype or blastoconidium)
and true hyphae — long tubular Candida cells separated by non-constrictive septa originated
from a single yeast. However, other phenotypes were also discovered such as: pseudohyphae
— chains of adjacent elongated Candida cells separated by constrictive septa);
chlamydospores — thick-walled spore-like structures; opaque phenotype — white elongated
yeasts with unique pimples on their surface that are associated with sexual reproduction; and
GUT (gastrointestinal induced transition) phenotype —a phenotype visually similar to opaque
phenotype, but without surface pimples, that C. albicans adopts by downregulating virulence-
associated genes in order to thrive as commensal in the large intestine of the host. In the
human host, C. albicans yeast cells are mostly associated with commensalism and immune
evasion, whilst true hypha is important for invasion and to drive pathology. Indeed, most
pathways involved in this phenotypical transition are often required for virulence, and this is
confirmed in mutant yeast-locked C. albicans strains, as these are typically much less virulent
than WT strains, therefore providing a link between morphology and virulence!®!&19,
Nevertheless, yeast forms are also important for dissemination and carriage of C. albicans
throughout the body during systemic infection!®?. Although C. albicans stands as a model
pathogen for the study of candidiasis, there are several differences between it and other
related pathogenic Candida spp. that are reflected in species-specific virulence profiles and

host responses.
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1.1.3 Candida glabrata

C. glabrata is another yeast species capable of infecting humans that exists mainly in
yeast morphology (Figure 1.1). Due to its inability to form pseudohyphae under normal
conditions, C. glabrata was initially believed to be monomorphic and was classified in the
Torulopsis genus, however it was later reclassified in the genus Candida when it was
determined that the ability to form pseudohyphae was not a reliable distinguishing factor for
species belonging to the genus?!. Nevertheless, whilst most Candida spp. like C. albicans and
C. parapsilosis are phylogenetically close to one another, C. glabrata is considered a
“misnomer” as it is more closely related to the avirulent yeast Saccharomyces cerevisiae than
it is to other Candida spp. In fact, unlike the diploid C. albicans, C. glabrata is a strictly haploid
yeast, and whilst morphological transition is an important virulence trait of C. albicans, C.
glabrata virulence mechanisms do not rely on morphology, as unlike other Candida spp., C.
glabrata does not form pseudohyphae when grown at 37°C and only exists in yeast form
during infections?'?2. From the non-albicans Candida spp. mainly isolated from candidiasis,
C. glabrata is possibly the most notable and alarming one, as its prevalence has significantly
increased possibly due to its resistance and tolerance to azoles, the most widespread
antifungals used as a first line treatment or prophylaxis for invasive fungal infections,

especially in old neoplastic patients undergoing fluconazole prophylactic treatment92324

1.1.4 Candida parapsilosis

C. parapsilosis is also a causative agent of Candida infections. Unlike C. albicans, C.
parapsilosis invasive infections frequently happen without prior colonisation of the host and
through horizontal transmission via contaminated external sources such as catheters or
invasive medical devices?®. Indeed, C. parapsilosis can strongly adhere to these devices, where
it can grow as extensive biofilms, which is possibly one of the main reasons why C. parapsilosis
infections are more frequent in neonates than other Candida spp.>?>~?’. For a long time, C.
parapsilosis isolates were separated into three groups, but further genetic studies have
facilitated their classification into three distinct new species: C. parapsilosis sensu scrito
(commonly addressed as C. parapsilosis), C. metapsilosis and C. orthopsilosis. However, of
those three species, C. parapsilosis sensu scrito is responsible for the vast majority of clinical

manifestations, and most laboratories do not make the distinction between species from the
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C. parapsilosis complex due to lack of efficient and reliable commercial systems for
discriminative analysis?>?%. C. parapsilosis can exist as yeast form or pseudohyphae, and the
latter is associated the activation of the inflammatory response during infection®>?° (Figure

1.1).

C. albicans C. parapsilosis B

30°C Legend

Blastoconidium

Pseudohyphae <

C. glabrata

)

True hyphae

C. parapsilosis

GuT

.
oy Opaque

O Chlamydospore

C. albicans

Figure 1.1 - Candida spp. different morphotypes. (A) C. albicans and C. parapsilosis were grown
overnight in YPDB, washed twice with PBS and grown in RPMI-BMDM for 3 h at different
temperatures. Cultures were then serially diluted, and pictures were taken using a 20X objective lens
on an EVOS microscope. Green arrows point to yeast forms, red arrows point to true hyphae and
yellow arrows to pseudohyphae. (B) Schematic of the different morphotypes observed in C. albicans,
C. parapsilosis and C. glabrata, the main Candida spp. used in this study. Morphologies between grey
brackets are not normally verified within the human host, and their impact during infection/ability to

drive pathology is still poorly understood. (Figure 1.1-B was adapted from* and made using
Biorender.com).
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1.1.5 Candida tropicalis

C. tropicalis is another pathogenic Candida spp. originally isolated from a patient with
fungal bronchitis in 19103132, Phylogenetically, C. tropicalis is similar to C. albicans when
compared with other clinically relevant Candida spp., and shares with it common
phenotypical and biochemical traits, such as being able to exist as white and opaque
phenotypes, and expressing a range of genes known to be involved in virulence and host
invasion?2. It frequently exists in pseudohyphae phenotype when infecting the human host,
and like C. albicans, some C. tropicalis strains were also reported to form true hyphae,
however, these do not show the same degree of filamentation as the former32-34. C. tropicalis
is a commensal from the normal human microbiome, and can be found in skin,
gastrointestinal, genitourinary and respiratory tracts. C. tropicalis is frequently isolated from
patients with superficial and systemic Candida infections and is particularly common in
patients suffering with neutropenia and leukaemia, and in individuals with damaged
gastrointestinal mucosa or with unbalanced microbiota due to extensive use of
antibiotics®25273235 Moreover, C. tropicalis is remarkably osmotolerant, as it can thrive in
high salt concentrations. This can contribute for its persistence in saline environments, and
to the expression of virulence, and antifungal resistance genes that can partially account for
its natural resistance to frequently prescribed antifungal drugs such as azoles and

echinocandins3?.

1.1.6 Candida krusei

C. krusei is a pathogenic Candida spp. that can exist in yeast and pseudohyphae. C.
krusei still remains largely understudied, in comparison with the other Candida spp.
mentioned above, as it is not a frequently isolated agent of candidiasis. However, like the
other four non-albicans species, its incidence is been rising over the past decade3®®’. Indeed,
C. krusei is recently being mainly isolated from immunocompromised individuals, with special
incidence in leukaemia patients or patients suffering with lymphocyte deficiencies®®. One of
the reasons for its emerging prevalence is its intrinsic resistance to some antifungals such as
azoles that are prescribed for treatment of systemic candidiasis, with many C. krusei

infections being associated with prophylactic or therapeutic use of these antifungals3’:3,
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1.1.7 Candida cell wall

Candida cells are protected by an outer layer called the fungal cell wall. The cell wall is
a malleable and mechanically robust dynamic structure that is essential for the yeast cell
viability, morphogenesis and pathogenesis, whose composition is tightly regulated in
response to environmental and stress stimuli. Approximately one fifth of the C. albicans
genome comprise genes involved in the biosynthesis and maintenance of the fungal cell wall,
highlighting the importance of the organelle*. Since the cell wall is the most extrinsic layer of
the yeast cell, it is the first structure to come in contact with host cells, and therefore plays a
pivotal role during infection. Indeed, most cell wall components are PAMPs (pathogen-
associated molecular patterns) and a proper recognition of these by PRRs (pattern recognition
receptors) on immune cells is vital to trigger an adequate host immune response during
candidiasis. Candida cell wall is generally comprised of an outer layer of glycoproteins
extensively modified with N- and O-linked carbohydrates (mannans or mannoproteins), in
some cases containing glycosylphosphatidylinositol (GPI)-linked proteins, that comprise 30-
40% of the fungal cell wall dry weight*! (Figure 1.2-A). Mannans can have very diverse
structures depending on their type and degree of mannosylation. Mannose units can be
incorporated into three different structures namely highly branched N-linked mannan: a-
mannans attached to nitrogen atoms on asparagine (Asn) residues; O-mannans: mannose
polymers covalently attached to atoms of oxygen from serine (Ser) or threonine (Thr) residues
and phosphomannans: mannose units attached to phosphorus atoms that are bound to other
a-mannans or glycolipids (Figure 1.2-B). The inner layer of the fungal cell wall is mainly
comprised of B-glucans — polymers of glucose assembled into long chains — that account for
50-60% of the cell wall dry weight (Figure 1.2-A). B-(1,3)-glucan is the most abundant glucan
subtype and serves as the main polysaccharide to which other cell wall components, like B-
(1,6)-glucan are covalently attached to, making its synthesis vital for proper cell wall assembly
and normal development of Candida***3. The innermost layer of the cell wall is composed
mainly by chitin, a N-acetyl-D-glucosamine polymer that contributes for the overall integrity,
correct formation and osmotic stability of the cell wall, and accounts for ~2% of its dry
weight®> (Figure 1.2-A). Below the cell wall, the fungal plasma membrane contains chitin

and B-glucan synthases that ensure the synthesis of cell wall components and its proper
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maintenance, and ergosterol, the most abundant fungal sterol that regulates membrane

permeability and fluidity*® (Figure 1.2-A).

A mannoproteins B-(1,3)-glucan B-(1,6)-glucan GPl-anchored proteins
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Figure 1.2 — Schematic of the Candida cell wall. (A) lllustration of the Candida spp. cell wall containing
main structural carbohydrates and plasma membrane-associated proteins. (B) Schematic exemplifying
the diversity of mannans. Adapted from*#’. Images were made using Biorender.com.

