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Title
Quantitative proteomics and immunoproteomics to explore host and Candida albicans complex

interplay: focus on macrophage and antibody responses

Introduction

Candlida albicans can be part of the microbiota of healthy individuals. However, if the balance of
the normal microbiota is disrupted or the immune defences are compromised a scenario of
infection can arise. Invasive candidiasis (IC) is an important health-care associated fungal
infection. Therefore, the study of host —pathogen complex interplay is needed to improve the
knowledge on how the immune system responds to Candida.

Macrophages are key immune cells involved in recognition, phagocytosis and killing of the fungus.
The production of antibodies against several C. albicans proteins has also been described during
these infections.

Proteomics can be used to understand host-pathogen interactions and give information on the
protein abundance and on their post translational modifications. Moreover, C. albicans secreted
proteins analysis is crucial due to the role of these proteins in interaction with the host and their

study using immunoproteomics is useful for the discovery of biomarkers for the diagnosis of IC.

Objectives

In Chapter 1, the aim is to study the mechanisms implicated in human macrophage interaction
with C. albicans by two proteomic and phosphoproteomic approaches: one centred on ATP-
binding proteins and the other based on the global proteome analysis. These can bring new
insights for the development of new antifungal strategies.

In Chapter 2, the purpose is to discover biomarker candidates for the diagnosis of IC, by the
analysis of C. albicans hyphae secreted proteins together with the characterization of the
serological response to the C. albicans hyphal secretome in patients with IC, associated or not

with catheter, using an immunoproteomic approach.

Results

In order to perform the study of differential protein abundance in macrophages and macrophages
after interacting with C. albicans, first the analysis of human macrophage ATP-binding proteins
was carried out. THP1 cell-line was used and cells were labelled with SILAC (Stable Isotope
Labeling with Amino Acids in Cell Culture). After macrophages incubation with C. albicans, protein

lysates were enriched in ATP-binding proteins using the ActivX desthiobiotin ATP probe and
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analyzed by mass spectrometry (MS). Overall, 547 non-redundant proteins were quantified,
including 137 ATP-binding proteins. Among the quantified proteins, 59 proteins were differentially
abundant during macrophage interaction with C. albicans. Besides, 85 phosphopeptides were
qguantified and 5 were differentially abundant. More abundant proteins during interaction were
involved in protein synthesis whereas less abundant proteins were related to proteolysis and ion
transport. Moreover, an increase in anti-apoptotic signals over pro-apoptotic signals was
observed. A high pro-inflammatory response was detected, together with no upregulation of key
mi-RNAs involved in the regulation of the inflammatory response. Western blotting and selected
reaction monitoring (SRM) were used to validate the abundance of two kinases (MAP2K2 and
NDKA) and a peroxiredoxin (PRXD5).

A global proteomic and phosphoproteomic approach was also carried out to obtain a more
holistic view of the changes in C. albicans infected macrophages. For that, macrophages were
incubated with latex beads and with C. albicans at a MOI of 1 for 3 h. TMT (Tandem Mass Tag)
was used for peptide labelling. A total of 6166 proteins were quantified and no statistically
significant differences were observed in macrophage after interaction with beads. Overall, 89
proteins were found as differentially abundant in C. albicans infected macrophages. GO
enrichment analysis showed that less abundant proteins were implicated in RNA splicing and
more abundant proteins in cell proliferation and phosphatidylinositol biosynthetic process.
Phosphopeptide enrichment led to the quantification of 9615 phosphopeptides that belong to
1842 proteins. From these, 135 phosphopeptides were differentially abundant in macrophages
after interacting with C. albicans. Predicted protein-protein interaction network of the proteins to
which these phosphopeptides belong showed proteins interacting with each other involved in
different important processes, such as transcription, RNA splicing, cytoskeleton rearrangement,
cell signaling and immune response.

Besides this, an MS-based proteomic approach was used for analysis of the C albicans hyphae
secretome after 18 h of growth in Lee medium (pH 6.7). This method enabled the identification of
301 proteins with at least 2 peptides. As expected, GO analysis of cellular component showed an
enrichment in proteins from extracellular region: cell wall, cell surface, cell periphery.
Furthermore, from the proteins identified in C. albicans hyphal secretome, 47 proteins were
previously found to be immunogenic against human sera.

To carry out the immunoproteomic analysis, C. albicans hyphae secreted proteins were separated
by two-dimensional gel electrophoresis, electroblotted onto nitrocellulose membranes, and
tested by Western blotting with three distinct pools of human sera: patients with non-catheter

associated IC, patients with catheter associated IC and control patients. As expected IgG
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measurements showed that anti-C. albicans antibody levels were higher in both groups of
patients with IC compared with control one. The immunoproteomic approach led to the
identification of 7 antigenic proteins: Bgl2, Enol, GIx3, Sap5, Pgkl, Pral and Tdh3. From them,
Bgl2, Enol, GIx3 and Pgkl enabled the discrimination of patients with IC from control patients.

Among this group, both Bgl2 and GIx3 did not show antigenicity in control group.

Conclusions

Both quantitative proteomic and phosphoproteomic approaches, the enrichment in ATP binding
proteins and the analysis of the total proteome, revealed possible remodelling processes of
macrophages after interacting with the human pathogen C. albicans. Among them, an increase in
anti-apoptotic signals over pro-apoptotic was suggested together with a high pro-inflammatory
response in macrophages after interacting with C. albicans. Furthermore, RNA splicing was found
altered at the proteomic and phosphoproteomic levels. Differential phosphorylation in proteins
implicated in cytoskeleton reorganization, RNA splicing and implicated in cell survival, cell
proliferation and cell cycle regulation was also observed.

The immunoproteomic approach led to the identification of a group of immunogenic proteins
Bgl2, Enol, GIx3, Sap5, Pgkl, Pral and Tdh3. IgG antibodies to C. albicans Bgl2, GIx3 could be
interesting biomarker candidates for IC diagnosis.

These studies are highly important due to their possible translation to help in earlier and accurate

diagnosis and in the development of new and more appropriate strategies of treatment.
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cuantificaron 547 proteinas, de las cuales 137 fueron proteinas de unién al ATP. Cincuenta y nueve
proteinas cambiaron su abundancia tras la interaccién de macrdéfagos con C. albicans. Ademas, se
cuantificaron 85 fosfopéptidos, de los cuales 5 resultaron diferencialmente abundantes. Las
proteinas mas abundantes tras la interaccién estaban implicadas en la sintesis de proteinas,
mientras que las proteinas menos abundantes se relacionaron con la proteolisis y el transporte de
iones. Se observé un aumento de las sefiales antiapoptéticas frente las proapoptéticas. Se detectd
una elevada respuesta proinflamatoria, y una ausencia de activacién de los mi-ARN involucrados
en la regulacion de la respuesta inflamatoria. Ademas, se validaran los cambios en la abundancia
de tres proteinas de interés (MAP2K2, PRDX5 y NDKA) mediante Western blot y protedmica
dirigida.

También se llevd a cabo un andlisis del proteoma y fosfoproteoma total para obtener una visién
global de los cambios protedmicos en macrofagos tras interaccionar con C. albicans. Para ello, los
macréfagos se incubaron con bolitas o con células de C. albicans. Los péptidos fueron marcados
mediante marcaje isotépico (TMT). Se cuantificaron un total de 6166 proteinas sin embargo, no
se observaron diferencias significativas en los macrofagos tras la interaccion con las bolitas. Se
encontraron 89 proteinas diferencialmente abundantes en macroéfagos infectados con C. albicans.
El analisis GO mostréd que las proteinas menos abundantes estaban implicadas en el
procesamiento de ARN y las proteinas mdas abundantes en proliferacién celular y en biosintesis del
fosfatidilinositol. El enriquecimiento de fosfopéptidos condujo a la cuantificacion de 9615
fosfopéptidos, pertenecientes a 1842 proteinas, de los cuales 135 fosfopéptidos resultaron
diferencialmente abundantes en macroéfagos tras interaccionar con C. albicans. El andlisis de
interacciones de las proteinas a las que pertenecen estos fosfopéptidos mostrd la interaccién
entre proteinas que participan en transcripcidon, procesamiento del ARN, reorganizacion del
citoesqueleto, sefializacion celular y respuesta inmune.

El estudio del secretoma de hifas de C albicans se realiz6 mediante MS. Se identificaron 301
proteinas que mostraron un enriguecimiento en proteinas de la region extracelular. De las
proteinas identificadas en el secretoma de hifas de C. albicans, 47 proteinas ya habian sido
descritas como imunogénicas en sueros humanos.

Para el anadlisis inmunoprotedmico, las proteinas secretadas de hifas de C. albicans se separaron
mediante electroforesis bidimensional, se transfirieron a membranas y se analizaron mediante
Western blot con tres grupos de sueros humanos: pacientes con IC no asociada a catéteres,
pacientes con IC asociada a catéteres y pacientes control. Las mediciones de IgG mostraron que
los niveles de anticuerpos frente al secretoma de C. albicans fueron mayores en ambos grupos de

pacientes con IC en comparacion con el control. La estrategia inmunoprotedmica permitié
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identificar 7 proteinas antigénicas: Bgl2, Enol, GIx3, Sap5, Pgkl, Praly Tdh3. De ellas, Bgl2, Enol,
GIx3 y Pgkl permitieron la discriminacion entre pacientes con IC y pacientes control. Las

proteinas Bgl2 y GIx3 no presentaron inmunorreactividad frente al grupo control.

Conclusiones

El enriquecimiento de proteinas de union al ATP junto al estudio del proteoma y fosfoproteoma
global permitieron profundizar en el conocimiento de los posibles procesos de remodelacidon del
macrdéfago tras interaccionar con C. albicans. Estos resultados sugieren un aumento de las sefiales
antiapoptdticas frente a las proapoptdticas asi como una elevada respuesta proinflamatoria en
macréfagos tras su interaccion con C. albicans. Ademas, se detectaron cambios protedmicos y
fosfoprotedmicos en proteinas implicadas en el procesamiento de ARN. También se observo la
fosforilacién diferencial de proteinas implicadas en reorganizacién del citoesqueleto,
procesamiento de ARN, proliferacién, supervivencia celular y regulacion del ciclo celular.

La estrategia inmunoprotedmica condujo a la identificacién de proteinas inmunogénicas Bgl2,
Enol, GIx3, Sap5, Pgkl, Pral y Tdh3. Los anticuerpos IgG frente a las proteinas Bgl2 y GIx3 son
biomarcadores potenciales para el diagnéstico de IC.

Estos estudios son de relevancia por su posible utilidad en el diagndstico temprano y preciso de IC

y para el desarrollo de estrategias para un tratamiento mas adecuado de estas infecciones.
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1 Clinical importance of Candida infections

Invasive fungal diseases are a worldwide health problem, not only in immunocompromised
patients but also increasingly in patients with chronic disorders (Schelenz et al., 2015). Most
people during their life time may suffer from some kind of superficial fungal infections that are
usually curable with the current antifungal therapy, but millions of individuals worldwide will have
life threatening invasive infections that are much more difficult to diagnose and treat (Brown et
al., 2012). The global action fund for fungal infections (GAFFI) highlights that over 300 million
people are afflicted with a serious fungal infection and that 25 million can die. This organization
estimated the most common life-threatening fungal infections and they are mentioned in Table

Gl.1:

Table GI.1 Burden of common life-threatening fungal infections estimation, (retrieved on 15/03/19 from
www.gaffi.org ).

Fungal infection Estimated annual burden Estimated deaths
Chronic pulmonary aspergillosis >3.000.000 > 450 000
Severe asthma with fungal 350 000 — 489 000 asthma
>6.500. 000

sensitizations (SAFS) deaths ~-50% related to SAFs
Invasive candidiasis > 700 000 > 350 000
Pneumocystic pneumonia >500 000 > 250000
Cryptococcal meningitis 370000 > 125000
Invasive aspergillosis > 250 000 > 125000
Disseminated histoplasmosis > 100 000 >80 000

Regarding the opportunistic invasive mycoses, another epidemiologic work mentions candidiasis
as the second most frequent infection worldwide with more the 400 000 estimated life-
threatening infections per year, right after cryptococcosis that was estimated to have a frequency
of more than 1 000 000 cases per year. These are in all cases estimations based on the available
data which is sometimes very limited, and this is one of the reasons why there are different
values arising on the frequency of these infections (Brown et al., 2012). In any case, its clinical
importance is clear. The etiological agents of this fungal infection are the opportunistic pathogens
from the genus Candida. In healthy individuals, Candida species belong to the normal microbiota
of skin and mucosal surfaces namely oral cavity, gastrointestinal tract and vagina (Mavor et al.,
2005, Brown et al., 2012). However, if the balance of the normal microbiota is disrupted or the
immune defences are compromised, these fungi can outgrow and cause infection. These
infections can be superficial or can invade the bloodstream and disseminate to internal organs.

There are several risk factors for Candida infections, such as prior colonization with Candida
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species, human immunodeficiency virus (HIV) infection, cancer chemotherapy, neutropenia,
organ transplantation, indwelling catheters and devices, autoimmune diseases, burn,
antimicrobial therapy, age, gender, abdominal surgery and perforation, trauma, heart disease,
radiotherapy, therapy involving prolonged exposure to steroid drugs (Spampinato & Leonardi,
2013).

In the USA, the National Nosocomial Infections Surveillance program showed that incidence of
primary Candida bloodstream infections (BSI) has increased by as much as 487% over the decade
of the 1980’s in large teaching hospitals (Vincent, 2003). The countries participating in European
Confederation of Medical Mycology (ECMM) survey reported candidemia rates (0.31 to 0.44 per
10 000 patients-days) similar to other European surveys but lower than the rates reported in the
USA (1,5 per 10 000 patients-days) (Tortorano et al., 2006). This genus was classified as fourth on
the list of nosocomial agents of sepsis in USA (Wisplinghoff et al., 2004) and is associated with
high morbidity and mortality. A study in Spain reviewed the epidemiology of invasive candidiasis
(IC) in 26 Spanish hospitals from June 2011 and June 2012. A total of 705 cases of IC were
detected during the study and a crude mortality rate of 30% was observed (Nieto et al., 2015).
There are at least 15 distinct Candida species that cause human disease, but more that 95% of
them are caused by the 5 most common pathogens: C. albicans; C. glabrata, C. tropicalis, C.
parapsilosis and C. krusei (McCarty & Pappas, 2016). It is important to highlight the increasing
medical importance that is being given to C. auris. This pathogen was firstly isolated from the ear
canal of a patient in Japan and is often misidentified in conventional diagnostic laboratories.
Furthermore, its resistance to azoles and amphotericin B is of high medical concern (Jeffery-Smith
et al., 2018).

Overall, C. albicans is the most common pathogen in most clinical settings, but non-albicans
Candida spp. collectively could represent >50% of the bloodstream isolates in certain regions. The
different incidences of non-albicans species are usually dependent on the antifungal pattern of
treatment. In general terms some patterns can be observed. C. glabrata is usually the second
most frequently isolated Candida species in USA and northwestern Europe whether this position
is often occupied by C. parapsilosis or C. tropicalis in Latin America, Southern Europe, India and

Pakistan (Pappas et al., 2018).

2 The fungal opportunistic pathogen C. albicans
C. albicans belongs to the Saccharomycetaceae family of ascomycete fungi. This fungus is
distantly related to the well-known budding yeast Saccharomyces cerevisiae, an extensively used

model for studies in cell biology and genetics. C. albicans belongs to the CUG clade, which
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includes C. parapsilosis, C. tropicalis and C. auris among others, and is a diploid organism with
eight chromosome pairs. In Candida Genome Database (CGD) a total of 6218 ORFs in C. albicans
are annotated at the moment, being 4379 annotated as uncharacterized open reading frames
(ORFs) (there is no conclusive proof for the existence of a protein product), 1687 verified ORFS
(there is empirical evidence that the ORF actually encodes a functionally characterized protein)
and 152 annotated as dubious ORFs (retrieved on 04/02/2019). This data implies that most part
of the predicted proteome is still unknown or has not been properly annotated yet (Vialas et al.,
2014, Vialas et al., 2016). In this way, the characterization of the C. albicans proteome is of great
interest to increase the knowledge on the great amount of proteins that are still annotated as
uncharacterized. Peptide Atlas was generated and reported highly confident identification of
proteins (63%) that corresponded to uncharacterized ORFs, according to CGD terminology. This
project represented a great increase in the number of characterized C. albicans peptides and
proteins (Vialas et al., 2016).

The genus name Candida was used for yeast with no sexual cycle and up to now no complete
sexual cycle was observed in this yeast (Kim & Sudbery, 2011). However, C. albicans has an
elaborate mating mechanism. This species exhibits a parasexual cycle in which mating produces
tetraploid cells that undergo a nonmeiotic program of concerted chromosome loss to return to a

diploid or aneuploid state (Hirakawa et al., 2017).

2.1 C albicansvirulence traits

C. albicans is equipped with a variety of commensal and virulence characteristics that help the
fungus to colonize within the microbiota in the commensal phase and to invade host tissue during
infection (Hofs et al, 2016). Figure Gl.1 summarizes these evolutionary adaptive traits, also
known as virulence factors, that help C. albicans to be a successful pathogen during the different

phases of Candida and host interaction (da Silva Dantas et al., 2016).

Morphogenesis. C. albicans is a polymorphic microorganism once it has the ability to grow as a
budding yeast, pseudohyphae and true hyphae (Figure Gl.1). It is generally considered that
pseudohyphae and hyphae are morphologies more related with invasion whereas yeast is more
suited for dissemination in the bloodstream or to a more commensal state, however this is a
controversial issue (Sudbery et al.,, 2004). The yeast-to-hyphal transition is the most studied
morphology transition in C. albicans. In vivo hyphal formation is mediated by a mix of
environmental signals in the host, which include hypoxia, temperature, CO, concentration and

nutrient conditions. There are several in vitro ways to produce the different C. albicans
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morphologies. In detail, yeast can be induced by growing cells at temperatures around 302C or pH
around 4; pseudohyphae can be induced by culturing cells at pH around 6, temperature of around
359C, in nitrogen limited growth on solid medium and high concentrations of phosphate; hyphae
can be induced by adding serum to the medium, by growing cells at temperatures around 379C,
by using specific mediums such as Lee at pH 6.7 and by the addition of N-acetylglucosamine
(GlcNac). Quorum sensing molecules such as farnesol at high cell densities can promote yeast cell
growth (Sudbery et al., 2004). Hypha formation stimuli activate the cAMP/PKA or MAPK signaling
pathway leading to the expression of master activators of hyphal formation such as Efgl and
Cph1. Moreover, it is associated with the expression of hypha associated genes such as the hyphal
wall protein Hwpl, secreted aspartic proteases Sap4, Sap5 and Sap6 and hypha associated
proteins such as Ecel and Hyrl. These proteins play a special role in hyphal cells virulence,
particularly in adhesion and invasion of host cells (Hofs et al., 2016). This pathogen also generates
stable cells and colony variants with distinct properties. The most well characterized is the white —
opaque transition and it was described to be important for C. albicans mating (Jain et al., 2008).
Another C. albicans phenotype includes gray cells, which are smaller than conventional yeast and
mate with low efficiency. In strains that are capable of white-opaque-gray switching, the
transition to gray cell morphology is induced by exposure to nutrient rich growth medium (Noble
et al., 2017). Gastrointestinal induced transition (GUT) cells were discovered by genetic screening

for fungal mediators of commensalism within the mammalian digestive tract (Pande et al., 2013)

Biofilm formation. A major virulence trait of C. albicans is its ability to form biofilms. It usually

starts by the adherence of yeast cells to a solid surface. This process is usually called seeding.
Then, the biofilm starts to develop by the proliferation and early stage filamentation of the
adhered cells. The next step is biofilm maturation that ends with several layers of polymorphic
cells, encased in an extracellular matrix. Finally, the last step is the dispersal stage, were some
yeast cells disperse from the biofilm to seed new sites (Figure Gl.1) (Gulati & Nobile, 2016).
C. albicans biofilms are a major source of device-associated infections. A master transcription
network of six transcription regulators was described to control biofilm formation by C. albicans in
vitro and in two different animal models (rat catheter and rat denture models): TECI, NDT80,
ROB1, BRG1, BCR1 and EFG1 (Nobile et al., 2012). C. albicans biofilm cells are usually resistant to
neutrophil killing (Ghosh et al., 2009). It is noteworthy to mention that C. albicans biofilms are
inherently resistant to the majority of known antifungal drugs (Gulati & Nobile, 2016). Recently, it
was demonstrated that C. albicans biofilm extracellular vesicles (EVs) have an important role in

matrix production and biofilm drug resistance (Zarnowski et al., 2018).
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Adhesion. The adhesion of the fungus to epithelial cells is a complex process. Initial contact
events require a variety of passive forces (e.g. van der Waals forces, hydrophobic interactions)
and repulsive effects. After cell-cell contact, adhesion of C. albicans to epithelial cells is highly
dependent on hyphal expressed adhesins, such as Eapl, Iff4, Hwpl, Intl, Als3, just to mention
some examples (Figure Gl.1) (Moyes et al., 2015). C. albicans strains lacking Hwp1 were shown to
be unable to form stable attachments to human buccal epithelial cells and had a reduced capacity
to cause systemic candidiasis (Staab et al., 1999). The agglutinin-like sequence (ALS) family
includes eight genes that encode large cell-surface glycoproteins and this family was
characterized as having a major role in epithelial attachment. ALS3 gene expression was shown to
be upregulated during infection of oral epithelial cells in vitro and can be detected in vivo during
vaginal C. albicans infections (Cheng et al, 2005, Wachtler et al., 2011). Eapl is a
glycophosphatidylinositol (GPI)-anchored protein and has structural homology with Als family,
heterologous expression of this gene in S. cerevisiae showed adherence attachment to HEK293
epithelial cells and eap1 A/A mutant had reduced adherence to this cell line (Li & Palecek, 2003, Li
et al., 2007). Iff4 is another GPl-anchored protein and it was shown that its overexpression
increased C. albicans adherence to human epithelial cells (Fu et al, 2008). Apart from GPI-

anchored proteins, Mp65 and Phrl were also linked to adherence (Naglik et al., 2011).

Invasion and Damage. C. albicans has two mechanisms for host cell invasion: induced endocytosis

and active penetration. The first one is a host driven and the second is a fungal driven process
mediating fungus cell penetration in the tissue (Hofs et al., 2016). The mechanism used by
Candida cells is dependent on the invasion state, fungal morphology and the epithelial lineage to
be invaded. Nevertheless, epithelial invasion is triggered by hypha associated factors,
demonstrating an important connection between hypha, adhesion and invasion (Naglik et al.,
2017). Induced endocytosis embraces cytoskeletal reorganization, forming membrane processes
that endocytose surface adherent hyphae in a clathrin-mediated mechanism (Moyes et al., 2015).
Active cell penetration includes hypha elongation, physical forces exerted by extending hyphae
and secretion of hydrolytic enzymes known as the SAP family (Hofs et al., 2016). Experiments
using a protease inhibitor showed a reduced ability of C. albicans cells to damage oral epithelium
(Moyes et al., 2015) . Sap5 was shown to be highly expressed during infection (Naglik et al., 2008).
There are other fungal factors that have been implicated in the damage of epithelial cells such as
the secretion of hydrolases (already mentioned above) together with lipases and phospholipases.
The inhibition of ALS3 gene inhibited adhesion, invasion and subsequent damage. Moreover,

PMT2 and ICL1 were specifically shown to be required for invasion and damage and mutants
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lacking MKC1, GPD2, GPP1, EED1, CKA2, BUD2, RSR1 and PGA34 invaded epithelial cells at similar
rate of the wild-type but were defective on oral epithelial damage (Wachtler et al.,, 2011).
Recently, a cytolytic secreted peptide, known as Candidalysin, was described as being a critical

molecular determinant of epithelial host damage (Moyes et al., 2016, Wilson et al., 2016).

[ Key Virulence Traits of C. albicans
( Polymorphism J / \
Yeast to hypha transition in
‘ response to temperature,
— / — serum, alkaline pH, etc.
( Efgl, Hwp1,Ecel, Hyrl)
Yeast Pseudohypha Hypha
Opaque cells are more resistant
-— d> to neutrophil engulfment
White Opaque \ /

Biofilm Formation

¢ F e’

Seeding Development

Resistant to antifungals and host
immune defences
(Tecl, Ndt80, Rob1, Brgl, Berl
and Efgl)

Maturation

‘ Adherence to the host J

Expression of Adhesins
(Eapl, Hwpl, Int1, Als3)

Figure Gl.1 C albicans virulence

[eJ(e)le]

: : traits important for the
Invasion and damage of the Secretion of hyc_!.rolytlc enzyme establishment of the infection.
families . e .
host (Sap, Lip, Plp) Polymorphism, biofilm formation,
T adherence to the host together
Secretion of a cytolytic peptide with invasion and damage of the
“Candidalysin” that damages host host are among some of the most
o [ ) cells important virulence traits.

2.2 C albicans cell wall and extracellular proteins

Besides the virulence traits that C. albicans is equipped with to successfully go from commensal
to pathogen and cause infection, its cell wall is of high importance in this transition and for its
recognition by immune cells.

The fungal cell wall is the outer layer of the cell and is a dynamic organelle with a composition
greatly regulated in response to environmental conditions and stresses (Gow et al., 2017). Due to
the fact that it is not present in mammalian cells it is also a target for several antifungal drugs.
C. albicans cell wall has two main layers: an outer layer composed by glycoproteins and an inner
layer that contains skeletal polysaccharides. It is mainly composed by carbohydrates, chitin and
glucans, with the outer layer predominantly consisting of O- and N- linked mannans that are

covalently associated with proteins to form glycoproteins. These proteins are generally known as
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cell-wall proteins (CWPs). The inner layer of the cell wall contains the polysaccharides chitin and
B-1,3-glucan, which confer strength and cell shape (Gow et al., 2011). The classical structure of
the C. albicans cell wall is depicted in Figure Gl.2 (based on (Gow et al., 2011)).

Extracellular Medium

® Extracellular Proteins

@ Extracellular Vesicles

@ Cell wall associated proteins

\ Mannans )
@ Covalentlylinked - Outer Wall
cell wall proteins |
L Inner Wall
B 1,3 glucans
Chitin

Cell Membrane

Proteins

Cytoplasm

Figure Gl.2 C albicans cell wall composition. The outer layer is enriched in mannose polymers that are
covalently associated with proteins and the inner layer is composed by chitin and B-1,3-glucan that
confer strength to the cell. Outer cell wall proteins are attached to the inner wall by GPl remnants that
are linked to B-1,6-glucan. Furthermore, some proteins are released to the extracellular medium by
conventional and non-conventional methods of secretion.

Carbohydrates, including N-linked mannans, O-linked mannans and B-glucans, have an important
role in immune recognition and the CWPs are key instruments in the adhesive interaction with
host cell surfaces (Netea et al., 2006, Gow & Hube, 2012). Furthermore, CWPs play key roles in
cell wall assembly, as immunomodulators and in protecting the fungus from host enzymes
(Nather & Munro, 2008). CWPs can be linked to polysaccharides in different ways. There are two
groups that are covalently linked to them: the most abundant proteins are linked to B-1,6- glucan
through a GPI remnant and the others are linked directly to B-1,3-glucan and are known as
proteins with internal repeats (Pir). There is a third protein group that lacks a covalent
attachment to the polysaccharides or in which proteins are bound by disulfide bridges and these
proteins are generally known as cell-associated proteins (reviewed in (Gil-Bona et al., 2018)).

Generally, the first contact between C. albicans and host cells occur predominantly at the cell
surface and this is why the cell wall is very flexible in its composition. Despite this, increased

importance is being attributed to a group of proteins that helps the pathogen to survive in
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multiple environments and in immune recognition. C. albicans secretes a variety of proteins that
help scavenging nutrients, degrading host proteins, lipids and glycogens and protecting against
antimicrobial peptides (Klis & Brul, 2015). From them, it is important to highlight the Sap family
together with extracellular lipases and phospholipases which are well known virulence factors, as
previously described, to be secreted, and that are responsible for protein and lipid degradation,
respectively. Also a number of proteins related to biofilm formation, such as Als family, Bgl2, Xog1
and proteins related with metal ion acquisition such as Pral (Klis & Brul, 2015). A study that used
computer algorithms, expected that the final predicted C. albicans secretome was estimated to
consist of up to 283 ORFs (Lee et al., 2003). The Fungal Secretome Knowledge Base predicted 449
proteins to be part of the predicted secretome (Lum & Min, 2011). Another database known as
Fungal Secretome Database used other algorithm, less strict once it considered entries to be
secreted proteins as long as any one of the tools predicted it to be secreted, and described a
putative C. albicans secretome of 813 proteins (Choi et al., 2010).

The secretome comprises both the proteins with N-terminal secretion signal peptide and proteins
that lack this signal peptide and that are exported by non-conventional routes of secretion
(Nombela et al., 2006, Gil-Bona et al., 2015, Gil-Bona et al., 2018). Eukaryotic cells use an intricate
system of membrane-bound compartments and vesicles to transport proteins from the cytoplasm
to the cell surface. The presence of a hydrophobic N-terminal signal sequence predetermines
proteins for the secretory apparatus. These proteins are translocated across or inserted into the
membrane of the endoplasmic reticulum (ER). After folding and suffer post-translational
modifications within the ER, cargo proteins are loaded into coated vesicles that bud from the ER
and migrate to the cis-Golgi where they dock and fuse. Transport through Golgi compartment to
the terminal Golgi and subsequent transport to the plasma membrane is mediated by a similar
migration and fusion events (Fonzi, 2009). Proteins, such as Tsal and Enol, lacking N-terminal
secretion signal peptide have been detected in the extracellular medium of C. albicans (Urban et
al., 2003, Pitarch et al.,, 2006) and recently it was shown that extracellular vesicles (EVs) were
carriers of proteins lacking N-terminal secretion signal peptide, including several moonlighting
proteins (Gil-Bona et al., 2015).