1.1.8 Candida virulence mechanisms

The weakened or immunocompromised state of the host was long thought to be the
sole driver for the establishment of opportunistic fungal infections. Nowadays, this concept
does not explain the full picture and is not entirely reflective of the pathogenesis of
candidiasis, as pathogenic fungi are endowed with a wide range of virulence factors that allow
them to actively participate in the pathophysiology of the disease, and influence the
pathogenicity of different Candida spp. Overall, these virulence strategies allow Candida to
invade and survive within different host niches and to evade and withstand host defences

during infection.
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1.1.8.1 Polymorphism

Polymorphism defines the transition between yeast and hyphal/pseudohyphal growth
forms. For most Candida species, both phenotypical forms are important for pathogenicity
and for the onset of candidiasis!®!¥2%, Moreover, there is a set of genes expressed during
germination that code for virulence-associated factors not directly involved in hyphal
formation per se. In C. albicans these include HWP1 (hyphal wall protein 1), ALS3 (agglutinin-
like sequence protein 3), secreted aspartyl proteases like sap4, -5 and -6, and ECE1 (extent of
cell elongation 1). Hyphal growth can be triggered by different environmental stimuli. In case
of C. albicans, these include such as alkaline pH, starvation, presence of serum proteins or N-
acetyl-D-glucosamine, temperature, CO, and quorum sensing (a method of microbial
chemical communication within Candida populations)!’. Since it does not normally form
pseudohypha, C. glabrata does not rely on this mechanism for virulence*®. Regarding C.
parapsilosis, pseudohypha formation does not seem to greatly contribute for virulence during

infection unlike the formation of true hypha contributes for C. albicans virulence®.

1.1.8.2 Adhesion and biofilm formation

The ability to adhere to host surfaces is necessary for Candida colonisation and for
triggering infection. Moreover, adherence to abiotic surfaces such as indwelling medical
devices can also be the cause of bloodstream Candida infection?®. Adherence is mostly
mediated by adhesins such as Als proteins, particularly Als3, and Hwpl that are GPI-
associated proteins present at the cell surface of Candida, and the importance of these
proteins on the establishment of infection and progression of disease was already
identified**~>2, Some adhesins like Als3 also act as invasins. These were shown to promote
Candida endocytosis by epithelial and endothelial cells independently of fungal viability as a
fungal invasion mechanism®3. Another important feature of these two families of adhesins is
these proteins’ contribution for the formation of Candida biofilms. These complex microbial
structures are highly resistant to antifungals and can facilitate Candida infections by forming
extensive fungal mats on mucosal surfaces which hinder Candida clearance by the host or on
invasive medical devices like catheters and promote direct fungal dissemination into the host

bloodstream?’.
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1.1.8.3 Secreted enzymes and toxins

Besides its ability to adhere to host surfaces, Candida also secrete an arsenal of
hydrolases that facilitate cell penetration and invasion. These can be proteases,
phospholipases or lipases. Secreted aspartyl proteases (Saps) are hydrolytic enzymes mostly
involved, amongst other processes, in the acquisition of nutrients from exogenous proteins
and were proposed to facilitate active penetration of host cells by Candida®*>. Several
different Sap-coding genes were discovered, however their expression varies depending on
the Candida spp. and other conditions. C. albicans genome contains at least ten distinct
Saps>®™°, whereas only three Sap-coding genes were detected in C. parapsilosis genome®°, C.
glabrata does not code for any Sap orthologs, however it produces 11 different surface-
associated aspartyl proteases called yapsins that have similar function and were associated
with its virulence. C. glabrata yapsins were shown to be important for adherence and survival
during infection in both J774A.1 macrophage cell line and in an in vivo murine model of
systemic candidiasis®'™3. C. albicans Sap1 to -6 and C. parapsilosis Sapp1 to -3 are the most
broadly studied of these proteins and were shown to exert broadly deleterious effects on the

immune response triggered during candidiasis®%648,

Candida spp. use phospholipases to hydrolase phospholipids that can yield fatty acids
and a number of lipophilic intermediate molecules that play multiple roles in cell
development, metabolism and signalling. However, a role for these enzymes in virulence was
described, as pathogenic Candida spp. can use phospholipases to disrupt host cell membranes
by hydrolysing ester linkages in glycerophospholipids®® 7. C. albicans codes for different types
of phospholipases, but only PIb1 and PId1 were shown to be relevant for its virulence in both
systemic and oral candidiasis models respectively’*’4. C. parapsilosis and C. glabrata also
secrete phospholipases, however their expression has great intra-species variation, with
some clinical isolates not producing these enzymes at all. Therefore, a direct relation between
phospholipase expression and virulence degree in these two species has not yet been

established®%61,

Extracellular lipases catalyse the hydrolysis of ester bonds in triacylglycerols and are

used by Candida spp. mainly to digest lipids and acquire nutrients. However, these enzymes
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were identified to play a role in pathogenic Candida spp. virulence, as they can contribute to
adhesion to host tissue and cells, induce nonspecific hydrolysis of other cellular components
along due to their additional phospholytic activities, and can also trigger inflammatory
processes when targeting host immune cells’®. C. albicans codes for at least ten lipases (Lip1
to -10) however, to date only Lip8 was shown to contribute for C. albicans pathogenicity in a
mouse model of systemic candidiasis’®. C. parapsilosis codes for four lipases (CpLip1 to -4)
however only CpLipl and -2 are secreted as functional enzymes and were implicated in its
virulence and to contribute for successful host invasion®7678 Unlike C. albicans and C.
parapsilosis, no extracellular lipases were identified to play a role in virulence of C.

glabrata3*7.

Besides these enzymes, C. albicans also secretes candidalysin, a recently discovered
fungal toxin generated from the parent polypeptide Ecel (Figure 1.3). Candidalysin appears
to be a distinct feature of Candida spp. capable of forming true hyphae, as C. dubliniensis and
C. tropicalis were the only non-albicans species identified to express known ECE1 orthologs,

and are therefore predicted to also produce the toxin®%2%,

1.1.8.4 Metabolic plasticity

For efficient host invasion, C. albicans needs to form true hyphae, and produce an
arsenal of virulence-associated molecules that demand a lot of energy. C. albicans uses
glucose as the main preferred carbon source to fuel these metabolic and virulence-associated
processes, and during infection, it focuses mainly on upregulating genes associated with
glycolysis, fatty acid -oxidation and the tricarboxylic acid (TCA) cycle to yield glucose and
therefore generate enough energy. However, once in the bloodstream or inside the nutrient-
deprived environment of the phagosome, C. albicans has evolved strategies of metabolic
plasticity that allow it to adapt its metabolism to survive within such host niches. Under those
conditions, C. albicans undergoes a metabolic shift from a highly glycolytic to a gluconeogenic
state, by upregulating the expression of two key enzymes involved in the glyoxylate cycle,
isocitrate lyase (/CL1) and malate synthase (MLS1)%. The glyoxylate cycle is a shunt conserved
among bacteria, plants, fungi and nematodes, that allows C. albicans to bypass the CO;-
generating steps of the TCA cycle and permits the conservation of carbons to be used as

substrates in gluconeogenesis. Isocitrate is transformed into glyoxylate and succinate
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(through Icl1) and then glyoxylate is converted into malate (by Mls1). Malate dehydrogenase

converts malate into oxaloacetate so it can be used for gluconeogenesis, therefore enhancing

the produced glucose yield and allowing C. albicans to survive longer inside phagosomes?23

A
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o = (peptide 3)
Yeast form True hyphae ><-——- =
(filamentous form) v
Ecel 8 small peptides
Cell damage,
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R X IL-1 and IL-6 family
¢ cytokine production,
Candidalysin is released phagocyte

Figure 1.3 — Simplified schematic for candidalysin production. During hypha formation, C. albicans
expresses ECE1, a gene that codes for a polypeptide composed of eight smaller peptides separated by
lysine-arginine (K-R) residues. This peptide is a substrate for the protease Kex2 that will cleave Ecel in
the K-R motifs followed by Kex1 that will further remove the R residue in the C-terminal of the
peptides, to generate eight small peptide products. The third peptide generated by this cleavage
(Ecel-lllg2-93¢) is a cytolytic toxin named candidalysin that induces secretion of a myriad of cytokines
and chemokines in epithelial cells and was found to be a molecular determinant of epithelial cell
damage and host recognition of C. albicans®. The immune mediators released from epithelial cells
in response to the toxin will drive the local immune response towards a protective Th17 phenotype
during mucocutaneous infection and promote renal neutrophil recruitment during systemic infection
that will contribute for Candida clearance®'#7 %,
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1.2 Immune response against Candida spp.

1.2.1 Candida spp. recognition by immune cells

The first essential step for mounting an efficient immune response against Candida is
the recognition of fungal PAMPs by host cell PRRs. Proper PRR signalling triggered by PAMPs
allows immune cells to respond to the invading pathogen and ultimately deploy an efficient
immune response to fight it, while minimizing the collateral damage the host might suffer
from it. Four different PRR families have been implicated in the recognition of Candida: C-
type lectin receptors (CLRs), Toll-like receptors (TLRs), NOD-like receptors (NLRs) and RIG I-
like receptors (RLRs)®%*° (Figure 1.4).