Proteomics is a powerful tool for the study of fungal secretome, and can open doors to new
therapeutic and diagnostic strategies (Girard et al., 2013). Sorgo and co-workers compared
C. albicans secretome in different growth conditions (Sorgo et al., 2010). In total they identified
44 secretory proteins, 29 of them have a cell wall related function, including 18 GPIl-anchored
proteins. They also found peptides with highly immunogenic potential. Another work by Sorgo

and co-workers was performed in order to study the effect of fluconazole (antifungal drug that
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inhibits ergosterol biosynthesis, detailed in other section) on C. albicans secretome (Sorgo et al.,
2011). They found 17 proteins that were fluconazole specific. Additionally, they found some
proteins (Cht3, Mp65, Scwl11, Sim1, Sun4l, Coil and Tosl) to be consistently abundant in the
secretome and that their secretion was not affected by the treatment, which could serve in the
future as possible biomarkers of infection. After looking to the influence of fluconazole in the cell
wall proteome and secretome the same group was interested in the stress caused by the
temperature. Heilmann and colleagues found a decrease of the cell separation-related secretory
proteins Cht3 and Engl at 422C compared to growth at lower temperatures (Heilmann et al,
2013).

Ene and co-workers were interested in the secretome remodeling in different carbon source
media (Ene et al., 2012). Lactate- and glucose grown C. albicans cells displayed major differences
in their secretome. They found proteins responsible for the regulation of cell wall remodeling and
also with biofilm formation in the lactate- grown cells, demonstrating high plasticity of C. albicans
secretome in response to different carbon sources (Ene et al., 2012). Another work compared the
secretome of an avirulent C. albicans mutant, ecm33 A/A with the wild-type strain. A different
protein pattern in the secretome free of vesicles and in EVs was observed in the mutant, with
specific interest in the deficiency of Sap2 secretion in the mutant (Gil-Bona et al., 2015). Another
study performed was focused on the proteomic comparison of EVs and EVs free secretome of
C. albicans. The authors propose that proteins lacking the signal peptide are secreted to the
extracellular medium in EVs (Gil-Bona et al., 2015). Besides the study of EVs protein cargo, other
group focused on their characterization regarding size composition, and kinetics of internalization
and immunomodulatory activity. The EVs were rapidly internalized by macrophages leading to the
production of nitric oxide, IL-12, TGF-B and IL-10 (Vargas et al., 2015). Another group was
interested in understanding the influence in the lack of genes responsible for phospholipid
synthesis in EVs composition (Wolf et al., 2015). They found that psd1 A/A psd2 A/A strain has
much larger EVs than those from the wild-type. Additionally, they observed different protein
cargo in the mutant EVs when compared to the wild-type (Wolf et al., 2015). A recent work
studied the functions of biofilm EVs with a panel of mutants defective in orthologues of
endosomal sorting complexes required for transport subunits, which are required for normal EVs
production. They found that the lack of these genes caused reduced biofilm EVs production. They
suggest that EVs have an important role in biofilm matrix production and drug resistance
(Zarnowski et al., 2018). Recently, Luo and co-workers applied both gel and gel-free proteomics
for the characterization of yeast and hyphal C. albicans secretome (Luo et al., 2016). They also

looked into the serological response of a reduced number of sera from patients with and without
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Candida infections and found a group of 19 immunodominant antibodies against secreted
proteins and they suggested seven secreted proteins as potential biomarkers of candidiasis (Xog1,
Lip4, Ascl, Met6, Tsal, Tpil and Prx1). In an attempt to look into the C. albicans secreted protein
in an in vivo model, Sheehan and colleagues studied the hemolymph from C. albicans infected
larvae (Sheehan & Kavanagh, 2019) Although it was not possible to differentiate between
proteins secreted by the pathogen or just released by cell lysis, they found 101 C. albicans
proteins in the hemolymph of Galleria mellonella. The proteins involved in pathogenesis were 14-

3-3 homolog, Iff5, Mp65, Ssel, Rbt4, Sun41, Hsp90 and Enol.

3 Host immune response to Candlida infections

During infection the fungus has to face different infection stages: entering the bloodstream,
surviving in the blood and escaping from the bloodstream to deep-seated organs. Physical
barriers (skin and intestinal mucosal barriers) constitute the first line of defense conferred by
innate immunity. The skin and mucous membrane have a commensal microbiota of saprophytic
microorganisms that obstruct colonization by pathogenic microorganisms. These barriers secrete
a group of peptides also called chemotactic factors that include leukotrienes and chemokines
which can also be produced by leukocytes, endothelial cells, fibroblasts and smooth muscle cells
after stimulation by cytokines (Blanco & Garcia, 2008, Tong & Tang, 2017). These chemotactic
factors are critical factors in the defense once they enhance the effective recruitment of
leucocytes to the site of infection (Blanco & Garcia, 2008). Thus, Candida can transit from
commensal to pathogen when (i) there are perturbations of mucosal microbiota by long use of
antibiotics, which gives an advantage of Candida over the other commensal microbiota, (ii) there
is a rupture of the gastrointestinal and cutaneous barriers by a surgery or damage of central
venous catheters which gives a free route of entry of Candida cells to the bloodstream (iii) in
cases of immunosuppression by chemotherapy or corticosteroids which impairs innate immune

defenses (Pappas et al., 2018).

3.1 Cellular immune mechanisms against Candida infections: focus on macrophages

When fungi overcome physical barriers, they have to face cellular barriers. The mammalian
immune system depends on both the innate and adaptive immunity. The classical view that the
innate immune response was rapid, non-specific and unable of immunological memory is already
outdated, mainly due to some findings showing a heightened response to a secondary infection
by the same or other microorganism (Netea et al., 2011, Quintin, 2018). There are several types

of effector cells that protect the body and provide immunity. Among them are neutrophils,
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natural killer cells (NK), dendritic cells (DCs) and macrophages that are essential for protection
against fungal pathogens. Loss or defects on the fungal effector functions of these cells result in
susceptibility of the host (Blanco & Garcia, 2008, Brown, 2011). Neutrophils are classically
characterized by their ability to act as phagocytic cells, to release lytic enzymes from their
granules and to produce reactive oxygen intermediates with antimicrobial potential (Mantovani
et al., 2011). NK cells are effector lymphocytes of the innate immune system that control
microbial infections by limiting their spread and subsequent tissue damage and are regulatory
cells engaged in reciprocal interactions with DCs, macrophages, T cells and endothelial cells
(Vivier et al.,, 2008). DCs are professional antigen-presenting cells (APCs) and are efficient
stimulators of B and T lymphocytes (Banchereau & Steinman, 1998, Bourgeois et al.,, 2010).
Macrophages are particularly important phagocytic cells. On the one hand, they are one of the
first cells to encounter the fungus and are able to recruit and activate other immune effector
cells. On the other hand, they produce reactive oxygen species (ROS) after phagocytosis and
produce a variety of cytokines that limit fungal burden (Duhring et al., 2015). They also present
antigens, priming T-cells (Heinsbroek & Gordon, 2009).

Finding Pattern Recognition Receptors (PRRs) changed the classical view of the non-specificity of
the innate immune response. These PRRs of effector cells sense particular components of the
pathogens, cell wall components and sometimes internal compounds, known as Pathogen-
Associated Molecular Patterns (PAMPs) (Janeway, 1989). Figure Gl.3 summarizes C. albicans
PAMPs recognition by the PRRs present in macrophages (information collected and adapted from

(Snarr et al., 2017, Pappas et al., 2018)).
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Figure GI.3 PRRs recognition of C. a/bicans PAMPs and subsequent activation of signalling pathways.

C. albicans PAMPs (N-mannans, O-mannans, phospholipomannans, a-mannans, a-mannosyl residues,
B-glucans and B-mannosides) are recognized by the macrophage PRRs (TLRs, CLRs and Galectin 3).
These receptors activate different signaling cascades leading to the activation of several transcription
factors (NF-kB and c-Fos) that by their turn result in cytokines response (Type I IFN, IFN-y, IL-12, TGFB,
IL-10, TNF-q, IL12p70, IL- B and IL-6) (adapted from (Pappas, et al., 2018 and Bourgeois, et al., 2010)).

The group of PRRs more studied due to their involvement in sensing and recognition of fungal
PAMPs embrace C-Type Lectin Receptor (CLR) family such as Dectin-1, Dectin-2, Mincle, SIGNR
and mannose receptor; the scavenger receptors, such as CD5 and CD36; Galectin-3 and Toll-Like

Receptor (TLR) family, such as TLR2 and TLR4 (Bourgeois & Kuchler, 2012). TLRs are type |
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transmembrane proteins that mediate the recognition of Candida PAMPs. These proteins contain
transmembrane domains and intracellular toll-interleukin 1 (IL-1) receptor (TIR) domains that are
required for downstream signal transduction (Kawai & Akira, 2010). This signaling transduction
starts with the recruitment of a set of intracellular TIR-domain-containing adaptors (MyD88,
TIRAP, TRIF, TRAM) that interact with the cytoplasmic TIR domain of the TLRs. Myeloid
differentiation factor 88 (MyD88) is the universal adaptor molecule that triggers inflammatory
pathways through activation of the transcription factor NF-kB that induces the expression of the
inflammatory cytokine genes (Akira & Hoshino, 2003). For TLR2 and TLR4, this recruitment
requires MyD88 adaptor-like protein (MAL). MYD88 and the serine/threonine kinase IL-1-
receptor-associated kinase 4 (IRAK4) then interact. IRAK4 catalytic activity subsequently induces a
complex with IRAK1, IRAK2, and the E3 ubiquitin ligase TNF receptor associated factor 6 (TRAF6).
E3 ubiquitin-conjugated enzyme 13 (UBC13), together with either TRAF6 or an as yet unidentified
E3 ligase, catalyzes the formation of K63-linked polyubiquitin chains on TRAF6 and IRAK1. TAK1-
binding protein 2 (TAB2) and TAB3 recruit TGFR, activate a kinase (TAK1) to K63-linked
polyubiquitylated TRAF6, which triggers p38a and Jun N-terminal kinase (JNK) mitogen-activated
protein kinase (MAPK) pathways (Arthur & Ley, 2013). Netea and co-workers showed the
importance of TLR2 and TLR4 receptors in the recognition of C. albicans o-mannans, in the host
response to disseminated candidiasis (Netea et al., 2002).

The second major PRR family that recognizes Candida PAMPs is CLRs. They are characterized by
the presence of one or more C-Type Lectin Like Domains (CTLDs) (Kerrigan & Brown, 2009).
Regarding C. albicans recognition, B-glucans are recognized by Dectin-1 and the N-linked mannan
is recognized by the macrophage mannose receptor (MR). Dectin-1 is the most well -studied R-
glucan receptor. This receptor induces intracellular signals through a pathway mediated by spleen
tyrosine kinase (SYK), caspase activation and recruitment domain-containing protein 9 (CARD9),
protein kinase C6 and RAF1 kinase signaling pathway (Netea et al., 2015). DC-SIGN is another
important receptor that recognizes Candida mannan on the dendritic cells. Galectin-3 is
important for the recognition of C. albicans B-mannosides and mannose-binding lectin (MBL)
mediates Candida cells opsonization and uptake (Snarr et al., 2017, Pappas et al., 2018). Galectin-
3 is made as a monomer in the cytosol and is secreted from the cytosol via a nonclassical
secretion mechanism. Secreted Galectin-3 binds to saccharide ligands on cells and extracellular
matrix in the immediate milieu (Kohatsu et al., 2006). Fradin and co-workers demonstrated that
Galectin-3 binds to B-1,2-linked oligomannosides, an uncommon PAMP present on the surface of

C. albicans (Fradin et al., 2000).
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The activation of different signaling pathways, by different PRRs culminates in pathogen
engulfment, production of defensins, chemokines, cytokines, reactive oxygen species (ROS) and
induction of Ty cell responses, with the ultimate objective of killing this fungus (Netea et al,,
2015). The release of proinflammatory mediators induces the recruitment of phagocytic cells to
the site of infection, including neutrophils, macrophages and dendritic cells (Hofs et al., 2016).
Macrophage phagosomes, which are membrane-derived intracellular vacuoles, undergo fission
and fusion events, known as phagosome maturation, leading to the formation of a
phagolysosome. Generally, it has degradative properties, an acidic pH that enhances hydrolytic
enzymes activity, microbicidal peptides, low carbon and nitrogen sources, and the ability to
generate oxidative compounds (Vieira et al., 2002). Moreover, these cells produce reactive
oxygen intermediates, known as oxidative burst, mediated by dihydronicotinamide-adenine
dinucleotide phosphate (NADPH) oxidase complex. This complex assembles at the phagosome
membrane and transfer electrons from cytoplasmic NADPH to O, producing superoxide, which is
then dismutated to produce hydrogen peroxide, a highly oxidative and damaging molecule
(Brown, 2011). Furthermore, macrophages produce reactive nitrogen species (RNS). These cells
express nitric oxide synthase, which releases nitric oxide. Nitric oxide is then transformed in
peroxynitrite, which is decomposed releasing nitrogen dioxide and a hydroxyl radical (Vazquez-
Torres et al., 1996, Miramon et al., 2013). On top of all the mechanisms macrophages have to
effectively kill C. albicans, they also process microbial antigens, process them by proteolysis to
peptide fragments and present them, activating T-cells, which are cells related to the adaptive

response, together with B-lymphocytes.

3.2 Adaptive immune mechanisms against Candlida infections

In addition to the innate immunity, the mammalian host is also equipped with two different types
of adaptive immune response: humoral immunity, involving protection by antibodies, and
protection by T-cells activation. Antigen presenting cells build a bridge between innate and the
adaptive immune response, by presenting the fungal antigen to naive CD4" T-cells generating a T-
helper (Th) response. The last one is considered the principal mechanism of adaptive immunity
(Richardson & Moyes, 2015). T helper cells exist in a variety of epigenetic states that determined
their function, phenotype and form long-term immune memory (Borghi et al., 2014). Thl and
Th17 cell response are important for antifungal immunity and facilitate fungal clearance through
the release of cytokines such as tumor necrosis factor a (TNF-a), interferon y (IFN-y), interleukin
17A (IL-17A) and IL-17F. TNF-a together with IFN-y are important cytokines against fungi and

stimulate the antifungal activity of neutrophils and macrophages and also polarizes T helper cells
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towards a Th1l response (Ben-Ami et al.,, 2008). A dominant Th1l response correlates with the
expression of protective immunity to fungi (Borghi et al., 2014). Th1 cells start autocrine signaling
through IFN-y, which upregulates the expression of the [L-12RB2 receptors. This results in cells
more sensitive to IL-12 which is responsible for the preservation of the Th1 response (Richardson
& Moyes, 2015). Th17-type adaptive immunity was implicated in the control of fungal infections,
particularly at the mucosa level, although this may be relevant only at specific mucosal sites and
for specific pathogens (Brown, 2011). ILl-4 and IL-13 are signals for the commitment of Th2
reactivity that, by dampening Th1l responses and promoting the alternative pathway of
macrophage activation, favors fungal persistence, allergy and disease relapse. Nevertheless, Th2-
dependent humoral immunity also affords some protection. The efficacy of certain vaccines that
elicit protective antibody strongly indicates that antibody responses can make an important
contribution to host defense against to fungi (Borghi et al., 2014). There are studies showing that
vaccinated mice induce antibody production and protection against disseminated candidiasis
(Han & Cutler, 1995, Tso et al., 2018). Mannans, mannoproteins, heat shock and stress proteins
and proteases, which are part of Candida cell surface, are among some the yeast epitopes known
to be implicated in the protective antibody mediated response (Magliani et al., 2005). Besides,
the main recognized functions of antibodies are prevention of adherence, shown in a study where
monoclonal antibodies generated against mannoproteins interfere with fungal adhesion to host
substrates (Moragues et al., 2003); and modulation of Candida and phagocytes interaction,
shown in a study where Candida-opsonizing antibodies resulted in increased phagocytosis of

Candida yeast (Montagnoli et al., 2003).