1.2.1.1 Toll-like receptors (TLRs)

TLRs are type | transmembrane proteins characterised by having extracellular leucine-
rich repeats (LRRs) motif domains responsible for PAMP recognition and a cytoplasmic Toll/IL-
1 receptor domain (TIR) that triggers signalling transduction®92, Generally, all TLRs form
heterodimers for signalling activation, except for TLR2 that heterodimerises with TLR1 and
TLR6%. All TLRs except TLR3 signal through the MyD88 adaptor molecule that upon ligand
activation binds to TIR-domain at the TLRs cytoplasmic tail and recruits IRAK4, leading to
phosphorylation of IRAK1%4. TRAF6 then joins the complex and activates the TAB (TAK1/TGF-
B) complex that will in turn contribute for degradation of Ikba, resulting in nuclear migration
of NF-kB to the nucleus, and can also activate AP-1 via MAPK leading to the expression of
inflammatory cytokines®?®>. TLR3 (and not exclusively, TLR4) signals through TRIF which leads
to recruitment of TBK1 and to phosphorylation and nuclear migration of IRF3 resulting in the
production of type I IFN®®. TRIF-dependent signalling can also activate IRF7 and induce late-
phase NF-kB expression®>°’, Whilst TLRs are not the primary receptors driving Candida
phagocytosis, they have been implicated in the initiation of the immune response after
Candida infection®®. Even so, the overall dependence on TLR signalling for resistance against
candidiasis is still controversial. Murine studies have revealed that MyD88-dependent
signalling is essential for host resistance against C. albicans®. However, IL-1R signalling, which
requires MyD88, also proved to be protectivel®!01, Therefore, the susceptibility of MyD88-
deficient mice to Candida infection cannot easily be accounted to loss of TLR signalling.

Furthermore, genetic studies have revealed that human MYD88 deficiency does not
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predispose immunocompetent patients to fungal diseases'®2. TRIF signalling was also
implicated in the response against Candida'®, however its impact on conferring protection in
either human or mice-induced candidiasis was not yet assessed. Nevertheless, several
individual TLRs such as TLR2, -3, -4, -6, -7 and -9 have been implicated in host protection
during candidiasis, with the contribution of each receptor generally depending on the
Candida species, the morphotype, infection route and TLR cooperation®. TLRs can either be
located at the plasma membrane and contribute for the initial recognition of Candida PAMPs,
or at the cytoplasm. Cytoplasmic TLRs are then recruited to Candida-containing phagosomes
to trigger consequent signalling after recognition of fungal ligands not normally exposed at

the surface of the pathogen.
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Figure 1.4 — Main PRRs responsible for Candida spp. recognition. Adapted from?®. Images were made using Biorender.com.
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1.2.1.1.1 Plasma membrane TLRs

From the thirteen different TLRs identified mice, and the ten in humans, TLR2, -4, and -
6 were the only plasmatic membrane TLRs associated with the recognition of Candida
PAMPs%, Most membranal TLRs can detect a variety of different ligands, including those
completely unrelated with one another in structure, which suggests the involvement of other

accessory proteins and/or other PRRs, in the discrimination of distinct ligands%.

TLR2 was shown to form heterodimers with TLR6 to sense phosphomannans©6-108 with
Galectin-3 to bind B-(1,2)-mannans'®11 and with TLR1 to sense chitin oligomers'!?, TLR2
signalling activation has been shown to ameliorate macrophage candidacidal activity towards
C. albicans and to consequently impair its clearancel!3, but its role during systemic candidiasis
is still controversial. Villamén and colleagues have revealed that TLR2-deficient mice are
extremely susceptible to a high dose of C. albicans due to impaired neutrophil recruitment to
infected sites and impaired ability to mount protective Th1 responses!'#11> However, Netea
et al. have shown that TLR2 signalling is detrimental to the outcome of systemic candidiasis,
as TLR2-deficient mice had impaired IL-10 synthesis and higher levels of IFN-y, showed
reduced Treg proliferation and increased macrophage candidacidal activity. Authors propose
that C. albicans triggers TLR2 signalling as an immune evasion mechanism?, Lastly, another
study has revealed that survival rate of TLR2-deficient mice against systemic C. albicans
infection is not different from immunocompetent mice, although the TLR2 knock-out mice
display slight but significantly lower fungal burden in the kidney!'’. Nevertheless, the same
paper reports that following intragastric challenge with C. albicans, TLR2-deficient mice have
reduced Thl and increased Th2 polarisation, indicating that TLR2 signalling might confer

117

protection in some mucosal forms of candidiasis'*’. There is contradictory literature

concerning the impact of TLR2, which makes it difficult to define its exact role in candidiasis.

TLR6, another TLR that can form heterodimers with TLR2 and recognise
phosphomannans, appears to have a dispensable role in C. albicans-induced systemic
candidiasis, as both WT and TLR6-deficient mice have similar kidney fungal burden and

118

survival rates towards infection**®. However, TLR6 may have a cell-specific role in the

recognition of Candida and subsequentimmune response, as splenocytes from TLR6-deficient

27



mice produce significantly more IFN-y and less IL-10 compared to splenocytes from
immunocompetent mice, suggesting that TLR6 signalling might, to some degree, impair

protective Th1 expansion during systemic infection!.

TLR4 recognises O-mannans*! and has been implicated in the recognition of C. albicans
by macrophages, and to confer protection during systemic candidiasis by augmenting
macrophages’ candidacidal activity and by promoting secretion of chemoattractants that will
induce neutrophil migration to kidneys of infected mice resulting in increased fungal
clearance!'®120, Moreover, it was shown that TLR4 recognises C. albicans motifs in a strain-
specific manner. Different C. albicans strains elicit distinct cytokine secretion profiles on
human PBMCs, resulting in different susceptibility in murine models of systemic candidiasis,

possibly due to inter-strain variations in expression of O-mannans!?,

1.2.1.1.2 Phagosomal TLRs

The phagosomal TLR3, -7 and -9 recognise nucleic acid ligands present in the
phagosome!?27124 and therefore are mostly associated with antiviral responses, however
reports have revealed a role for these in the recognition of Candida-derived molecules during

phagocytosis.

TLR9 was shown to negatively regulate TNF, IL-6 and nitric oxide production in
macrophages!?>126, Studies suggest that TLR9 might contribute to a deleterious Th2 response,
as TLR9-deficient BMDCs (bone marrow-derived dendritic cells) produce less IL-12p40 upon
C. albicans stimulation when compared to WT cells, and CD4* T cells purified from C. albicans-
infected TLR9” mice produce enhanced levels of IL.-4 and reduced levels of IFN-y!17127,
Nevertheless, literature indicates that TLR9 has either a redundant'?®1?’ or detrimental''’

role in murine models of disseminated C. albicans infections, depending on the strain.

TLR7 greatly contributes to IL-12p70 production in C. albicans-infected BMDCs,
revealing a role of TLR7 in induction of protective Thl responses. This also possibly explains
why TLR7-deficient mice are more susceptible to disseminated C. albicans infections when

123

compared to WT mice*“>. Moreover, although it was observed to contribute to fungal

28



persistence in infected organs during systemic infection, TLR7 was shown to be required for

IFN-B production by BMDCs infected with C. glabrata®??.

Information on the impact of TLR3 in C. albicans-mediated immune response is scarce,
as no reports have yet confirmed what the impact of in vivo TLR3 activation is during
candidiasis. A role for TLR3 in host protection is best described in dendritic cells (DCs), where
activation of TLR3-signalling can induce DC maturation and contribute to effective T-cell
priming via the production of IL-12 and IFN-B*24. One study has also shown that TLR3 mediates
production of IL-8, a neutrophil chemoattractant, in C. albicans-infected endothelial cells!?8,
As endothelial invasion is a crucial step for Candida vascular infiltration and initiation of
systemic infection, it is likely that IL-8 produced by these cells is a protective mechanism to
prevent Candida bloodstream dissemination. Additionally, genetic studies revealed that
patients with a TLR3 polymorphism are more susceptible to cutaneous candidiasis and their
PBMCs have impaired ability to produce IFN-y, IFN- and TNF. However more in vivo studies

are required to fully ascertain the immune mechanisms that lead to susceptibility12%:13,

1.2.1.2 C-type lectin receptors (CLRs)

CLRs define a family of heterogenous binding proteins present on the surface of host
cells and are characterised by presence of at least one extracellular C-type lectin-like domain
responsible for recognition of PAMPs. Different C-type lectin-like domains vary on their Ca?*-
dependency and overall structure, which results in different carbohydrate affinities and broad
ligand diversity across the family?®132, The majority of CLRs rely on cytoplasmic
immunoreceptor tyrosine-based activation motif (ITAM) domains for signalling, and this could
either be achieved via their own cytoplasmic domains (such as Dectin-1 hemi-ITAM domain)
or through ITAMs contained within cytoplasmic domains of co-receptors such as FcyR (like
Mincle and Dectin-2). Phosphorylation of Dectin-1 hemi-ITAM domains after B-glucan binding
and of ITAM domains from FcyR coupled with Mincle and Dectin-2 after recognition of a-
mannose and a-mannans respectively, promotes SYK-dependent activation of the
CARD9/Bcl10/MALT1 complex. This complex will lead mainly to NF-kB activation, but can also
trigger MAPK, NFAT, IRF-1 and IRF5-dependent gene expression®:133134 CLRs were long

implicated to be main drivers of the immune response against Candida, due to their ability to
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trigger pathways essential for successful antifungal responses and host protection8:135-137,
Besides membrane-bound receptors, other soluble CLRs such as mannose-binding lectin
(MBL) were also implicated in anti-Candida immunity. Unlike membrane-bound CLRs, MBL
cannot trigger direct cell-mediated signalling and affect gene expression, however due to its
affinity to mannose-rich structures, it can act as a Candida opsonin, inhibiting its growth and
facilitating its phagocytosis by immune cells*’. The impact of MBL during candidiasis is still
understudied, however its administration during systemic Candida infection is associated

with increased host resistance®32.

Signalling through Dectin-1 and Dectin-2 cluster CLRs is essential for protection against
candidiasis as both Card9-deficient mice and humans with genetic defects in CARD9 are highly
susceptible to infection3%139-142 however whether MR and DC-SIGN are necessary for normal

host defence against Candida is still uncertain.

1.2.1.2.1 Dectin-1

Dectin-1 (Clec7a) is a type Il transmembrane CLR with a single extracellular
carbohydrate-recognition domain, that recognises 3-1,3-glucans from the fungal cell wall in
Ca**-independent manner. Particulate B-glucans are internalized through the formation of a
phagocytic synapse, that is required for Dectin-1 activation when host cells encounter -
glucan-containing pathogens, whilst soluble B-glucans do not trigger phagocytic synapse
formation and therefore are thought to exert an antagonist effect on Dectin-1 signalling*3.
Besides signalling through the CARD9/Bcl10/MALT1 complex like most CLRs, Dectin-1 can also
activate RAS-Rafl kinase pathway and both canonical (through NLRP3/caspase 1) and non-
canonical (MALT1/caspase 8) inflammasomes, leading to maturation of IL-1B and IL-18%4.
Activation of Dectin-1 by fungal B-(1,3)-glucan contributes to the innate immune response
through the secretion of cytokines such as TNF, IL-6, IL-2, IL-10, IL-22 and chemokines like
CXCL2 and CCL2. Dectin-1 activation also augments cellular candidacidal activity by
contributing for the production of reactive oxygen species (ROS) and the release of neutrophil
extracellular traps (NETs)!37:145146 Appropriate recognition and internalization of Candida via
Dectin-1 by antigen-presenting cells (APCs) facilitates the presentation of fungal antigens to

naive T cells and contributes for the initiation of the adaptive immune response!**. Highly
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immunogenic B-glucan is abundantly present in Candida cell walls, however C. albicans masks
its B-glucan layers with layers of mannans to evade recognition by Dectin-1, as B-glucans are
only exposed in bud scars in C. albicans yeast forms and not in hyphal forms!3* (Figure 1.2).
Moreover, hyphae have structurally different 3-glucans compared to yeasts, and are thought

to have lower affinity to Dectin-1 and induce different signalling responses#’.

Despite its implication in the anti-Candida immune response, the role of Dectin-1 in
some forms of candidiasis is still controversial. Human studies have shown that nonsense
Dectin-1 mutations or polymorphisms predispose patients to various forms of
mucocutaneous candidiasis!*®°0, Indeed, Dectin-1 is associated with maintenance of
mucosal health, especially in the gut, however murine studies have shown that Dectin-1 is
not involved in controlling C. albicans gastrointestinal colonisation>'*>2, The reason for these
discrepancies between mice and humans is still unclear, however it important to note that C.
albicans is not a natural murine gut commensal®3, so humans may have developed
evolutionary mechanisms of Candida tolerance in the gastrointestinal mucosa that are absent

in mice.

During systemic candidiasis, Dectin-1 appears to be involved in efficient clearance of C.
parapsilosis, C. glabrata and C. tropicalis in colonised organs, without affecting survival'>.
Regarding C. albicans, its effect appears to be fungal strain-specific, and dependent on chitin
content, as strains with higher chitin levels on the cell wall appear to impair Dectin-1
recognition. In infections with the latter, Dectin-1 does not improve survival nor fungal

clearance in affected organs*.

1.2.1.2.2 Dectin-2 cluster CLRs

A cluster of CLR genes located near the Dectin-1 locus (human chromosome 12, mice
chromosome 6) include Dectin-2, Mincle and Mcl. Dectin-2 cluster CLRs are type Il
transmembrane receptors with a single carbohydrate recognition domain that were
implicated in the immune response against Candida and whose expression appears to be

restricted to myeloid cells3’.
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Dectin-2 (CLEC6A in humans, Clec4n in mice) binds mannose-rich structures (o-
mannans) that are present and exposed in all C. albicans morphotypes, although it appears
to exhibit preferential recognition of hyphae rather than yeast forms*®%’  In vivo murine
models revealed a protective role of Dectin-2 in systemic infection with C. glabrata and C.
albicans, as Dectin-2 deficiency correlates with decreased survival and impaired Candida
clearance in kidneys'®®710 |n infections with the C. albicans, Dectin-2 was shown to
contribute to protective Th17 responses by promoting IL-13 and IL-23 production by

DCsl61,162

Mincle (Macrophage-inducible C-type lectin, Clec4e) binds a-mannose residues present
in most cell wall mannans!®. Besides recognising Candida cell wall mannans, a role as a cell
death sensor was also described for Mincle. Mincle can sense SAP130, a component released
by host cells upon cell death and promote production of cytokines that drive neutrophil
infiltration into damaged tissue!®*. Mincle was shown to be present in the macrophage
phagocytic synapse after C. albicans recognition, and although it has a redundant role in
phagocytosis, it contributes to production of inflammatory cytokines during infection®>,
Regarding candidiasis, in vivo studies have revealed that although Mincle does not affect mice
survival after intravenous C. albicans challenge, it might play a role in effective C. albicans

clearance in the kidney in a strain-specific manner!69.165,

Mcl (Clec4d, often referred to as Dectin-3), does not possess any known intracellular
signalling domains, unlike Dectin-2 and Mincle. Although research states that it can activate
SYK-mediated signalling, Mcl does not contain an arginine residue in its transmembrane
domain that is usually required for coupling with FcyR. This makes it unlikely that Mcl/SYK-
mediated signalling relies on Fcy-chain!®®, and probable that Mcl signalling is mostly achieved
through collaboration with other CLRs such as Dectin-2 to boost a-mannan-triggered signalling
and NF-kB activation!”-1%8 Mcl was shown to be indispensable for resistance against systemic
C. albicans infection, but while it significantly contributes for the secretion of TNF, IL-6, IL-17,
IL-183, G-CSF, KC and CXCL2 in the kidneys of infected mice, the molecular and immunological

mechanisms underpinning Mcl’s dependence have yet to be fully elucidated!®®.
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1.2.1.2.3 DC-SIGN

DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin, CD209 in humans) is a type Il transmembrane receptor that possesses a single
carbohydrate domain preferentially expressed in DCs, therefore making it an effective DC
phenotypic marker. DC-SIGN is frequently found in tetrameric complexes at the cell
membrane. These complexes increase the binding affinity of their carbohydrate binding
domain for ligands with multiple mannose units, enabling it to recognise highly mannosylated
structures like N-linked mannans of Candida*®®'’°, However, DC-SIGN, has incomplete ITAM
in its cytoplasmic tail and it is thought not to directly induce cell responses, but to modulate
other signalling pathways. As example, DC-SIGN can interacting with RAS pathway, leading to

recruitment of Raf-1 and ultimately enhancing NF-kB transcriptional rate!37.171172

DC-SIGN also acts as an adhesion receptor, as it can interact with ICAM-2 on endothelial
cells to induce DC migration, while also facilitating clustering with naive T cells through ICAM-
3 binding!’t. Mice do not express a single DC-SIGN ortholog, but 8 clustered homolog genes
have been identified. However only two (SIGN-R1 and SIGN-R3) were reported to bind
mannose moieties!3”172, This complicates the study of DC-SIGN during candidiasis using
murine models, and most authors rely on in vitro studies. It was shown that DC-SIGN-
mediated recognition of N-linked mannans is essential for human DC interaction and
phagocytosis with C. albicans'’3. Impairment of phagocytosis of C. albicans by DCs could result
in inefficient antigen processing and cytokine production, and consequently impair the

adaptive immune response towards Candida.

1.2.1.2.4 Mannose receptor (MR)

MR (Mannose receptor, Cd206) is a type | transmembrane protein expressed mainly by
macrophages and DCs that has a short cytoplasmic domain lacking any known signalling motif
and eight extracellular carbohydrate binding domains. MR contains two distinct lectin-
binding domains, one that recognises carbohydrates like N-linked mannans, fucose or N-
acetyl-D-glucosamine in a Ca?*-dependent manner, and another that binds sulphated acidic
glycans in a Ca’*-independent mechanism!3”174 Upon ligand binding, MR is rapidly

internalised in clathrin-coated vesicles and is frequently found inside early endosomes'’4. This
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characteristic allows MR to mediate phagocytosis of non-opsonised fungi after recognition of
carbohydrates in their cell wall, as happens in C. albicans-infected macrophages*>'’>, MR
binds chitin and N-mannans, and since it lacks known signalling motifs, it is thought to mainly
act as a scavenger receptor'3”174, However, MR can collaborate with other PRRs such as
Dectin-1 and TLR2 to elicit signalling and induce protective Th17 responses during both
Paracoccidioides brasiliensis and C. albicans infection!’®1’7_ Although MR was implicated in
Candida phagocytosis, murine in vivo studies revealed a redundant role for MR in conferring

resistance against C. albicans'’®.

1.2.1.3 Other PRRs

TLRs and CLRs are the two main PRR families involved in Candida recognition, however

PRRs from other families have been implicated in the anti-Candida immune response.