3.3 C albicans evasion strategies

As a metabolically flexible microorganism C. albicans has developed several evading strategies. An
important strategy used by this fungus is to shield important PAMPs from recognition of the
receptors and to degrade the complement factor C3b, which is responsible for opsonisation of
microbial cells thus reducing recognition and uptake (Hofs et al., 2016). Besides, it has proteins
such as Pral (pH-regulated antigen 1) that binds to complement regulators masking fungal
surface, aiding immune and complement evasion (Luo et al., 2009). C. albicans has the ability to
switch from yeast morphology to hypha to escape and kill the macrophage (Uwamahoro et al.,
2014, Vylkova & Lorenz, 2017). Table GIl.2 shows some pairs of defence and evasion strategies of
C. albicans to adapt to the host hostile environment and shows how intricate are host and

pathogens interactions (Duhring et al., 2015).
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Table GI.2 Host antifungal mechanisms and C. a/bicans evading strategies (Duhring et al., 2015).

Host Antifungal Mechanisms C. albicans evading strategies

Limiting nutrient availability Release of secreted aspartic proteases to liberate oligopeptides and
amino acids from tissues;

Switching from the glycolytic pathway to the glyoxylate cycle and
gluconeogenesis to metabolize alternative carbon sources

Iron active sequestration Iron acquisition through a reductive system, a siderophore uptake
system and a heme-iron system

Zinc active sequestration Zinc acquisition by a zyncophore system

Decrease pH Modulate extracellular pH by actively alkalizing the surrounding
environment

Inducing thermal stress Heat shock response mediated by heat shock proteins

Inducing osmotic stress Outer cell structure as protection from osmotic pressure

Glycerol accumulation of glycerol to counteract the loss of water

4 Diagnosis of Candida infections

As detailed previously in general introduction, Candida infections cause high levels of mortality
and morbidity and are of special importance in hospitalized patients. Invasive candidiasis
encompasses candidemia and deep-seated candidiasis affecting organs such as kidney and
spleen. Candidemia is usually diagnosed when Candida cells are found in the blood and deep-
seated candidiasis arises from either hematogenous dissemination or direct inoculation to a
sterile site (Kullberg & Arendrup, 2015). This means that when diagnosing these infections 3
scenarios should be possible to diagnose: (i) candidemia without deep-seated candidiasis; (ii)
deep-seated candidiasis without candidemia and (iii) candidemia and deep-seated candidiasis
(Clancy & Nguyen, 2013). Blood culture and tissue histopathology from normal sterile sites are
still the standard methods for the diagnosis of these infections (reviewed in (Pitarch et al., 2018)).
Blood cultures are useful for the detection of viable Candida cells in the bloodstream, taking from
2-5 days until achieving conclusive results. Then, more time is necessary for species specific
identification using conventional methods such as Vitek® or taking advantage of matrix-assisted
laser desorption ionization—time of flight mass spectrometry (MALDI-TOF) such as MALDI
Biotyper®. MALDI-TOF systems appear to be more reliable than conventional phenotypic methods
with 96.5% of correct identifications (Lacroix et al., 2014). However, blood cultures do not detect
deep-seated candidiasis cases. Fungal cultures from tissue histopathology are often very invasive
procedures for most patients that are in intensity care unit (ICU) and have low sensitivity due to
low burden or unequal distribution of Candida cells (reviewed in (Pitarch et al., 2018)). Although
these methods are being used in the clinic on a daily basis, the delayed treatment of these

infections has been minimized by the use of more rapid diagnostic techniques. Envisioning this,
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the main non-culture diagnostic methods include and are depicted in Figure Gl.4 (adapted from
(Pitarch et al., 2018)):

. The detection of anti-mycelium antibodies, such as C. albicans germ tube antibody
(CAGTA) test. There are two commercial available assays: one is based on an indirect
immunofluorescence test (IC (CAGTA) IFA immunoglobulin G (IgG), Vircell Microbiologists) and
the other is an indirect chemiluminescent immunoassay (Virclia®, Vircell Microbiologists).
According to Wei and co-workers the diagnostic accuracy of this assay is moderate for invasive
candidiasis (Wei et al., 2018).

. The detection of mannan antigen (Platelia™ Candida Antigen) and anti-mannan
antibodies (Platelia™ Candida Antibody) are highly employed in European countries and,
according to Mikulska and co-workers, a combined mannan/antimannan assay sensitivity is 83%
and specificity is 86% (Mikulska, 2012).

. Sera indirect measurement of B-D-glucan (Fungitel®), a component of Candida cell wall.
According to Karageorgopoulos and co-workers the sensitivity of this assay is 76.8% and the
specificity is 85.3%, with noted statistical heterogeneity (Karageorgopoulos et al., 2011).

. Polymerase Chain Reaction (PCR) can be used for the detection of Candida DNA. A meta-
analysis performed by Avni and co-workers showed that when PCR was performed to evaluate
patients with suspected invasive candidiasis, the pooled sensitivity for the diagnosis was 0.95 and
the pooled specificity was 0.92 (Avni et al.,, 2011). However, there are still standardization
problems for this kind of assays (Clancy & Nguyen, 2013).

. The T2Candida® panel detects Candida directly within whole blood in an automated
process. In patients receiving antifungal therapy T2Candida identified bloodstream infections that
were missed by blood cultures. This method amplifies DNA using a thermostable polymerase and
target specific primers and detects amplified product by amplicon-induced agglomeration of
magnetic particles and T2MR measurement. A multicentre study performed by Clancy and co-

workers showed a sensitivity of 89%. (Clancy et al., 2018).
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Figure Gl.4 Currently available methods for IC diagnosis. Some of the most important diagnostic
methods of IC include the gold standards and non-culturable tests that hold the pathogen and host
derived biomarkers and leading-edge technologies (see details in text).

The intention of nonculture methods is to help in a faster, more accurate, cheaper, easier and
better diagnosis of Candida infections. Anyhow, deep-seated candidiasis is still missed if patients
never had candidemia, or when candidemia is already cleared or if falsely negative invasive
sampling procedures were performed (reviewed in (Clancy & Nguyen, 2013)).

The post-genomic era is bringing new cutting-edge technologies, such as proteomics that are
promising tools for the search of possible biomarkers of IC. One attractive example is the use of
immunoproteomics for the discovery of new biomarkers (Pitarch et al., 2004, Pitarch et al., 2006,
Pitarch et al., 2008, Luo et al., 2016). The study of the serological response to different Candida
antigen proteins has led to the identification of a wide number of biomarker candidates (Pitarch
et al., 2004, Pitarch et al., 2006, Mochon et al., 2010, Pitarch et al., 2014, Luo et al., 2016). Our
group showed that serum anti-Bgl2 and anti-Enol and also anti-Pgkl and anti-Adh1 antibodies
were biomarkers candidates of IC (Pitarch et al., 2004, Pitarch et al., 2006). Moreover, a group of
five-lgG antibody signatures (Met6, Ssbim Tdh3, Hsp90 and Pgkl) was suggested to have key
information for prediction of the clinical outcome in IC patients (Pitarch et al., 2011).
Furthermore, recent studies are investigating different host related tests as new possible
2017). IL- 17 is an important cytokine for the defence against

diagnostic tools (Posch et al.,

C. albicans. Krause and co-workers demonstrated that candidemic patients had significantly
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higher IL-17A and kynurenine levels, compared with noncandidemic patients, suggesting their
potential role as biomarkers of infection (Krause et al., 2015).

Besides the great improvement in the discovery of new biomarkers of IC there is still the problem
of integrating them in clinical context to reach an early diagnosis at an efficient cost and thereby

optimise the antifungal treatment (Candel et al., 2017).

5 Antifungal therapy of Candida infections

The antifungal arsenal is still limited and can be divided in four major classes (Pianalto &
Alspaugh, 2016). Polyenes, such as amphotericin B, produce alterations on the membrane
function and also affect mitochondrial activity by oxidative stress. Due to its high nephrotoxicity
liposomal formulations were developed. Another class of antifungals highly used in clinics are
azoles, which target the fungal plasma membrane, inhibiting biosynthesis of ergosterol through
the inhibition of the activity of lanosterol 14-a-demethylase (ERG11 enzyme). Echinocandins, such
as caspofungin, micafungin and anidulafungin, affect cell wall biosynthesis, by inhibiting B-1,3
glucan synthase and have low toxicity when compared to others. 5-Fluorocytosine, which is a
fluoridated pyrimidine analogue, enters into the cytosol, is deaminated to 5-fluorouracil and
subsequently converted to its active metabolite that inhibits thymidylate synthase interfering
with DNA synthesis and disrupting RNA synthesis (Pianalto & Alspaugh, 2016). Figure GI.5
indicates the sites of action of the currently approved antifungal drugs (Pianalto & Alspaugh,
2016, Reales-Calderon et al., 2016). It is important to remark that the antifungal therapy and the
selection of the drug must be based on the immune status of the host, the site of infection, the
fungal pathogen species and its susceptibility (or intrinsic resistance) to the different antifungals
available and the pharmacokinetic of the drug. The resistance can be (i) primary, when the
antifungal is not active against a specific species or it can be (ii) acquired, when the continuous
use of these antifungal drugs led to an increase selective pressure. Figure GI.5 has also the most
common mechanisms of resistance to antifungal drugs (adapted from (Reales-Calderon et al.,
2016). The adverse side effects, toxicity and emergence of drug resistance limit the use of these
drugs. Besides the combinatorial use of different antifungal drugs that was shown to improve
Candida eradication, different approaches are being developed for the improvement of the

clinical outcome of patients with Candida infections.
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Figure GI.5 Mechanisms of action for currently approved antifungal drugs and corresponding mechanisms
of drug resistance. The most important antifungal drugs can be divided in four classes: polyenes, azoles,
echinocandins and 5-fluorocytosine. Each of these classes presents different mechanisms of action on
the fungal cell. The fungus has developed different mechanisms of resistance to these drugs (based on
(Reales-Calderén et al., 2016)).

New approaches include vaccination, therapeutic antibodies, recombinant cytokines and adoptive
transfer of primed immune cells. Vaccination of high-risk groups is a promising strategy to
prevent invasive fungal infections in cases where the risk factors are clearly defined. There are
several anti-Candida vaccine candidates: glycoconjugates such as diphtheria toxoid CRM197
conjugated with the alga antigen laminarin (Torosantucci et al., 2005) and mannan protein
conjugates (Han et al., 1999); recombinant vaccines such as vaccines based on Alsl and Als3
(lbrahim et al., 2006, Spellberg et al., 2006); recombinant N-terminal of C. albicans Hyrl protein
(Luo et al., 2011); recombinant C. albicans Sap2 (De Bernardis et al., 2012) and live attenuated

vaccines such as cell wall defective ecm33A (Martinez-Lopez et al., 2008), hyphal defective
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C. albicans strain PCA.2 (Bistoni et al., 1986); MAP kinase-defective hoglA C. albicans strain
CNC13 (Fernandez-Arenas et al., 2004).

Anti-Candida antibodies administered to patients can also be protective (van de Veerdonk et al.,
2010). A recent work by Rudkin and co-workers described the generation of fully human
monoclonal antibodies to Candida cloned from single B cells. They showed that those antibodies
had strong opsonophagocytic activity of macrophages and protection in a murine model of
disseminated candidiasis (Rudkin et al., 2018). Another study performed by Pachl and co-workers
showed that the human recombinant monoclonal antibody against Hsp90 associated with
amphotericin B produced significant clinical and culture improvement in patients with IC (Pachl et
al., 2006).

Cytokines are able to increase host defence against fungal infections (van de Veerdonk et al.,
2010). It was previously shown that the granulocyte-macrophage colony-stimulating factor (GM-
CSF) was found to have anti-fungal activity, once it upregulates human chitotriosidase that
cleaves fungi chitin, a component of Candida cell wall (van Eijk et al., 2005). Other cytokines such
as granulocyte colony-stimulating factor (G-CSF) and IFN-y were found to have also important
roles in antifungal activity (van de Veerdonk et al., 2010).

The use of antigen primed dendritic cells and T-cells can also be a value immunotherapeutic
approach. Cells can be primed ex-vivo and then adoptively transferred when the patient is
immunocompromised. Bacci and co-workers showed that DC, from either spleen or bone
marrow, transfected with yeast, but not hyphal, RNA were capable of providing protection against
the fungus in allogeneic bone marrow-transplanted mice (Bacci et al., 2002). Tramsen and co-
workers generated anti-Candida T cells that were able to induce damage to C. albicans hyphae
and significantly increased hyphal damage (Tramsen et al., 2007). However, further studies are
needed to look for potential adverse effects.

Thus, these approaches are based on the knowledge created on the mechanisms of host defence
against Candida infections and underline the need to continue on studying host and pathogen
interactions, with different technologies and points of view. Proteomics is a very versatile
technology that can be used to find specific proteins of the host that are differentially regulated in
response to the pathogen, which may help in the discovery of new therapeutic approaches
(Reales-Calderon et al., 2014). Moreover, it can also be useful for infection diagnosis and
prognosis (Pitarch et al., 2006). Ultimately, systems biology, with the integration of different —
omics strategies can help in obtaining wider views of the host and pathogen interaction and can
also bring new insights for the generation of predictions during these intricate and dynamic

interactions (Tierney et al., 2012).
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6 Proteomics for understanding host-pathogen interactions

Host—pathogen relationships are characterized by the complex interplay between host defence
mechanisms and the attempts to circumvent these defences by microorganisms (Nau et al.,
2002). In order to better understand these cross-talk mechanisms different global or omics
approaches at different levels can be applied: genomics, transcriptomics, proteomics, and
metabolomics just to mention some of them. All of these disciplines give different inputs towards
a more integrative view that enables a more comprehensive understanding of these interactions
(Tierney et al., 2012). Proteomics is a highly fascinating discipline that comprises much more than
proteins identification and quantification. It opens doors for the study of proteins localization,
interaction, function and modifications, such as phosphorylation, glycosylation, acetylation,
among others (Fields, 2001). In general terms, protein profiling can be divided in two strategies:
gel- based and gel free or mass-spectrometry (MS) based proteomics (Resing & Ahn, 2005). Figure
Gl.6 depicts the basic differences between these two global proteomic strategies (adapted from
(Belczacka et al., 2019).