NOD-like receptors (NLRs) are cytoplasmic PRRs characterized by having long leucine-
rich repeats and a nucleotide-binding domain. C. albicans is known to activate the NLRP3
(NACHT, LRR, and PYD domains-containing protein 3) and MALT1/caspase 8 inflammasome,
leading to cleavage of immature pro-IL-1p and pro-IL-18 into functional cytokines that are
critical for the control of fungal infections!0%137.179 NLRP3 is expressed in different cell types
such as myeloid cells, B cells and epithelial cells, and reports suggest that it confers resistance
to both mucocutaneous and disseminated candidiasis®®'8%-182, Another NLR, NOD2
(Nucleotide oligomerization domain 2), was also implicated in the immune response against
Candida, as it was shown to sense chitin fragments from C. albicans and contribute to
production of IL-10 and IL-27 (downstream of IFN-B), by internalised C. parapsilosis®184,
However, NOD2 appears to be dispensable for effective cytokine production by human

PBMCs and in conferring resistance against candidiasis!®>.

RIG-I-like receptors (RLRs) are cytosolic receptors expressed in a broad range of cells
and have largely been implicated in the anti-viral response. RLRs have a DExD/H box RNA
helicase domain with ATPase activity and are known to promote robust type | Interferon
production!®’. MDA5 (melanoma differentiation-associated protein 5, IFIH1) was implicated

in the response against C. albicans®, however the fungal ligand(s) that trigger MDA5
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activation are still unknown, and the molecular pathways that lead to MDA5-mediated
resistance during candidiasis are still poorly understood. The type | Interferon pathway was
identified as central for host resistance against systemic candidiasis'®’, but literature indicates
that Candida-driven type | IFN production is mostly mediated by the TLR7/TLR9
activation/signalling84188189  Nevertheless, it is possible that a yet unidentified Candida-
triggered mechanism of type | IFN production mediated by MDA?S signalling contributes to a

protective effect during infection.

1.2.2 Innate phagocyte responses against Candida

Innate phagocytes like neutrophils, monocytes, macrophages, DCs, and NK cells are
important players during Candida infection as these are some of the first cells to come into
contact with the invading pathogen and initiate the immune response upon infection.
Following uptake of fungal pathogens, phagocytes are not only able to deploy mechanisms to
kill it, these cells also generate fungal antigens that will help initiate adaptive immunity,
secrete cytokines and chemokines that will bolster the local inflammatory response and

recruit other immune cells to the infected site to contribute to fungal clearance.

1.2.2.1 Candidacidal mechanisms of innate phagocytes

Once Candida is engulfed by phagocytes, it is internalized in a phagosome that will
undergo several vesicle fission and fusion events with endosomal components to form a
phagolysosome. This acidic intracellular compartment is endowed with potent antimicrobial
components that will ultimately lead not only to the killing and digestion of the microbe, but
also help generate fungal antigens, that along with induced cytokines will facilitate activation
of adaptive immunity?®°. These antimicrobial mechanisms can be either oxidative (relying on
oxygen-derived cytotoxic chemical compounds), or non-oxidative and rely on molecules that

will have direct fungicidal or fungistatic effects.

1.2.2.1.1 Oxidative mechanisms

Oxidative mechanisms triggered against Candida spp. consist mostly on the production
of reactive oxygen species or intermediates (ROS). This process is triggered by non-ingestible

particles in the phagosome and leads to assembly of NOX2 NADPH oxidase (phox) in the
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phagosomal membrane (Figure 1.5-A). Superoxide generated by NOX2, that has little to no
toxicity on the Candida spp., is then subject to a series of chemical transformations that
ultimately will generate toxic ROS with potent antifungal activity!®"194 (Figure 1.5-B and C).
Possibly the most toxic and effective ROS against Candida are the metabolites generated from
myeloperoxidase (MPO), such as hypoiodous and hypochloric acid*®%*°41% Macrophages do
not produce MPO, and its prime producers are neutrophils that store high concentrations of
this enzyme in their azurophilic granules, and monocytes, where the enzyme is stored inside
lysosomes. However, macrophages can uptake MPO released by these cells into the
extracellular milieu via mannose receptors and transport it to the phagolysosome to aid in

the neutralization of internalised Candida spp.136:196:197,
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Figure 1.5 - Simplified schematic of oxidative mechanisms deployed by phagocytes upon Candida
phagocytosis. (A) Assembly of NOX2 phagosomal NADPH oxidase complex. Organizer and activator
proteins (p47°"* and p67°" respectively) along with GTP-bound Rac (previously stabilized by Rho
GDI) and p40P"* assemble in the cytosol and will translocate to phagosomal membrane where they
will form a complex with the previously assembled heterodimer comprised of gp91°"* and p22°">*,
Upon activation, the complex will generate superoxide anions from molecular oxygen inside the
phagosome?®®. (B) Inside the phagosome, superoxide can then react with nitric oxide produced by
iNOS from L-arginine via antecedent stimuli like PRR activation or cytokine signalling®®*!*® to form
peroxynitrite, or be transformed by superoxide dismutase (SOD) into hydrogen peroxide and
molecular oxygen. In the presence of halides like chloride and iodide, myeloperoxidase (MPQ) can
transform hydrogen peroxide into other fungicidal oxidants like hypoiodous or hypochlorous
acid®¥1%41% |n the presence of iron, superoxide and hydrogen peroxide can also be transformed
through the Haber-Weiss reaction''"1%*, (C) The Haber-Weiss is an iron-catalyzed reaction comprised
of three steps. The first consists on the reaction of superoxide with ferric cations to generate
molecular oxygen and ferrous cations. In the second step, ferrous cations react with superoxide and
protons to generate ferric cations and hydrogen peroxide. The last step consists of a Fenton reaction,
that in the presence of ferrous cations will transform hydrogen peroxide intro highly toxic hydroxyl
radicals. (Adapted from942%0:201 |mage A was made using Biorender.com)

Nitrosative mechanisms can be also considered as a type of oxidative killing
mechanisms, as they rely on oxygen. These consist of the generation of reactive nitrogen
species or intermediates (RNS) like nitric oxide (NO) (Figure 1.5-B). In macrophages, NO is
mainly produced by the enzyme inducible nitric oxide synthase (iNOS), although other
constitutively expressed nitric oxide synthases like eNOS and nNOS can also produce it in
lower concentrations to support physiological functions?2. In the context of Candida spp.

infections, NO by itself has no direct candidacidal effect?®3, however when it reacts with
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superoxide produced during a respiratory burst it generates peroxynitrite that has potent

candidacidal activity!36-204,

1.2.2.1.2 Non-oxidative mechanisms

The importance of non-oxidative mechanisms in the killing of Candida spp. is probably
best demonstrated in patients suffering from chronic granulomatous disease (CGD) that
contract fungal infections due to defective phagocyte NADPH oxidase assembly which
translates in reduced production of ROS. Although these patients are more susceptible to
candidiasis than healthy individuals, some patients are still able to clear the infection?®.
Moreover, studies using iINOS/gp91°P"°* double knock out mice revealed that these mice are
highly susceptible to candidiasis, but their phagocytes do not show defective ability to kill C.

albicans in vitro®°®.

1.2.2.1.2.1 Hydrolases

Hydrolases are a class of enzymes that can cleave covalent bonds using molecules of
water. Some hydrolases are stored inside neutrophilic granules, macrophages and monocytes
have antimicrobial properties and can contribute to pathogen elimination. These can either
be delivered to the phagosome to help eliminate internalised pathogens or released into the
extracellular milieu to act on uninternalized pathogens and promote chemotaxis of
neighbouring cells. Probably the most broadly studied and efficient hydrolases implicated in
killing Candida are lysozyme, mainly found inside lysosomes, and neutrophilic serprocidins
such as cathepsin G and elastase present within neutrophil granules?’-21%. Once inside the
acidic environment of the phagolysosome, lysozyme will aid in the killing of internalised
Candida, target of fungal cell wall components that will be released into the intracellular
milieu and act as fungal antigens, while also inhibiting the production of Saps to greatly impair
C. albicans virulence and fitness?°”-208, Seprocidins are dependent on ROS to show their true
antimicrobial activities and these can either be transported into the phagosome to kill
internalized Candida or be expelled by neutrophils after NETosis. NETosis is a form of cell
death in which the neutrophil “bursts” and releases NETs (neutrophil extracellular traps) that
consist of a condensed chromatin decorated with antimicrobial compounds that can trap

Candida in a mesh of cytotoxic compounds, ultimately leading to its killing209-213,
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1.2.2.1.2.2 Antimicrobial peptides (AMPs)

AMPs are small, soluble, naturally occurring molecules produced by a vast array of cells.
Epithelial cells are the primary source of AMPs, however these can also be released by
different innate phagocytes?!*. Mammalian AMPs can exert a fungistatic or fungicidal effect
against Candida spp. by disrupting the fungal cell wall, membrane permeabilization through
formation of pores, or by inactivating cytoplasmic targets?!®. Besides their direct antifungal
activity, most AMPs can also act as alarmins by chemoattracting and activating neighbouring

immune cells to the infection site?1®.

Cathelicidins, or cathelicidin-derived peptides are small cationic and amphipatic
molecules that have candidacidal activity against C. albicans'3®?'7, Secreted cathelicidins
destabilize Candida spp. cell wall and the cytoplasmic membrane, leading to a breakdown of
the membrane into vesicles and leakage of vital intracellular components, ultimately resulting
in fungal death?!8219, Besides their direct candidacidal activity, human cathelicidin can bind
to C. albicans cell wall impairing its adhesion to host cells, while also inhibiting biofilm

formation?220.221,

Like cathelicidins, human and murine a- and B-defensins are small polypeptides with

cationic charge???