Gel-based proteomics involves protein separation usually by two dimensional electrophoresis (2-
DE) followed by digestion and spot identification by MS whether gel-free proteomics includes
protein extract digestion and peptide fractionation by liquid chromatography followed by protein
identification with or without combination with metabolic or chemical labelling for protein

guantification (Monteoliva & Albar, 2004, Beck et al., 2011).
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Figure Gl.6 Outline of commonly used global proteomics strategies. In global proteomics protein
separation prior to MS analysis can be achieved by either gel based or non-gel based approaches
(based on (Belczacka et al., 2009).

6.1 Gel-based proteomic approaches

2-DE combines the isoelectric separation, along a pH gradient, of the proteins according to their
isoelectric point and their subsequent resolution, according their molecular weight, using a
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (O'Farrell, 1975). This
coupled with MS, by peptide mass fingerprinting or tandem mass spectrometry analysis, was the
classical way of protein identification (Figure GI.6). This methodology gives a map of the intact

proteins and also enables the appreciation of protein isoforms or post-translational modifications
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(PTMs) (Gorg et al., 2004). A work from our group used 2-DE for the analysis of macrophages
after interaction with C. albicans (Martinez-Solano et al., 2006). Several proteins such as heat-
shock proteins and proteins from cytoskeletal organization were found be differentially abundant
(Martinez-Solano et al., 2006). Another work focused in the proteomic and genomic alteration of
C. albicans cell after macrophage interaction (Fernandez-Arenas et al., 2007). For the proteomic
approach they used 2-DE and found 67 proteins differentially abundant. Functional groups of lipid
and fatty acid B oxidation, glyoxylate, cell wall and actin cytoskeleton were up regulated whether
carbohydrate metabolism and mitochondrial biogenesis were down regulated. The introduction
of 2D difference gel electrophoresis (2D-DIGE) was very important once it enabled an increased
confidence of detection and quantification of the proteins in different samples (Figure GI.6). This
methodology involves a pre-labelling of the proteins from different conditions with fluorescent
dyes and then labelled proteins are separated in a single 2-DE and images are acquired using
specific filters (Alban et al., 2003) This technology was used for the study of macrophage response
to C. albicans (Reales-Calderon et al., 2012). In this work, sub-cellular fractions of macrophages
alone and macrophages after interacting with C. albicans were analysed by 2D-DIGE enabling the
identification of new proteins involved in ER stress response, pro-inflammatory response, among
others (Reales-Calderon et al., 2012).

Another important 2-DE application is the identification of immunogenic proteins. This is possible
by combining 2-DE with Western blotting with sera from patients with a certain disease (Pitarch
et al., 1999). This technique has been broadly used for biomarker discovery in patients with
invasive candidiasis and is still a method used for this purpose (Pitarch et al., 2006, Luo et al.,
2016, Pitarch et al., 2016). Although enabling protein maps and the identification of protein
species, gel-based proteomics has some drawbacks such as: (i) low proteome coverage; (ii)
compatibility problems, due to the use of strong detergents that are not compatible with the
isoelectric focusing and also (iii) low reproducibility together with (iv) the low data quality

obtained (Baggerman et al., 2005).

6.2 MS-based proteomic approaches

In response to the limitations above detailed regarding gel-based proteomics, other techniques,
where proteins were separated based on chromatography, were developed for the analysis of
protein mixtures. The development in MS workflows for proteomics, particularly new instrument
configurations and higher resolving power at both MS and MS/MS levels, allowed proteome wide
analysis of the abundance, modification and stability of proteins (Figure GI.6). Usually all these

bottom-up workflows involve protein digestion into peptides, typically using trypsin. Then,
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peptides are separated by means of chromatography and electrosprayed after which they are
introduced into the vacuum of a mass spectrometer. MS involves ionizing the peptides and
selecting specific precursor ions from the pool of detected peptide ions for fragmentation. The
resulting product-ion mass spectra are recorded and used for peptide identification. After this, it
is possible to infer the proteins that are present in the sample from the ensemble identified
peptides (Aebersold & Mann, 2003, Domon & Aebersold, 2010). There are three main methods of
MS analysis which are showed in Figure Gl.7 (adapted from (Aebersold & Mann, 2016, Hu et al.,
2016)).
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Figure GI.7 Bottom-up proteomics. Generally, bottom-up proteomic workflows have the following steps:
sample preparation by digestion with trypsin, peptide separation by chromatography, ionization by
electrospray and analysis by mass spectrometry. Three different methods are widely used for mass
spectrometry analysis: DDA, targeted proteomics by SRM and DIA. In DDA and SRM, single precursor
ions are isolated, fragmented and analysed in an MS2 scan by the mass spectrometer. In DDA mode the
precursor ions are chosen sequentially by the instrument on the basis of abundance whereas in MRM
the precursor ions are selected by the user. In DIA all precursor ions within a selected mass range are
isolated, fragmented and analysed in a single MS2 scan.

When the precursor most abundant ions are selected automatically for tandem mass
spectrometry (MS/MS), the data acquisition strategy is named as data-dependent analysis (DDA)
(Figure Gl.7). This method is very sensitive and is an unbiased and free from hypothesis once

there is no need to know the identity of the expected proteins in advance. However, when
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multiple samples are compared, the major drawback of the technique is that the selection of
precursor ions is towards abundant peptides leading to irreproducible results of the shotgun
experiments and thus incomplete MS data sets (Sabido et al., 2012). In contrast to DDA, targeted
proteomic approaches based on selected reaction monitoring (SRM) emerged as a potent tool
due to its ability to quantify only proteins of interest with high reproducibility and high accuracy
across multiple samples. In a typical SRM experiment, the proteins of interest are predetermined
and known. Using pre-existing information, proteotypic peptides, which are unigue and
characteristic of each protein, are selectively isolated and then fragmented. The corresponding
signals are measured over the chromatographic elution time window to provide better sensitivity
and higher linearity for quantification, compared with other MS methods. This is done by setting
the first quadrupole of a triple quadrupole instrument to the expected precursor ion m/z and the
third quadrupole to the m/z ratio of an abundant fragment ion that is specific for the targeted
peptide (Figure GI.7). The process is multiplexed to several fragment per peptide to increase
selectivity and multiple peptide can be measured which increases throughput (Aebersold &
Mann, 2016). However, this method has problems in the scale of quantification, this means that
increasing the number of target peptide requires the tight control of peptide liquid
chromatography (LC) elution time, for accommodating more transitions in a narrow time window,
decreasing sensitivity (Shi et al., 2016). Data-independent acquisition (DIA) methods were
recently introduced and are based on fragmentation of all ions within a defined mass-to-charge
(m/z) isolation window, independently of the relative ion abundance (Figure Gl.7) (Chapman et
al., 2014). In this method, entire ranges of precursors are fragmented at the same time. The
peptide fragmentation information is retrieved from the multiplexed MS2 spectra by targeted
signal extraction on the basis of previously acquired single peptide fragmentation spectra or by
the generation of “pseudo” fragment-ion spectra constructed directly from the DIA data that are
then subjected to classical database searching. The advantage of this approach is that the entire
range of possible precursor-ion masses can be analysed, eliminating the problem of DDA. DIA
requires a priori construction of fragment-ion spectra for the query peptides to deconvolve these
peptides from the DIA data (Aebersold & Mann, 2016). This method improves the depth and
coverage of proteomic analysis and the overall reproducibility of the experiment (Canterbury et
al., 2014).

The majority of the proteomic studies compare the abundance of a specific proteome in different
conditions or time-points and this highlights the importance of accurate protein quantification in
the analysed samples. Protein quantification can be performed by stable isotope labelling

approaches that are being broadly used for the mass-spectrometry based proteomics and include
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metabolic labelling such as stable isotope labelling by amino acids in cell culture (SILAC) and
BN/YN; enzymatic labelling using **0/*°0 and chemical labelling using: isobaric tag for relative
and absolute quantitation (iTRAQ®) and tandem mass tags (TMT®) among others (Zhu et al.,
2010). Figure Gl. 8 depicts the main differences in the labelling methods for protein quantification

(adapted from (Jazurek et al., 2016)). From these, SILAC and TMT® are widely used.
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Figure GI.8 Main labelling methods for protein quantification. In metabolic methods labelling occurs at
the protein level whereas in chemical methods labelling occurs at the peptide level (based on (Jazurek

etal. 2016).

SILAC is a metabolic labelling that uses stable isotope-labelled amino acids in growth medium to
encode cellular proteomes (Ong et al., 2002, Ong & Mann, 2006). To accomplish proteome
labelling, labelled essential amino acids are added to amino acid deficient cell culture media and
they are assimilated during protein synthesis (Ong et al., 2002). Then, proteins are combined,

digested with trypsin and quantified (Figure Gl. 8). TMT® is a chemical method composed by a set
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of structural identical tags that, after proteolysis are used for peptide labelling on free amino-
terminus of lysine residues. Peptides from different conditions are then combined and analysed
by MS (Figure Gl. 8)(Dayon et al., 2008). These tags contain three functional parts: a reporter ion
group, a mass normalization group and an amine reactive group. This last one is responsible for
the reaction with the amine groups and epsilon amine groups of lysine residues to attach the tags
to peptides. Labelled peptides with different isobaric tags are only possible to distinguish in
MS/MS scans (Li et al., 2012). The relative abundance of each reporter ion is used as a surrogate
measurement for the abundance of the peptide and thus proteins from which it was derived in
each sample. A major attraction of these tags is the possibility to multiplex samples. Besides this,
they are suitable for any type of complex protein sample unlike SILAC which implies cell growth in
labelled media. Although having these interesting advantages, this method also has some issues.
One of them is incomplete labelling which highlights the importance of checking complete
labelling in the experiments. Moreover, it is stated that there are some precision and accuracy
problems. Accuracy problems are due to contaminant co-selection at the same time as a target
peptide which results in MS/MS spectra containing reporter ions derived from mixed sources. This
results in a ratio compression where observed ratios become increasingly underestimated as the
expected fold change of an analyte increases (Christoforou & Lilley, 2012). Nevertheless, a
benchmarking study of these methods was performed and showed that chemical labelling at the
peptide level can be as robust and precise as metabolic labelling at the cellular level (Altelaar et
al., 2013). Our group has previously used SILAC labelling to quantify macrophage proteins and
phosphoproteins by mass spectrometry to study the effect of C. albicans infection effects (Reales-
Calderon et al., 2013). Furthermore, we used TMT labelling for the study of the protein
composition of THP-1 macrophages-derived EVs during interaction with C. albicans. The
differentially abundant proteins of the EVs were involved in response to stimulus, interaction with

cell and immune response (Reales-Calderon et al., 2016).

6.3 Proteomic Approaches for the study of Post-Translational Modifications: focus on
phosphorylation

PTMs play a crucial role in the regulation of several biological processes such as cell signalling,
immune response, recognition of pathogens, among others. More than 300 types of protein
PTMs are known to occur physiologically within living organisms (Huang et al., 2014). From these
PTMs, phosphorylation is of highly importance during signal transduction and it is believed that
more than 30% of the proteins can be phosphorylated. According to Graauw and co-workers,

early calculations suggested that there are approximately 100 000 potential phosphorylation sites
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in the human proteome, and from those only a few part is known, emphasizing the need for
sensitive, high-throughput methods, which allow the identification, characterization and
monitoring of new sites of protein phosphorylation (de Graauw et al., 2006). One important
challenge for the application of phosphoproteomics lies on the successful extraction of the
phosphopeptides from the whole lysate (de Graauw et al.,, 2006). Numerous phosphopeptide
enrichment approaches have been established and successfully employed to reveal
phosphoprotein and regulated phosphorylation sites in complex biological samples: Immobilized
metal affinity chromatography (IMAC), immunoprecipitation, phosphopeptide enrichment by TiO,
and other metal oxides; calcium phosphate precipitation (CPP); sequential elution from IMAC
(SIMAC), among others. IMAC is usually used for the study of phosphorylated peptides. However,
studies suggested that this technique presented stronger selectivity for multiply phosphorylated
peptides in biological buffers (Jensen & Larsen, 2007, Thingholm et al., 2008). On the other hand,
TiO, chromatography presented a bias towards monophosphorylated peptides (Thingholm et al,,
2006). Thingholm and co-workers presented a strategy that improves the number of
phosphorylated peptides (Thingholm et al., 2008). With this technique monophosphorylated
peptides from IMAC material are eluted in acidic conditions and then, multiply phosphorylated
peptides are eluted in basic conditions, and this is the reason it is named SIMAC. Subsequently, a
TiO, chromatography is performed to remove most of the non-phosphorylated peptides from the
pool of monophosphorylated peptides. Finally, the two distinct phosphorylated pools can be
analysed using MS (Thingholm et al., 2008). These methodologies use material in batch or
microtip format with the material packed in gel-loader tips for the phosphopeptide enrichment
and have some variability and selectivity issues due to manual handling steps. To tackle these
limitations iron immobilized metal ion affinity chromatography columns were used for
phosphoproteome analysis (Ruprecht et al., 2017). This method does not suffer from these
problems once it uses Fe-IMAC high performance liquid chromatography (HPLC) column for bulk
phosphopeptide enrichment.

Besides the method of enrichment in phosphopeptides used additional fractionation techniques
are being used to increase the capacity of phosphopeptide analysis (Wilson et al., 2018). Among
them, hydrophilic interaction liquid chromatography (HILIC) has previously been shown to be a

successful fractionation method (Engholm-Keller et al., 2012, Engholm-Keller & Larsen, 2016).
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Our group has been focusing on the study of the macrophage-C. albicans interactions and has
previously applied proteomics approaches to identify important proteins and pathways during
murine macrophage-yeast interactions (Fernandez-Arenas et al., 2009, Reales-Calderon et al.,
2012, Reales-Calderon et al., 2013). Moreover, it has also been studying the profile of IgG
antibody response to C. albicans cytoplasmic and cell-wall proteins, with the ultimate objective of
improving IC diagnosis (Pitarch et al., 2006, Pitarch et al., 2011, Pitarch et al., 2016).

Taking these previous works into account, the key objective of this thesis is to better understand
the role of the host during its interaction with the pathogen C. albicans, by using different
proteomic approaches. These approaches may open doors for the development of new and more
targeted therapies as well as a faster and sensitive diagnostic of this type of infections.

The specific purposes of this thesis are detailed below:

Chapter 1:

- To study the proteomic and phosphoproteomic alterations of the human macrophages after
interaction with C. albicans focusing on ATP binding proteins.

- To unveil new mechanisms involved in human macrophage response to C. albicans, by global

proteomic and phosphoproteomic studies.

Chapter 2:

- To perform the proteomic analysis of C. albicans hyphal secretome.

- To characterize of the serological response to the C. albicans hyphal secretome in patients with
IC, associated or not with catheter.

- To identify biomarker candidates for the diagnosis of invasive candidiasis.
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CHAPTER 1
Proteomic and phosphoproteomic approaches for the study of

human macrophage remodelling after interaction with the

opportunistic pathogen Candlida albicans

*This Chapter contains supplementary figures, numbered from Supplementary Figure C1.1 to C1.7,
available in the end of the thesis in Appendix 1

**This Chapter contains supplementary tables, numbered from Supplementary Table C1.1 to C1.7, available
in the enclosed CD.

***Part of the work in this chapter was published:

Vaz C, Reales-Calderon JA, Pitarch A, Vellosillo P, Trevisan M, Hernaez ML, Monteoliva L & Gil C (2019)
Enrichment of ATP Binding Proteins Unveils Proteomic Alterations in Human Macrophage Cell Death,

Inflammatory Response, and Protein Synthesis after Interaction with Candida albicans. Journal of proteome
research 18:2139-2159. (see Appendix 2)






CHAPTER 1

Introduction

Macrophages, which are derived from monocytes circulating in the blood, are constantly
patrolling tissues and non-sterile interfaces at the surfaces of epithelia, and are one of the key
cells in the immune recognition and innate immune response to C. albicans (Erwig & Gow, 2016).
As detailed in General Introduction, these cells recognize and phagocyte C. albicans, eliciting
different immune responses through engagement of different PRRs in an infection-stage specific
manner (Bourgeois et al., 2010). The major PRRs implicated in the response to C. albicans include
multiple cell-bound receptors (such as TLR2 and 4, Dectin-1, MR), soluble receptors (such as
Galectin-3), and intracellular receptors (such as TLR9), that activate several signal transduction
pathways, finally leading to the upregulation of costimulatory molecules and to the production of
inflammatory cytokines, chemokines, antimicrobial peptides, and type | IFNs (West et al., 2006).
After the uptake of Candida cells, they are subsequently enclosed into phagolysosomes and both
oxidative and non-oxidative mechanisms are activated by the macrophage to kill this pathogen
(Hofs et al.,, 2016). Besides this, macrophages are capable of restricting the availability of
nutrients that are important for C. albicans growth (Miramon et al., 2013). Although macrophages
can kill some internalized C. albicans yeast cells, the majority survive and filament in response to
the engulfment by the phagosome (O'Meara et al., 2015). C. albicans is a strong trigger for the
production of IL-1B via the Dectin-1/inflammasome activation (Uwamahoro et al., 2014,
Wellington et al., 2014, O'Meara et al., 2018).

Macrophage changes induced by C. albicans were a previous matter of study addressed by other
groups. O’Meara and co-workers showed that some mutants were unable to induce macrophage
lysis despite having significant hyphal formation. Moreover, they demonstrated that the
transcriptional repression of ALG1, ALG7 or orf19.6233 caused defects on filamentation but did
not block macrophage lysis (O'Meara et al, 2015). Another recent work used dual RNA
sequencing to study the metabolic interactions of bone-marrow-derived mouse macrophages and
C. albicans at different time points. Among other findings, they observed a concomitant
upregulation of glycolysis in both host and pathogen (Tucey et al.,, 2018). Our research group
identified differentially abundant proteins in C. albicans-stimulated RAW 264.7 macrophages
using different proteomic approaches (Reales-Calderon et al., 2012, Reales-Calderon et al., 2014).
Differentially abundant proteins were suggested to have pro-inflammatory and anti-apoptotic
effects (Reales-Calderon et al., 2012, Reales-Calderon et al., 2013). Another study on human M1
(classically activated, pro-inflammatory subtype) and M2 (alternatively activated, anti-
inflammatory subtype) macrophages showed that C. albicans induced an M1-to-M2 switch in

polarization (Reales-Calderon et al., 2014). Other groups used different proteomic approaches for
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the analysis of macrophage and Candida interaction, and found new proteins involved in energy
metabolism, cell survival and candidates for interaction-specific molecules (Shin et al., 2005,
Kitahara et al., 2015).

Adenosine Triphosphate (ATP)-binding proteins include kinases, heat shock proteins as well as
ATPases, and are crucial in several cellular processes, such as cell signaling, protein synthesis and
metabolism (Adachi et al., 2015). Despite the importance of these proteins in those pivotal
cellular functions, proteomic studies of ATP-binding proteins by MS may be challenging mainly
due to the fact that some ATP-binding proteins are at very low concentration in the proteome
(Xiao et al., 2013). The combination of MS instrumentation with powerful separation techniques
or selective enrichment of these proteins and bioinformatics tools can help in the identification
and quantification of low abundant proteins in complex samples (Xiao & Wang, 2014). During the
last years, several procedures for selective enrichment of ATP binding proteins and kinases have
been developed (Graves et al., 2002, Hanoulle et al., 2006, Daub et al., 2008, Duncan et al., 2012,
Xiao & Wang, 2014). Patricelli’s group presented a probe-based technology that uses biotinylated
acyl phosphates of ATP or adenosine diphosphate (ADP) that irreversibly react with ATP-binding
proteins on conserved lysine residues of the ATP binding pocket (Patricelli et al., 2007). These
probes covalently label the active site of these proteins to enable their selective enrichment using
a desthiobiotin tag.

The study of the abundance of this group of proteins, together with others, can give us important
information of the mechanisms being activated by the macrophage after interaction with
pathogens. In addition to protein abundance, PTMs are crucial in the regulation of several
biological processes, such as cell signalling, immune response, recognition of pathogens, among
others. More than 300 types of protein PTMs are known to occur physiologically within living
organisms. From these PTMs, serine, threonine and tyrosine phosphorylation serves as a signal
transduction mechanisms enabling the cells to link extracellular signals to the regulation of
adaptive and innate immune system activation (Sjoelund et al., 2014). It was previously shown by
our group that C. albicans induces changes in the phosphorylation of several peptides from
murine macrophages. These changes were mainly implicated in immune response, cytoskeleton
rearrangement and transcription factors (Reales-Calderon et al., 2013). Another group performed
a global phosphoproteomic analysis of the host response to another pathogenic fungus,
Cryptococcus neoformans, and found that proteins in the host autophagy initiation complex were
differentially phosphorylated in response to fungal infection (Pandey et al., 2017). The
phosphoproteome of the macrophage response to different TLR ligands was also previously

profiled. They found that the activation of the different TLRs resulted in a predominance of serine
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and threonine phosphorylation. They found cytoskeleton remodelling as a target of TLR signalling
for all the tested ligands. More interestingly, they found that endocytosis and phagocytosis were
up-regulated upon TLR4 and TLR2 stimulation but not upon TLR7 stimulation. TLR7 is located in
the late endosomal compartment where it only signals in response to single-stranded DNA.
(Sjoelund et al., 2014). These are some examples of works that were important to increase the
knowledge on host macrophages and pathogen interactions.

A better understanding of the immune response during fungal infection may help in the
development of new improved therapies in the future. Envisioning this general objective, our
group was interested in knowing the behavior of human macrophage cells after interacting with
C. albicans, embracing both protein abundance and phosphorylation. To accomplish this, here we

propose:

- To study the proteomic and phosphoproteomic alterations of the human macrophages after
interaction with C. albicans focusing on ATP binding proteins.
- To unveil new mechanisms involved in human macrophage response to C. albicans, by global

proteomic and phosphoproteomic studies.

Taken together, these two different approaches can bring new insights on the human

macrophage cellular remodeling after interacting with the pathogen C. albicans.

Materials and Methods

1 Optimization of yeast and macrophage co-culture
1.1 C albicans strain
C. albicans SC5314 strain was used in this study. This strain was grown in yeast, peptone and

dextrose (YPD) plates (2% glucose, 1% yeast extract, 2% peptone and 2% agar) at 302C.

1.2 THP-1 cell culture and macrophage differentiation

The human acute monocytic leukemia cell line (THP-1) was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with antibiotics (penicillin 10000 U/ml, streptomycin
10000U/ml), 2 mM L-glutamine and 10% heat-inactivated fetal bovine serum (FBS) at 37°C in a
humidified atmosphere containing 5% CO,. THP-1 cells were seeded in 24-well plastic plates at a
density of 1x10° cells/well in complete medium and treated with a final concentration of 30 ng/ml

phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 48 h to induce maturation toward
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adherent macrophage-like cells. After 48 h cultures, the medium containing PMA was replaced

with fresh medium without PMA to remove unattached cells.

1.3 C albicans-macrophage co-culture
For interaction studies, THP-1 macrophages were incubated with C. albicans cells that were
grown in YPD plates the day before, at multiplicity of infection (MOls) of 1 and 5, and for different

time points depending on the assays.

1.4 Environmental scanning electron microscopy (ESEM)

ESEM was performed as previously detailed (Reales-Calderon et al., 2016). After macrophage
interaction with C. albicans, cells were washed in phosphate buffer saline (PBS) containing 2.5%
paraformaldehyde for 1 h at room temperature. They were incubated in 2% osmium tetroxide for
1 h and then in 2% tannic acid for 1 h. Cells were dehydrated in ethanol. They were examined at

the FEI INSPECT microscope at the Museo Nacional de Ciencias Naturales (Madrid, Spain).

1.5 C albicans phagocytosis assay

C. albicans yeast cells were pre-labelled with 1 uM Oregon green 488 (Molecular Probes) in the
dark with gentle shaking at 30°C for 1 h. THP-1 macrophages were differentiated in 18-mm glass
sterile coverslips placed into 24-well plates and confronted with the yeast cells at a MOI of 1, at
372C and 5% CO,. Interaction was stopped after 45 min, 1.5 h and 3 h, and cells were then
washed with ice-cold PBS and fixed with 4% paraformaldehyde for 30 min. To distinguish between
internalized and attached/non-ingested yeasts, C. albicans cells were counterstained with 2.5 M
Calcofluor white (CFW) (Sigma) for 15 min in the dark. After several washes, coverslips were
mounted with specific mounting medium (Southern Biotech). The number of ingested cells (green
fluorescence) and adhered/non-ingested (blue fluorescence) were counted in the fluorescence
microscope (Fernandez-Arenas et al., 2007). Three different replicates with two different slides
were prepared for each time point. At least 500 C. albicans cells were scored per slide, and results

were expressed as the percentage of yeast cells internalized by macrophages.

1.6 Macrophage cell damage assay

In order to evaluate the C. albicans damage in the THP-1 cell line macrophages, the cytotoxicity
detection kit (Roche) was used. This assay is based on the measurement of lactate dehydrogenase
(LDH) activity released from the cytosol of damaged cells. Macrophages were cultured in 24-well

plates as stated above, and C. albicans cells were incubated with them in a MOI of 1 and 5 at 372C
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and 5% CO,. The selected time points of measurements were 3 and 6 h. After these time points,
the supernatants of the cells were removed for LDH measurement. The assay was performed

according to manufacturer’s instructions.

2 Proteomic and phosphoproteomic analysis of human macrophage ATP-binding proteins, labeled
by SILAC, after interaction with C. albicans

2.1 Macrophage cell line culture and SILAC labelling

THP-1 monocytes were grown in DMEM containing 10% dialyzed fetal bovine serum (FBS): i.e,,
either in light DMEM, containing 100 mg/l unlabeled L-arginine (Arg0) and 50 mg/| L-lysine (Lys0),
or in heavy DMEM, containing 100 mg/| Arg6 (Silantes, **C labelled Arginine  HCl) and 50 mg/| Lys6
(Silantes, C6 labeled L-Lysine HCI). After 5 cell doublings, protein lysates of the macrophage cells
were analyzed by MS to ensure that all proteins were labelled. Differentiation of monocytes into
macrophages was triggered by the addition of PMA. Approximately, 2x10” cells were plated in
150-mm culture dishes and 30 ng/ml PMA was added, cells were incubated for two days to
achieve complete differentiation. PMA was removed by washing the cells with light and heavy

DMEM medium, respectively.

2.2 Fungal infection

C. albicans cells were counted using the Neubauer chamber, and 2x10 cells were incubated with
the macrophages (MOI of 1) for 3 h. In order to diminish the possible effect of the labelling
procedure, in two biological replicates control macrophages were labelled with light DMEM and
macrophages upon interaction were labelled with heavy DMEM, while in the other two biological
replicates this labelling was switched over. The extracted proteins came from the same number of
macrophage cells in control and interaction conditions. In each experiment, both labelled and

unlabeled lysates were mixed in protein concentration ratios of 1:1.

2.3 Preparation of the protein samples for shotgun proteomics

2.3.1 Cell lysis

After the incubation time, cells were washed twice with ice-cold PBS, and 1 ml of cold modified
radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM sodium chloride; 50 mM Tris-HCl pH
7.5; 1% NP40; 0.25% sodium deoxycholate; proteases inhibitors (1:1000, Pierce™); 1 mM sodium
orthovanadate; 5 mM sodium fluoride; 5 mM B-glycerophosphate and 5 mM sodium
pyrophosphate) was added. Cells were scrapped thoroughly. Then, the cell lysate was placed on

ice for 5 min, vortexed for another 5 min, and centrifuged at 15,000 rpm for 10 min and 49C. The
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supernatant, containing the macrophage protein extract, was removed and transferred to a new

tube. Protein concentration was measured using the Bradford assay.

2.3.2 Enrichment with desthiobiotin ATP probes

Protein lysates were enriched in ATP binding proteins using ActivX desthiobiotin ATP probes
(Thermo Scientific), according to manufacturer instructions with some alterations. Briefly, protein
lysates were desalted using Zeba spin desalting columns to remove endogenous ATP. Then,
lysates were eluted in reaction buffer and supplemented with protease inhibitors. Protein
concentration was determined again by the Bradford assay. For labelling with the ATP probes, 2
mM MgCl was added to 2 mg of protein lysate and incubated with 20 uM of ActivX probe in a final
volume of 500 ul for 30 min at room temperature with constant mixing. Then, 500 pl of 12 M
urea in lysis buffer were added to the lysate to stop the reaction. Samples were then incubated
with 125 pl of high-capacity streptavidin agarose resin for 1.5 h at room temperature with
constant mixing in a rotator. Beads were collected by centrifugation at 1000g for 1 min and
washed twice with 4 M urea in lysis buffer. Finally, proteins were eluted by adding Laemmli

reducing sample buffer and boiling for 5 min.