. a-defensins seem to be constitutively expressed and stored within NK cells
and neutrophil azurophilic granules, that will later fuse with the phagosome to aid in the
elimination of intracellular pathogens. Conversely, expression of [-defensin is cytokine-
inducible and often requires TLR-mediated signalling??2-2%>, Similar to cathelicidins, defensins
kill by disrupting the target microbial cell membrane through its permeabilization, leading to
leakage of vital fungal components?22226, Besides their direct antifungal potential against

Candida, defensins can also activate and link both innate and adaptive immunity, by acting as

monocyte and T cell chemoattractants?22227-230,

Besides main conventional AMPs like cathelicidins and defensins, other molecules were
identified to have AMP-like features and have proved to be effective against Candida spp.
Lactotransferrin or lactoferrin (LTF) is an iron-binding glycoprotein secreted mainly by

epithelial cells but is also present in neutrophilic granules?3%232_ LTF also has antifungal activity
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against multiple Candida spp. as it can disrupt the cell wall leading to fungal cell collapse and
sequester iron inside host phagosomes as a nutritional immunity mechanism to restrict
Candida growth and ameliorate infection?337238, |ts candidacidal activity is relatively low,
however, it has a synergistic effect when administered in combination with some antifungal
drugs due to its lower toxicity and ability to permeabilize fungal cells, thereby facilitating the
delivery of antifungals that target Candida pathogens?3323>, Besides its direct AMP activity,
LTF is also an immunomodulatory molecule. It can reduce ROS production, act as an
antagonist for some PRRs and interfere with the expression of several immune
mediators?32239-241  Moreover, LTF can also affect the adaptive immune response by
promoting migration of immature DCs to lymphoid organs during infection, promoting
maturation of Th cells and enhancing differentiation of naive B cells into effective antigen

presenting cells?32242,243,

Some chemokines and cytokines (such as CCL20, CXCL8, -14, -17 and TSLP (thymic
stromal lymphopoietin)) share striking structural similarities between most classical AMPs.
They can have direct antimicrobial activity against a variety of bacterial and fungal pathogens,
including C. albicans, through a membrane-damage mechanism similar to those verified with
convectional AMPs. These antimicrobial cytokines and chemokines are classified as

kinocidins244-2>0,

1.2.2.1.2.3 Perforin and cytolytic proteins

The primary antimicrobial strategy deployed by NK cells (and also CD8* T cells) is the
release of cytolytic proteins and enzymes present in their granules. These include perforin
and granulysin that form oligomers and lead to the formation of large transmembrane pores
that penetrate and damage the target cell generating a massive influx of water, and loss of
vital cytosolic components, resulting in cell death?>. Besides lytic proteins, NK cell granules
also include granzymes such as granzyme B, an enzyme that triggers target cell apoptosis via
caspases 3 and 7 and greatly depends on the membrane permeability conferred by perforin
and/or granulysin to be delivered to target cells?®?72%, From these molecules previously
mentioned, only perforin was proved to have a direct fungistatic effect against C. albicans, by

inhibiting in its filamentation and metabolic activity?>®2>’. Granzyme B does not have direct
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candidacidal activity and it was proven to be dispensable for cytotoxicity, as NK cells lacking
granzymes still have cytotoxic properties?®®. However, granzyme B-mediated apoptosis of
Candida-infected cells will result in the release of other chemoattractants that will recruit

other phagocytes and effector cells and will indirectly help to eliminate the fungal pathogen.

1.2.3 T cell responses against Candida spp.

T cells play a pivotal role in the host adaptive immune response against Candida as they
provide both direct and indirect means of limiting fungal proliferation and disease
progression. After processing Candida antigens, APCs will migrate to lymphoid tissues and
present them to T cells via MHC complexes to generate antigen-specific acquired immunity.
Moreover, cytokines secreted by APCs will also dictate the development of the T helper
response triggered upon infection. Functionally, T cells can be grouped into two main subsets:

cytotoxic T cells or CD8* T cells and helper T cells or CD4* T cells.

1.2.3.1 HelperT cells

CD4* Helper T cells influence the immune response and the activity of different immune
cells through secretion of a signature set of cytokines that will either boost, suppress or
regulate inflammation against the fungal pathogen. CD4* T cell responses are the
predominant and possibly most important cell-mediated adaptive immune response against
Candida, as evidenced by HIV* patients that lack CD4* T cells that are highly susceptible to
various forms of candidiasis, and in T cell-depleted murine models, where adoptive transfer
of CD4* T cells greatly improved survival against disseminated C. albicans®>®*%°, Cytokines
released by APCs during candidiasis will dictate the development of a specific Th subset and
inhibit the proliferation of other subsets, ensuring the prevalence of only one Th response

type and thereby maximising its potential?®.

1.2.3.1.1 T helper 1 (Thl) response

Thl cells were long implicated in protection against multiple forms of candidiasis,
mainly due to their ability to secrete large quantities of IFN-y, the prime Th1 effector cytokine,
and other relevant effector molecules such as IL-2, TNF and LTA?%2, IL-12 and IL-18 produced

by APCs and phagocytes are the main polarising cytokines and initiators of Th1 proliferation,
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however, IFN-y produced by Th1 cells can also promote upregulation of IL-12R[2 via autocrine
signalling, boosting the responsiveness of these cells to IL-12 and promoting prevalence of
the Thl phenotype?®1253, The master transcription factor of Thl phenotype is T-bet, as it
promotes Ifng transcription, and its overexpression in naive CD4* T cells results in Thl
differentiation. Moreover, T-bet knock-out results in Th2 and Th17 differentiation and
consequently impaired Th1l immunity?®*. IFN-y secreted by Thl cells will boost the
candidacidal function of phagocytes by enhancing ROS and NO production, promoting
upregulation of relevant surface molecules such as MHC II, FcyR and integrins, contributing
to the acidification of phagosomes and the release of antimicrobial molecules and promoting
production of Candida-specific antibodies.?>%262.265, The dependence on a Th1 response for
protection against Candida infections is best described in systemic candidiasis. In systemic
candidiasis models, IL-12 blockade impairs the development of resistance to infection,
resulting in Th2 proliferation, and the depletion of IFN-y renders mice highly susceptible to

systemic infection?66:267,

1.2.3.1.2 T helper 2 (Th2) response

Th2 cells are associated with fungal persistence and they are broadly accepted to have
a deleterious effect during candidiasis by dampening Th1 proliferation, inhibiting macrophage
candidacidal functions and promoting Candida persistence and disease progression®%2%8_|L-4
and IL-13 are the main Th2-polarising cytokines that will induce upregulation of GATA-3, the
master Th2 transcription factor, in naive T cells stimulating them to further secrete IL-4. IL-4
has a detrimental effect during invasive candidiasis by suppressing the uptake of Candida by
innate phagocytes through induction of macrophage “M2” polarisation and impairment of
mechanisms of oxidative killing?®>2%9-2’1 The impact of Th2 polarisation in systemic
candidiasis was well documented using in vivo models. Unlike IFN-y-deficient mice, IL-4-
deficient animals are no more susceptible to C. albicans i.p. challenge than
immunocompetent mice. Moreover, inhibition of IL-4 production in immunocompetent mice
during the onset of Th2 proliferation was shown to restore antifungal immunity®%265272,
Furthermore, GATA-3-overexpressing mice are also more susceptible to disseminated
candidiasis due to significantly lower levels of IFN-y produced by splenocytes, and impaired

recruitment of macrophages to infected organs?’3.
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1.2.3.1.3 T helper 17 (Th17) response

The protective effects of Th17 cells are achieved through secretion of effector cytokines
such as IL-17A, IL-17F and IL-22. The main initial drivers of a Th17 response are IL-1p3, IL-6 and
TGF-B that will upregulate the expression of RORyt, the master Th17 transcription factor,
resulting in secretion of IL-17A, IL-17F and IL-22. However, IL-1j3, IL-6 and TGF-J3 per se are not
sufficient to maintain Th17 development and continuous stimulation with these cytokines will
lead to production of high levels of IL-10 that can dampen Th17-mediated inflammation?’4.
IL-23 signalling was shown to be required for Th1l7 lymphocytes to achieve terminal
differentiation and maintain a Th17 phenotype, and lack of IL-23 results in impaired migration
of Th17 cells to lymphoid tissues and reduced secretion of Th17 effector molecules in infected
sites?’47276 |L-17 promotes recruitment and proliferation of monocytes and neutrophils by
increasing the local production of chemokines such as IL-8, CXCL1 and CCL2 and stimulating
the release of hematopoietic cytokines G-CSF and GM-CSF that will lead to proliferation of
local myeloid cells. There is strong evidence that Th1l7 responses protect against forms of
mucocutaneous candidiasis by sustaining epithelial immunity, as IL-17 and IL-22 have
chemotactic properties and bolster the production of AMPs which contribute to the
maintenance and candidacidal properties of epithelial barriers?’7-281, |L-17A also plays a role
in conferring resistance against systemic candidiasis, as both IL-17A- and IL-17AR-deficient
mice are more susceptible to infection compared with immunocompetent mice, possibly due
to reduced neutrophil recruitment to infected tissues®?282283 However, excessive IL-17
release driven by IL-23 can amplify neutrophil influx to infected organs, which can exacerbate
local inflammation and have a deleterious effect?®#285, Considering this, although Th17 was
implicated to play a protective role in systemic candidiasis'®>282283 the Th1 response seems

to have a more prominent role in conferring resistance to infection %282,

1.2.3.1.4 Regulatory T cell (Treg) response

The Treg phenotype is associated with fungal persistence and immune homeostasis. IL-
2 and TGF-f are the main Treg-polarising cytokines, indispensable for induction of Foxp3, the
master Treg transcription factor?®®287, Tregs secrete IL-10 and TGF-3 as effector cytokines.
TGF-B will induce the expansion and differentiation of the naive T cells on site into Tregs,

which in turn will supress Th1 and Th2 responses?8. The link between Tregs and Th17 is still
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controversial. Treg proliferation was shown to antagonise Th17 proliferationl®®, however
reports have shown that Tregs can also compete for IL-2, a negative regulator of Th17
development, resulting in prolonged IL-17A production during infection?88-2%, The role of
Tregs and their impact in candidiasis is not yet fully understood, however they are associated
with fungal persistence, which is essentially detrimental for systemic infection, but can be
beneficial in some forms of mucocutaneous candidiasis as tissue persistence can enhance
local immunity, resulting in a durable and protective host response?>>28_ Nevertheless,
patients that suffer from immune dysregulation enteropathy polyendocrinopathy X-linked
(IPEX) syndrome, who have reduced Treg cells as a consequence of FOXP3 mutations, were

291

reported to be generally more susceptible to Candida infections**, suggesting that Tregs

might be required for protection against candidiasis.