2.3.3 In-gel digestion

Samples in Laemmli sample buffer were loaded into a 1.5 mm thick SDS-PAGE gel with a 4%
stacking gel casted over a 10% resolving gel. The run was stopped as soon as the front entered
3mm into the resolving gel so that the whole proteome became concentrated in the
stacking/resolving gel interface. Bands were stained with colloidal Coomassie Brilliant Blue
staining. Gels were cut into 12 to 15 slices for protein digestion (Bonzon-Kulichenko et al., 2011).
In-gel digestion was carried out as described (Shevchenko et al., 2006). Briefly, gel slices were cut
into pieces of 1 mm?® in size and washed with water. Proteins were reduced with 10 mM
dithiothreitol (DTT) in 25 mM ammonium bicarbonate for 30 min at 56°C and then alkylated with
55 mM iodoacetamide (lIA) in 25 mM ammonium bicarbonate for 15 min at 30°C. Acetonitrile
(ACN) and vacuum centrifugation were applied to dry the gel pieces. They were then rehydrated
with 60 ng/ul trypsin (proteomics grade; Roche Applied Science) in 25 mM ammonium
bicarbonate for 45 min at 4°C. The trypsin solution was removed, and the rehydrated gel pieces
were overlaid with 25 mM ammonium bicarbonate. The digestion was performed overnight at
37°C. After digestion, the supernatant was recovered. Peptides were extracted from the gel
pieces with 30% ACN and 0.1% trifluoroacetic acid (TFA) for 30 min at room temperature.

Peptides were desalted onto C18 OMIX cartridges and dried-down.
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2.3.4 Sequential elution from immobilized metal affinity chromatography (SIMAC) for
phosphopeptide enrichment

A total of 300 pg of the protein lysate enriched in ATP-binding proteins was used for
phosphopeptide enrichment. Both IMAC and titanium dioxide (TiO,) chromatography were

performed as previously described (Reales-Calderon et al., 2013) and summarized below.

IMAC

For each 100 pg of peptides, 40 pl of iron-coated PHOS-select™ metal chelate beads (Sigma-
Aldrich) were used. Beads were washed twice in loading buffer (0.1% TFA and 50% ACN) and
incubated with 500 ug of peptide mixture in loading buffer for 30 min at room temperature in
vibrating shaker. Then, beads were packed in the constricted end of a 200 ul GELoader tip by
application of air pressure with a syringe, forming an IMAC column. The flow-through was
collected for further analysis by TiO, chromatography. The IMAC was then washed with loading
buffer, which was added to the flow-through. Both monophosphorylated peptides and
contaminating non-phosphorylated peptides were eluted using acidic elution solution (1% TFA
and 20% ACN) and the multiply phosphorylated peptides were eluted using basic elution solution

(0.5% ammonia). The IMAC flow-through and both eluents were dried in a vacuum concentrator.

TiO, chromatography

A TiO, microcolumn was prepared by stamping out a small plug of C18 material from a C18
extraction disk and placing the plug in the constricted end of a 200 ul GELoader tip. The TiO,
beads were first suspended in loading buffer (1 M glycolic acid in 5% TFA and 80% ACN) and then
mixed with the sample and incubated for 15 min with constant mixing. This mixture was
centrifuged and 90% of the supernatant was removed to minimize the volume introduced in the
microcolumn. The sample was applied to the tip and the TiO, column was packed by the
application of air pressure with a syringe. The column was washed with loading buffer and
subsequently with washing buffer (80% ACN and 5% TFA). The phosphopeptides bound to the
TiO, microcolumn were eluted using 30 ul of 0.5% ammonia followed by elution using 1 pl of 30%
ACN to elute phosphopeptides bound to the C18 disk. Then, the eluent was acidified by adding 5

ul of 100% formic acid and dried in the vacuum concentrator.
2.4 MS analysis

Peptides were trapped onto a C18 SCO01 2-cm precolumn (Thermo Scientific), and then eluted

onto a NS-AC-11 dp3 BioSphere C18 column (75 um inner diameter, 15 cm long, 3 um particle
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size; NanoSeparations) and separated using a 140 min gradient (0-40% buffer B for 120 min; 40%-
95% buffer B for 15 min, and 95% buffer B for 5 min; buffer A: 0.1% formic acid/2% ACN; buffer B:
0.1% formic acid in ACN) at a flow-rate of 250 nL/min on a nanoEasy HPLC (Proxeon) coupled to a
nanoelectrospay ion source (Proxeon). Mass spectra were acquired on a linear trap quadrupole
(LTQ)-Orbitrap Velos mass spectrometer (Thermo Scientific) in the positive ion mode. Full-scan
MS spectra (m/z 300—1,900) were acquired in an Orbitrap at a resolution of 60,000 at 400 m/z
and the 15 most intense ions were selected for collision induced dissociation (CID) fragmentation
in the linear ion trap with a normalized collision energy of 35%. Singly charged ions and
unassigned charge states were rejected. Dynamic exclusion was enabled with exclusion duration

of 30 s.

2.5 Quantitative data analysis

Mass spectra raw data files were searched against the SwissProt human database version 57.15
(20,266 protein entries) using MASCOT search engine (version 2.3, Matrix Science) through
Proteome Discoverer (version 1.4.1.14; Thermo Fisher). Search parameters included a maximum
of two missed cleavages allowed, carbamidomethylation of cysteines as a fixed modification, and
oxidation of methionine, desthiobiotinylation of lysine, 13C-arginine and 13C-lysine as variable
modifications. Precursor and fragment mass tolerance were set to 10 ppm and 0.8 Da,
respectively. ldentified peptides were validated using Percolator algorithm with a g-value
threshold of 0.01. Peptide quantification from SILAC labels was performed with Proteome
Discoverer v1.4 using node precursor ion quantification. For each SILAC pair, the area of the
extracted ion chromatogram was determined and the “heavy/light” ratio computed.

Ratios were normalized by the median of all peptide ratios in each biological replicate. Media and
standard deviation were calculated for each peptide. Protein ratios were then determined as the
media of all the quantified peptides belonging to a certain protein. The quantification was
analyzed at the peptide level, and peptide ratios were manually evaluated. Peptides that
presented discrepant values inside each protein were discarded as soon as this elimination did
not change the trend of the ratio presented, and the standard deviation was improved. By this
way, an increase in the coverage of the quantified proteins was achieved.

Regarding phosphorylation, the variable modification of phosphorylation (STY) was added for
peptide identification. The PhosphoRS node was used to provide a confidence measure for the
localization of phosphorylation in the peptide sequences identified with this modification. The
phosphorylation sites were manually corrected based on the PhosphoRS localization probability

for a given residue. The phosphorylation sites assigned with a localization percentage <75% were
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considered ambiguous. In addition, if the percentage was >75% but different in the biological
replicates were also considered ambiguous. The phosphopeptides were treated similarly as in
guantitative analysis with the exception that the quantification was performed only at peptide
level. Mass spectra raw data files (both quantitative and phosphorylation files) were also searched
against the SwissProt human database for the discovery of possible missing proteins.

Proteomic analysis was performed in Centro de Investigaciones Biologicas (CIB) and in the
Proteomics facility of the Complutense University.

To make our findings publicly available and accessible to the community, we have deposited our
dataset in ProteomeXchange Consortium via the PRIDE partner repository with the dataset

identifier PXD009938 (Vizcaino et al., 2016, Deutsch et al., 2017).

2.6 Statistical analysis

In the SILAC experiment, the protein abundance ratio was the amount of protein in the
macrophages upon interaction with C. albicans divided by the amount of protein in the control
macrophages (without interaction with C. albicans). The log,-transformed mean macrophage
protein abundance ratios upon C. albicans interaction were stratified into seven quantiles
according to their distribution in the sample: Q; (the lower extreme values), Q, (the lower outlier
values), Qs (the smaller values that extended to 1.5 times the lower quartile or 25t percentile), Q4
(the interquartile range, i.e. 25" to 75" percentiles), Qs (the larger values that extended to 1.5
times the upper quartile or 75" percentile), Qg (the upper outlier values), and Q; (the upper
extreme values). The first and seventh quantiles comprised those macrophage proteins that had
the lowest and highest relative abundance ratios, respectively, upon interaction with C. albicans.
The same analysis was performed for phosphorylated peptides. All quantitative data were

presented as mean * standard deviation (SD).

3 Global proteomic and phosphoproteomic analysis of human macrophages after interaction with
latex beads and C. albicans, using TMT labelling

For this approach, the same C. albicans strain was used (SC5314) as well as the same macrophage
cell-line (THP-1). However, due to some variability observed in the previous work, some

modifications were made.
3.1 Interaction study

For the interaction, approximately 15x10° THP-1 macrophage cells were incubated with

C. albicans cells that were grown until an optical density (OD) of approximately 1 and with
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polystyrene latex microspheres 4.5 micron (Alfa Aesar). C. albicans cells and beads were counted
using the Neubauer chamber and incubated with the macrophages at a MOI of 1 for 3 h in
DMEM. Four replicates were performed, and 3 conditions were compared: Macrophages alone;

macrophages with beads and macrophages with C. albicans.

3.2 Sample preparation for proteomic and phosphoproteomic approach

3.2.1 Cell lysis

After the interaction, cells were washed twice with cold PBS. Then, 1 ml of cold RIPA medium was
added and cells scrapped. Cell homogenization was performed using a milder process than
before. Cells were left on ice for 40 min, slightly vortexed and then centrifuged for 10 min at
14800 rpm.

The supernatant, containing the macrophage protein extract, was removed and transferred to a

new tube. Protein concentration was measured using the bicinchoninic acid (BCA) assay.

3.2.2 Protein precipitation and digestion

Proteomic and phosphoproteomic analysis were performed in the Department of Biochemistry
and Molecular Biology, Syddansk University, Odense, Denmark, due to a collaboration with
Professor Ole Jensen and Pavel Shliaha.

A total volume of 300 pul of the sample was mixed with 1.2 ml of acetone and proteins were
precipitated for 2 h at -20 2C and then pelleted by centrifugation at 20000 g. Samples were
resuspended in 500 ul of 8 M urea 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) pH 8.0. An amount of 400 ug of protein in 150 pl were reduced and alkylated with 10 mM
tris (2-carboxyethyl) phosphine (TCEP) and 40 mM chloroacetamide and digested with lysC (1:50
protease : protein ratio) at 37 oC for 4 h. The sample was then diluted 8-fold and digested with
trypsin (1:25 protease: protein ratio) at 37 2C overnight. A total of 300 pg of peptides was
desalted on 30 mg oasis HLB cartridge (Waters), and dried in the speedvac with 2 puL

dimethylsulfoxide (DMSO) to prevent complete drying and quantified by BCA again.

3.2.3 Peptide labelling by TMT-11-plex and MS analysis

For the TMT labelling, 4 biological replicates of control, 3 biological replicates of macrophage
after interacting with latex beads and 4 biological replicates of macrophages after interacting with
C. albicans were analysed. Sixty ug of peptide mix was labelled with each of 11-plex TMT reagents
and the sample was pulled, according to the manufacturer’s instructions. After labelling, all

samples were combined, desalted onto C18 OMIX cartridges (Waters) and dried-down. Fifty ug of
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TMT labelled samples were analyzed by 2D-LC-MS analysis, using high pH RP fractionation as a
first dimension and low pH RP chromatography as a second dimension. For high pH reverse phase
(RP) fractionation peptides were separated on an Ultimate3000 HPLC system (Thermo Scientific)
on ACQUITY CSH C18 1.7 um column (300 um X 100 mm) (Waters) with step gradient. Buffer A
was H,0, 20 mM ammonium formate, pH 9 (adjusted with NH,OH); buffer B was 80% ACN, 20%
buffer A. Thirty subfractions were collected and concatenated into 15 fractions. One extra
fraction contained flow-through peptides. The fractions were dried out in a speed-vac and
resolubilized in 2% ACN, 98% H,0, 0.1% TFA. 2/3 fraction volume after resolubilization was
injected for the second-dimension separation and analysis into the Ultimate3000 RSLCnano HPLC
system. Samples were loaded on a cartridge precolumn PepMap 100 5x0.3 mm (Thermo
Scientific) in 2% ACN, 98% H,0, 0.1% TFA at 10 ml/min and then separated on a 1.2 m length 150
um ID column, home-packed with InertSil ODS-3 2 um sorbent (GLSciences). Separation was done
in a gradient of ACN, 0.1% FA (buffer B) in H,0, 0.1% formic acid (FA) (buffer A) (from 4 to 32% B
in 2 h) at 0.7 pl/min at 55 9C. Eluted peptides were identified on Orbitrap Fusion LUMOS mass

spectrometer with multinotch MS3 method.

3.2.4 Phosphopeptide enrichment and MS analysis

Due to some variability observed in the previous phosphopeptide enrichment, another method
was used. Phosphopeptides were enriched as previously described (Ruprecht et al., 2015). The
column ProPac IMAC-10 4x50 mm was charged with Fe**. Samples were loaded and the non-
phosphorylated peptides were washed out in 50% ACN, 49.9% H,0, and 0.1% TFA.
Phosphopeptides were eluted by washing the column with 100% NH,OH, 20 mM, pH 10.
Immediately after elution phosphopeptide fraction was acidified by adding TFA and freeze-dried.
Phosphopeptides were then separated by a linear gradient. Low pH separation was performed on
75 uM by 50 cm column with in a gradient of ACN, 0.1% FA (buffer B) in H,0, 0.1% FA (buffer A)
(from 4 to 32% B in 2 h) at 0.25 pl/min at room temperature. Eluted peptides were identified on
Q-Exactive HF mass spectrometer. Full scan was performed at 400-1600 mz range with 120K
resolution with 3e6 AGC target and 100 ms maximum injection time. Maximum of 12 dependent
scans were performed at 60K resolution with AGC target of 1e5 and maximum injection time of
110 ms and 34 NCE. Isolation window as specified at 0.6 mz with 0.1 mz offset. Minimum AGC

target was 3e3 and exclusion time was set at 11 sec.
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3.3 Quantitative data analysis

Data was analyzed in Proteome Discoverer 2.1 software. A database search was performed with
Mascot 2.3.2 using Homo Sapiens UniProt database containing only reviewed entries and
canonical isoforms (retrieved on 06/11/2017). For unmodified peptide search, methionine
oxidation was set as variable modification, while Cys carbamidomethylation, TMT6plex (K), and
TMT6plex (N-term) were specified as fixed modifications. A maximum of two missed cleavages
were permitted. The precursor and fragment mass tolerances were 10 ppm and 0.6 Da
respectively. Peptides were validated by mascot percolator with a 0.01 posterior error probability
(PEP) threshold. For phosphopeptide analysis the precursor and fragment mass tolerances were
10 ppm and 0.2 Da and phospho (ST), phospho (Y) modifications were additionally specified as
variable modifications. The phosphorylation positions were validated using the phosphoRS
algorithm. The quantification results of peptide spectrum matches were converted to peptide-
level quantitation, which in turn was converted into protein quantitation using an R script
(Polpitiya et al., 2008). Quantitation profiles of phosphorylated peptide were normalized on the
profiles of their corresponding protein expression, to verify that the observed changes of

phosphorylation reflect differences in site occupancy and not in levels of protein expression.

3.4 Statistical analysis

Firstly, Linear Models for Microarray Data (limma) integrated in the Bioconductor package of R
language was used for the comparison of the three conditions.

After removing beads condition from the analysis due to the lack of statistical significances found,
protein abundance data was imported into the software package Perseus version 1.5 (Tyanova et
al., 2016) and protein intensities were log, transformed in order to have the data more
symmetric. Paired Student’s T-test with the permutation-based false discovery rate (FDR) was
used and the cut-off was put on p-value < 0.05 and 5% FDR to determine differentially abundant
proteins.