1.2.3.2 Cytotoxic T cells

Much like CD4* helper T cells, CD8* T cells can also differentiate into different cell
subsets, namely Tc (cytotoxic T cell subsets), depending on the cytokine concentrations
present in the environment. Tc17 cells act mostly at mucosal level, and are primed by TGF-§3,
IL-6 or IL-23 to secrete IL-17 and AMPs in order to sustain mucosal immunity. Tc2 cells, primed
by IL-4, release high levels of IL-4, IL-5 and IL-10 thereby contributing to amelioration of
inflammation. Tcl cells are activated by IL-12 and IFN-y, and besides secreting IFN-y and TNF
that contribute to inflammation and local phagocyte activation, Tcl lymphocytes also exert
similar antifungal functions as NK cells through the release of granzymes and perforin in
response to Candida-infected host cells, which accounts for their direct candidacidal
activity?%2. Besides having cytotoxic effect against cells containing internalized Candida, CD8*
T cells were shown to have direct fungistatic activity against C. albicans hyphae, and to play a
heightened role when CD4* T cells are depleted, like in Candida-infected HIV* positive
patients, as their activity compensates for the reduced CD4* T cell numbers to limit the spread

of infection?93:294,
1.2.4 B cell responses against Candida spp.
Unlike T cells, that recognise specific invading pathogens and ultimately deploy

mechanisms to disrupt it either directly or indirectly by activating other immune cells, B cells

44



focus mainly on producing pathogen-specific antibodies that can spread widely throughout
the host body, penetrate infected tissues and opsonise pathogens?®. Antibody-mediated
opsonization of Candida spp. will facilitate its phagocytosis by innate immune cells via FcRs
and indirectly through classical complement pathway activation?®®. The impact of B cells in
systemic candidiasis is still controversial. Carrow and colleagues have shown that CBA/N mice
and B cell-competent mice CBA/J mice are equally susceptible to primary and secondary
systemic C. albicans challenge?®’, however Montagnoli et al. showed that although B cell-
deficient uMT mice on BALB/c background are more resistant to primary i.v. infection with C.
albicans, they are more susceptible to a secondary infection compared with WT controls?8.
In the latter study, authors postulate that the increased susceptibility to re-infection observed
in B cell-depleted mice is due to a failure to generate IL-10-producing DCs and to induce Treg
proliferation, as opsonised C. albicans restored IL-10 production by DCs from uMT mice in
vitro®%8. Despite the conflictive results using animal models, case reports of patients with B
cell lymphoma and/or receiving B cell depletion therapy via rituximab administration, a
monoclonal antibody that targets the major B cell receptor CD20, evidence that these
patients are more susceptible to fungal infections, including invasive candidiasis, suggesting
the involvement of B cells in conferring protection towards the infection?°-3%, Interestingly,
besides their role as producers of pathogen-specific antibodies, B cells were recently reported
to contribute for C. albicans control mainly by promoting MHC-II-mediated fungal antigen
presentation to Th cells and to induce proliferation of Thl and Th17 cells, in an antibody-

independent mechanism3°2,
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1.3 Systemic candidiasis

Systemic candidiasis (or candidaemia) defines a disseminated bloodstream infection
caused by Candida spp. that can have diverse clinical manifestations (Figure 1.6).
Candidaemia results from invasive candidiasis i.e. the entrance of Candida spp. normally
residing in the gut or mucocutaneous microbiota as a commensal yeast into the body. This
can happen though the breach of epithelial barriers by the use of catheters or invasive medical
devices (Figure 1.6-A), gastrointestinal mucosa inflammation, or gut surgery (Figure 1.6-B) or
through impairment of the immune response at the mucosal level that leads to fungal
proliferation and inefficient clearance?®3%33%4 (Figure 1.6-C). As a consequence of Candida spp.
leakage from the gut, localized deep-seated infections such as peritonitis can also occur,
without previous bloodstream colonisation?®3% (Figure 1.6-B). During candidaemia, Candida
spp. can also enter the urine following kidney and/or bladder infection, and although less
frequently, localized bladder and kidney invasion can also occur through genital infection and
lead to candidaemia3®* (Figure 1.6-D). As a result of the systemic diffusion of Candida spp.,
multiple organs can be affected leading to several types of deep-seated infections (Figure 1.6,
grey boxes), acute disseminated candidiasis or, especially in neutropenic patients, to chronic
disseminated candidiasis, where the host is unable to fully clear the pathogen. The ineffective
Candida spp. clearance frequently culminates in a severe immune dysregulation at affected
organs ultimately leading to mortality either by organ failure (severe sepsis) or cardiac

decompensation (septic shock)3%.
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Figure 1.6 — Schematic of pathogenesis and clinical manifestations of systemic candidiasis. Adapted
from?%3%_ Figure was made using Biorender.com

1.3.1 Host immune response during systemic candidiasis

Most systemic candidiasis infections happen due to impaired immune restriction of
Candida spp. in mucosal interfaces (especially in the gut) where these fungi usually exist as
commensal organisms. In this setting, epithelial cells such as keratinocytes and fibroblasts are
frequently the first line of defence, and disseminated candidiasis usually occurs when mucosal
surfaces and epithelial barriers are breached?”® (Figure 1.6). Resident mononuclear
phagocytes are important in the early clearance of invading Candida spp. in the mucosa and
when these are insufficient to control local infection, neutrophils are recruited to the site.
Neutrophils are the most potent cells at killing Candida spp. and were shown to be
indispensable for its clearance in damaged gastrointestinal tract and during mucosal
infections3%¢37 Once neutrophils mobilise to the infected site, they will be activated by
granulopoietic cytokines produced by epithelial cells and APCs to secrete pro-inflammatory
cytokines that will stimulate the secretion of TGF-f, IL-1 and IL-6 by local immune cells

thereby polarising the local T cell response towards a protective Th17 phenotype3°6:397,
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When mucosal immunity fails to clear invading Candida spp., the pathogen can access
the endothelium and disseminate throughout the circulatory system. Once in the
bloodstream, circulating myeloid cells such as monocytes and neutrophils can still recognise
Candida and deploy mechanisms to eliminate it, however these are frequently insufficient
and unable to limit infection, especially in immunocompromised patients resulting in
pathogen accumulation in the main target organs, followed by systemic infection (Figure 1.6).
In humans, the lungs are most common target for metastatic infection, followed by the
gastrointestinal tract, kidneys, liver, and spleen3%®. In mice, Candida generally has high
tropism to the kidney, brain, spleen and liver, however it is in the kidney where the infection
is most persistent?, Once infection settles in these organs, especially in the kidneys, an
appropriate leukocyte infiltration and local Th1 polarisation is essential for effective clearance

of infection266:267,

The leukocyte recruitment dynamics during systemic candidiasis vary depending on the
affected organ. Monocyte and macrophage infiltration in the kidney, mostly mediated by
CCR2 and CX3CR1 signalling respectively, is vital for deploying an early and effective innate
immune response against the invading Candida3%>3%83%_ However, neutrophils are the main
leukocytes recruited to Candida-infected tissues, with the exception of the brain, where
microglia are the main innate immune cells controlling the infection?%310-312_ |ndeed,
neutrophils are essential for host defence during systemic candidiasis®'®3!3, and an
orchestration between splenic monocytes, NK cells and renal neutrophils involving type | IFN,
IL-15 and GM-CSF greatly contributes to fungal clearance by boosting neutrophil candidacidal
activity3!* (Figure 1.7-A). Nevertheless, neutrophil action and infiltration in affected organs,
especially late in the course of infection, is seen as a “double-edged sword” as the
exacerbated release of secreted factors and pro-inflammatory cytokines by these cells can
generate immunopathology, contribute to organ damage, lead to septic shock and organ
dysfunction3L. In line with this, corticosteroid administration is frequently necessary to avoid

deleterious hyper-inflammation in neutropenic patients after neutrophil reconstitution3%>-315,

Neutrophil mobilisation into the kidney is sluggish during the early stages of infection,
and although delayed recruitment often results in inefficient immune response and fungal

invasion into the renal parenchyma, neutrophil ablation or recruitment impairment through

48



inhibition of CCR1 in late stages of systemic candidiasis was shown to improve mice
survival311316-318 Moreover, CXCR1 was shown to be dispensable for neutrophil infiltration in
the kidneys but contributes for Candida clearance by promoting neutrophil degranulation and
boosting candidacidal activity3!°. Without affecting neutrophil infiltration and overall fungal
burden, IL-17 (produced mainly by kidney epithelial cells) can also be detrimental due to
induction of high levels of IL-1, TNF and IL-6 in neutrophils and other leukocytes that
exacerbate the immune response and ultimately lead to damaging hyper-
inflammation?8:317,318.320 |nterestingly, candidalysin can also promote detrimental neutrophil
infiltration in the kidney, especially during early stages of infection. This leads to renal damage
and immunopathology, which can contribute to the higher mortality observed in C. albicans-

and C. tropicalis-induced systemic candidiasis compared with other Candida species®.

Indeed, in agreement with epidemiology data, in vivo murine studies revealed that
during systemic candidiasis, C. albicans is much more virulent than C. glabrata and C.
parapsilosis, with C. parapsilosis being the species with the lowest virulence3?1-323, This inter-
species difference in virulence is not only due to the putative virulence factors characteristic
of each Candida spp. but also due to their cell wall composition and architecture. The
abundance and exposure of different cell wall PAMPs greatly influences Candida recognition
by immune cells and the consequently released cytokines that will ultimately shape the

immune response during infection and affect the outcome of disease.

Overall, and regardless of the Candida spp. driving the pathology, an appropriate
balance and fine-tuning of the immune response is generally required for clearance of
systemic candidiasis (Figure 17-B). However, the disease progression is complex, and varies
greatly depending on the patient’s condition, which makes it challenging to study using
animal models and to devise a global treatment that will fit all infected patients. Therefore, a
timely diagnosis and a proper understanding of the immunological state of infected patients
during the onset and progression of systemic candidiasis is crucial for the deployment of

proper and effective treatments.
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1.3.2 Risk factors for systemic candidiasis

Treatments or conditions that impair host innate immunity and promote or facilitate
Candida spp. tissue invasion or its direct dissemination to the bloodstream can stand as risk
factors for systemic candidiasis. These include: the repeated or long-term use of broad-
spectrum antibiotics, which results in increased proliferation of Candida spp. in the gut;
disruption of gastrointestinal or skin barriers, either by invasive medical devices such as
catheters or surgery that create an opening for Candida spp. to enter the bloodstream from
mucocutaneous sites; medical immunosuppression such as chemotherapy, corticosteroid
therapy or other treatments that can impair innate immune responses, hinder Candida spp.
clearance in tissues and facilitate its invasion into internal organs. Immunocompromised
patients such as diabetics, HIV* patients and leukaemia patients are also at higher risk of
contracting the disease, as well as the immunosenescent, i.e. the elderly population with age-

related immune system impairments such as neutropenia?627,296:303,316,324

Some primary immunodeficiency diseases can predispose patients to invasive
candidiasis. Patients with chronic granulomatous disease (CGD), manifested either by an X-
linked CYBB mutation or CYBA, NCF1, NCF2 or NCF4 autosomal recessive mutations are
susceptible to invasive candidiasis due to impaired ROS generation mechanisms32>:326,
Leukocyte adhesion deficiency type |, caused by autosomal recessive mutation of CD18 gene
(ITGB2) that codes for integrin beta-chain 2, is also associated with increased incidence of
invasive candidiasis due to impaired neutrophil migration through endothelia and consequent
reduction of recruitment to infection sites3?%. Patients with severe congenital neutropenia
caused either by autosomal-dominant mutations in ELA2 (neutrophil elastase-coding gene)
or autosomal recessive mutations in HAX1 (HCLS1-associated protein X-1, essential for
maintaining mitochondria integrity and conferring protection against myeloid cell apoptosis)

are also at higher risk of invasive candidiasis®?%3’.

Genetic mutations in genes involved in PRR-signalling pathways can also predispose
patients to infection or contribute to susceptibility. Individuals with genetic mutations on the
CLR adaptor protein CARD9 and the TLR-coding genes TLR1, TLR2 and TLR4 were identified at

being at higher risk for contracting invasive candidiasis due to impaired Candida PAMPs-
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triggered CLR and TLR signalling!29130.140-142,328=331 " Dectin-1 polymorphisms might also
increase the probability of developing systemic candidiasis due to impaired IL-1p and Th17

responses, that can culminate in increased Candida colonization and persistence in tissues®°.

Genetic variations in cytokine/chemokine-coding genes have also been identified as risk
factors for disseminated candidiasis. A polymorphism in /L4 predisposes patients to chronic
disseminated candidiasis and although the phenotype that leads to susceptibility has yet to
be elucidated, it was shown that /L4 polymorphisms are also associated with susceptibility to
recurrent vulvovaginal candidiasis due to reduced NO and MBL production328332333
Individuals with SNPs for IL10 and /L12B, although not directly associated with increased
mortality, have impaired ability to clear candidaemia possibly due to low production of IL-10
and IFN-y, and impaired ability to modulate Th1 and Th2 responses to fight infection®34. A
study revealed that patients in surgical ICU with a SNP in TNF are more susceptible to intra-
abdominal candidiasis and possible posterior Candida bloodstream dissemination33®.
Mutations in chemokine receptors CXCR1 and CX3CR1 were also identified as risk factors for
invasive candidiasis due to impaired neutrophil degranulation and mononuclear phagocyte

recruitment respectively3%9319,

Smeekens and colleagues found that SNPs in genes involved in type | IFN pathway are
significantly associated with susceptibility to systemic candidiasis!®®8’. This includes CCL8
(MCP-2, a monocyte chemoattractant), STATI (a major transcription factor involved in the
expression of type | IFN-inducible genes), SP110 (a transcriptional coactivator that is involved
in the regulation of some transcription factors associated with innate immunity, such as NF-
«kB33%), PSMBS8 (a subunit of the immunoproteasome, which is involved in the generation of
peptide antigens that will be presented by APCs to CD8* T cells via MHC 13¥7) and IFITH
(MDA5)186’187.

A genome-wide association study revealed three novel gene polymorphisms predicted
to be associated with increased risk for development of candidaemia. These include CD58
(lymphocyte function-associated antigen 3), an accessory cell adhesion molecule present on
the surface of APCs known to bind to CD2 receptor on T cells and mediate their regulation

and effector function338339, and that plays a yet unexplored role in Candida phagocytosis and
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control of C. albicans hyphal growth3%%; TAGAP (T-cell activation RhoGTPase-activating
protein) that was shown to be essential for effective clearance of C. albicans in target organs
of systemic candidiasis in late stages of infection3%%; and the LCE4A-Clorf68 locus, a gene
cluster that comprises several elements involved in the maintenance of epithelial barrier

function and integrity340:341,

1.3.3 Current therapeutics for systemic candidiasis

The majority of current therapies prescribed for treatment of systemic candidiasis
consist of the administration of antifungal drugs. However, current drugs have limited
efficacy, are expensive, require long-term treatment regimes and can have undesirable
interactions with other drugs, which poses a problem for some immunocompromised
patients that are often polymedicated®342343, Probably the biggest caveat for some current
pharmacological therapies, especially with polyenes, are their toxicity and chance of side
effects, which happens mostly due to the fact that, like the human host, Candida is a
eukaryote, so most proteins that are targeted by antifungal drugs have a high degree of
homology to those present in humans. The undesirable targeting of these human homologs
by these antifungals can culminate in severe hepatotoxic and nephrotoxic side effects,
necessitating controlled administration of these drugs as treatment often needs to be ceased

due to toxicity-related side effects?®.

Current common antifungal treatments for invasive candidiasis consists mainly of three
different drug classes (azoles, echinocandins and polyenes) that vary on their site of action.
The prescription of different antifungal drugs varies depending on the severity of disease, the
patient state and the Candida spp. detected. However, some Candida spp. are naturally
resistant to these antifungals (e.g. C. auris, C. krusei and C. glabrata are generally resistant or
less susceptible to azoles3*4-34%; C. glabrata is usually resistant to echinocandins3>%-3%2; and
Candida lusitaniae is often resistant to polyenes?®3>3), and/or can deploy mechanisms to
resist or ameliorate antifungal action (e.g. C. glabrata can grow by taking up exogenous like
mammalian cholesterol to evade azole treatment®* some pathogenic Candida spp. can
upregulate chitin synthase expression to strengthen the fungal cell wall and reduce

echinocandin susceptibility3>235>3%; C. |usitaniae can trigger loss-of-function mutations in
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erg3 resulting in reduced targetable ergosterol levels in the membrane in order to resist

polyene action3>773%9,

Furthermore, a timely and efficient diagnostic determination is necessary for effective
treatment of systemic candidiasis, however diagnosis is challenging as there are no specific
symptoms characteristic of invasive candidiasis when comparing with other systemic
infections?®. The delay on antifungal treatment due to poor diagnosis often correlates with
higher patient mortality, so patients at higher risk of systemic candidiasis are often subject to
prophylactic treatment26:3603%1 However, no efficient treatments have been convincingly
reported to date, as none improved patient survival?®3%2-3¢4 Moreover, drug prophylaxis may

also promote antifungal resistance, potentially limiting future treatment options.

1.3.3.1 Immunotherapies

Immunotherapy conceptually consists on exploiting the host immune system by
bolstering immunity towards the fungal pathogen, thereby facilitating its clearance by the
infected host. This might improve the outcome of disease especially in immunocompromised
patients. Immunotherapies consist of either: administration of vaccines made using Candida-
derived antigens that can manipulate and generate host immunity towards infection;
targeted activation of both innate and adaptive immune response elements towards Candida
like phagocytes, T cells and antibodies; development or administration of auxiliary immune
response components such as cytokines, synthetic antibodies or other biological components
that can target Candida directly, negatively affecting its viability, or Candida-derived secreted
pathogenic molecules3®>3%, Imm