The phosphorylation data was also imported in the software package Perseus version 1.5 and
phosphopeptide intensities were also log, transformed normalized to reduce systematic technical
variation. The median sweeping was used as method of normalization for tandem mas tag (TMT)
recommended in previous works (Kammers et al., 2015, D'Angelo et al., 2017) to perform limma
to involve better statistical estimate. After the common processing of transformation and
normalization, data was imported to perform limma included in ProStar software implemented in
the R language. The p-values were corrected using the Benjamini-Hochberg procedure and a cut-

off was set at 5% FDR. Phosphopeptides differentially abundant with p-value 0.01 and FDR 5% are
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filtered and their and their intensities were normalized (by Z-score in Perseus) to show the heat-
map of hierarchical clustering which enables the visualization of phosphopeptides intensities
variation between replicates. Cluster heat-map was divided in 2 clusters to show the
phosphopeptides profile and their regulation. Volcano plot was visualized by Perseus between the
two dimensions (-logi, p-value vs. log, fold change). Statistical analysis was performed in

collaboration with the Proteomics unit of Complutense University of Madrid.

4 Bioinformatic analysis of differentially abundant proteins and phosphoproteins
Gene ontology (GO) enrichment analysis was performed using  Genecodis

(http://genecodis.cnb.csic.es/) (Carmona-Saez et al., 2007, Nogales-Cadenas et al., 2009, Tabas-

Madrid et al., 2012) and functional enrichment analysis (FunRich) tools. String software version

10.0 (http://string-db.org) was used for the study of the protein-protein interactions (Szklarczyk

et al., 2017). Ingenuity Pathway Analysis (IPA) (QIAGEN Bioinformatics) was used both for the
prediction of possible upstream regulators and for network analysis. IPA was used during a

collaboration with Doctor Leif Schauser and Nitesh Kumar Singh from QIAGEN, Aarhus, Denmark.

5 Proteomic and functional validation

5.1 Western blotting

Forty ug of protein lysate were loaded in each well of a 10% SDS-PAGE gel and electrophoretically
separated. After this, proteins were transferred onto nitrocellulose membranes (GE Healthcare).
Membranes were blocked with 5% skinny milk in PBS for 2 h, and incubated with primary
antibodies, including anti-PRDX5 dilution 1/125 (Abcam), anti-MEK2 1/500 (Cell Signaling
Technology), anti-cleaved caspase-3 1/1000 (Cell Signaling Technology), anti ERK-1/2 1/1000 (Cell
Signaling Technology), anti p-ERK1/2 1/1000 (Cell Signaling Technology) or anti-Tubulin-a 1/1000
(Serotec), for 18 h at 42C. Membranes were washed 4 times with PBS containing 0.1% Tween-20
and incubated with IRDye® secondary antibodies for 1 h (1/4000 IRDye 800CW goat anti-mouse
lgG, IRDye 680LT goat anti-mouse IgG, IRDye 800CW goat anti-rabbit 1gG or IRDye 680LT goat
anti-rabbit 1gG, as appropriate). Membranes were then washed four times with PBS containing
0.1% Tween-20. Odyssey system (LI-COR ®) was used to detect the fluorescence signals. Protein
abundance was compared between control and infected macrophages and values were given as

arbitrary fluorescence units. Detection of tubulin-a was used as a loading control.
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5.2 Selected reaction monitoring (SRM)

The abundance of the protein NDKA was quantified using SRM. A proteotypic peptide from NDKA
that had been quantified in the shotgun approach and reached several criteria necessary for SRM
was selected (FMQASEDLLK). The peptide should be proteotypic, easy to synthesize and have
moderate hydrophobicity. Unpurified isotopic labelled peptide was obtained from JPT Peptide
Technologies GmbH. Skyline software (Seattle Proteome Center) was used for the optimization of
SRM methodology and for the analysis of the resulting MS data. Protein lysates were obtained as
stated above, but without labelling the cells, enriched using ATP-probe and digested as previously
shown. These SRM experiments were performed on a Q-TRAP ® 5500 LC-MS/MS system (AB
Sciex). Both peaks from the endogenous and heavy peptides were evaluated manually. The area
ratio (endogenous peptide area divided by heavy peptide area) was compared in both conditions
(control and interaction). Three biological replicates and at least 2 technical replicates were

performed.

5.3 Quantitative RT-PCR

RNA was isolated using the microRNeasy mini kit (QIAGEN) according to the manufacturer’s
protocol. Samples were quantified by Nanodrop 2000C (Thermo Scientific) and the presence of
small RNA was confirmed using the Bioanalyzer 2100 (Agilent). Total RNA was reverse transcribed
using Tagman microRNA (miRNA / miR) reverse transcription kit (Thermo Fisher Scientific) and 10
ng of total RNA from each sample. Quantitative real time polymerase chain reaction (RT-PCR) for
miRNA was performed using TagMan microRNA assays (Thermo Fisher Scientific) following the
manufacturer’s instructions. U6 snRNA was used as an endogenous control, and the microRNAs
(miRNAs) analyzed were mmu-miR-124a, hsa-miR-146a, hsa-miR-155 and hsa-miR-21. This

analysis was carried out in the Genomics facility of the Complutense University of Madrid.

5.4 Cytokine determination

For cytokines measurements, macrophages from the THP-1 cell line were incubated with or
without C. albicans cells at a MOI of 1 for 3, 6 and 8 h. As a positive control, macrophages were
treated with lipopolysaccharide (LPS; 100 ng/ml). Supernatants from untreated, LPS- or Candida-
treated THP-1 macrophages were tested for cytokine production by enzyme-linked immuno
sorbent assay (ELISA) using matched paired antibodies against different interleukins: IL-1B IL-6, IL-
12p40 and TNF-a (Immunotools), according to manufacturer’s instructions. Cytokine production

was measured in three independent macrophage preparations.
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5.5 JC-1 for mitochondrial activity measurements

For mitochondrial membrane potential measurements, a total of 3x10°> macrophage cells were
seeded in each well of a 24-well plate. Macrophages were incubated during 3 h with beads and
with C. albicans at a MOI of 1. Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) causes the
uncoupling of the proton gradient, greatly reducing red fluorescence and was used as green
positive control. CCCP was added 15 min before the end of the incubation time and added at
concentration of 0.1 mg/ml. Cells were detached using a solution of trypsin-
ethylenediaminetetraacetic acid (EDTA) (0.05%) for 15 min, then centrifuged (2000 rpm 5 min)
and incubated with JC-1 (0.5 pg/ml) during 20 min at 372C. Cells were analyzed by flow cytometry
and cells with high mitochondrial membrane potential were detected in red and green
fluorescence channels while cells with low mitochondrial membrane potential presented lower
red fluorescence. Three biological replicates were performed. The flow cytometry was performed

in the Centre of Flow Cytometry of the Complutense University of Madrid.

5.6 Statistical analysis

The mi-RNA expression level was calculated using 2*“ formula (Livak & Schmittgen, 2001). The
results were represented using the relative fold-change expression compared to the control. Four
biological replicates were used in this assay. For Western blotting, cytokines, SRM, miRNAs and
JC-1 assays, comparisons between two groups were performed by the Student’s t-test. Statistical
significance was defined as * for p-value <0.05, ** for p-value <0.001 and *** for p-value
<0.0001. Three biological replicates were performed for Western blotting and SRM-based
validation assays, with exception of cleaved-caspase 3 Western blotting that was performed with

two biological replicates.

The overall representation of both proteomic approaches carried out in this chapter is

represented in Figure C1.1

103



CHAPTER 1

Macrophage — C. albicans interaction
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Figure C1.1 Schematic overview representing the organization of the proteomic and phosphoproteomic
approaches developed in this chapter. This includes: condition set up, both MOI and time of incubation
for the analysis of macrophage proteomic alterations after interaction with C. albicans. After this, two
proteomic approaches were developed: one involves the enrichment in ATP binding macrophage
proteins and the other one involves the global proteomic and phosphoproteomic analysis of the
cytoplasmic extract of macrophages alone, after interaction with beads and after interaction with
C. albicans. This outline was numbered according to the Materials and Methods section.

Results

1 Co-culture of THP-1 macrophages with C. albicans

The optimal conditions were set up to characterize differentially abundant proteins from human
macrophages upon C. albicans infection. The damage of C. albicans in the THP-1 macrophages
was evaluated by LDH measurements in two MOIs (Figure C1.2A). C. albicans produced more
damage to THP-1 cells in a MOI of 5 than in a MOI of 1. Damage increased over time of incubation

at both MOls. A MOI of 1 was selected due to the lowest observed damage. After MOI selection,
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phagocytic activity was measured. C. albicans cells ingested or associated with macrophages were
discriminated using differential staining with Oregon green and calcofluor white. THP-1
macrophages showed an increase in their phagocytic activity over time (from 45 min to 3 h),
almost 70% of Candida cells being engulfed after 3 h of interaction (Figures C1.2B and C). Taking
into account these results and some studies performed before by our laboratory (Fernandez-
Arenas et al., 2007, Fernandez-Arenas et al., 2009, Reales-Calderon et al., 2013, Reales-Calderon
et al., 2014), the MOI of 1 and the time point of 3 h were the conditions used for the quantitative
proteomic assay. With these conditions, it was assured that 70% of C. albicans cells were engulfed
and most macrophages were viable. Macrophage-C. albicans co-culture in the selected conditions
was visualized by ESEM (Figure C1.2D). As shown, after 3 h of interaction C. albicans cells were

already in hypha form and at different stages of interaction with the macrophage.
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Figure C1.2 THP-1 macrophage interaction with C. a/bicans cells. (A) Lactate dehydrogenase cytotoxicity
assay to measure the damage of Candida cells in THP1 macrophages after 3h and 8h of interaction with
C. albicans cells and at a MOI of 1 and 5. (B) Fluorescence microscopy images of THP1 macrophages
exposed to labeled C. albicans strain SC5314 (Oregon green 488) in green, for 3h. Intracellular and
external/adhered C. albicans cells were distinguished based on fluorescence after co-staining with
Calcofluor white in blue, which does not enter or stain macrophages. (C) Phagocytic activity of
macrophages at different times of interaction. (D) Environmental scanning electronic microscopy
(ESEM) of macrophage and C. albicans co-culture after 3h of interaction.
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2 Enrichment of ATP-binding proteins for the study of proteomic alteration in human macrophages
after interacting with C. albicans

2.1 Quantitative proteomic analysis of macrophage proteins after interaction with C albicans

A quantitative shotgun proteomic approach using SILAC and LC-MS/MS was used to study the
changes in the abundance of macrophage proteins enriched after using the ActivX desthiobiotin
ATP probes upon interaction with C. albicans cells during 3 h at a MOI of 1. Protein lysate was
enriched in ATP-binding proteins and samples were analyzed by LC-MS/MS. Four biological
replicates and two technical replicates of each were analyzed by MS. Figure C1.3 represents the

general workflow of the approach used.
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Figure C1.3 Experimental design for the analysis of the macrophage sub-proteome and phosphoproteome
after ATP-binding enrichment. Four biological replicates of THP-1 monocytes were labelled with light and
heavy stable isotope-containing media, producing proteins and peptides distinguishable by mass. After
protein labelling monocytes, were differentiated by adding PMA and two conditions analyzed:
Macrophages alone (Md) and M with C. albicans at a MOI of 1 and during 3 h. Proteins were extracted
and due to their previous labelling the protein lysate was mixed. Then, proteins were enriched using the
ActivX™ ATP Kit. Proteins after the enrichment were analyzed by LC-MS/MS. Furthermore proteins were
subjected to phosphopeptide enrichment and the resulting phosphopeptides were also analyzed by LC-
MS/MS.
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A total of 1043 proteins was identified, corresponding to 710, 664, 664 and 709 proteins in each
replicate, respectively (Supplementary Table C1.1). A total of 547 non-redundant proteins was
quantified in at least two biological replicates with a SD <0.3 (Supplementary Table C1.2). The
molecular functions enriched on the 547 quantified proteins were mainly protein binding (271
proteins), nucleotide binding (203 proteins) and ATP binding (136 proteins). Furthermore, the
total number of quantified proteins was enriched in 10 major biological processes, such as gene
expression (87 proteins), cellular protein metabolic process (76 proteins), and translation (65
proteins). Regarding the cellular component, most of the proteins were located in cytoplasm (341
proteins), followed by nucleus (205 proteins), and mitochondria (105 proteins) (Supplementary
Figure C1.1).

Macrophage proteins extracted using the ActivX desthiobiotin ATP probes showed a very
homogeneous abundance ratio. After stratification of protein abundance ratios into quantiles
according to their distribution upon interaction with C. albicans, we found that 4 and 9 proteins
had the higher and lower extreme abundance ratios, whereas 18 and 28 proteins had the higher

and lower outlier abundance ratios, respectively (Supplementary Figure C1.2 and Table C1.1).

Table C1.1 List of proteins differentially abundant 3 h after macrophage - C albicans interaction. Proteins
after ATP binding enrichment are ordered by ratio average inside each category.

UniProt Entry Gene Protein Ratio® D N
Codé® Names names Names® Replicates®
Proteins more abundant after macrophage interaction with C. a/bicans

RNA processing

060812  HNRC1  HNRNPCL1 lcterogeneousnuclear 18 0218 2
ribonucleoprotein C-like 1

P14678 RSMB SNRPB Small.nuclear r|b9nucleoprc?te|n— 15 0.045 3
associated proteins B and B

Q99733 NP1L4 NAP1L4 E'kuecfosome assembly protein 1= ;149 2

Q01081  U2AF1 Uaapy  oPlicing factor U2AF 35 kDa 13 0289 2
subunit

PO9EE1  RU2A sNRpap U2 smallnuclear 12 0.205 )

ribonucleoprotein A

Q9NR30 DDX21 DDX21 Nucleolar RNA helicase 2 1.2 0.293 2

Structural components of ribosome

P32969 RL9 RPL9 60S ribosomal protein L9 1.4 0.29 4

P62854 RS26 RPS26 40S ribosomal protein S26 1.3 0.166 2

P39023 RL3 RPL3 60S ribosomal protein L3 1.3 0.272 3

Oxidative stress

P30044 PRDX5 ° PRDX5 Peroxiredoxin-5 1.3 0.171 2

Q6NUKI  SCMC1  SLc2sa24 CAicium-binding mitochondrial 15 0175 2
carrier protein SCaMC-1

ATP production and transport
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075964 ATP5L ATP5L ATP synthase subunit g 1.3 0.236 3
P05141 ADT2 SLC25A5  ADP/ATP translocase 2 1.2 0.227 4
Immune response and cell signalling
P36507  MP2k2?  MaApaky Dudlspecificity mitogen-activated o 0 2
protein kinase kinase 2
P43405 KSYK SYK Tyrosine-protein kinase SYK 1.2 0.187 2
Metabolism
L-aminoadipate-semialdehyde
QI9NRN7 ADPPT AASDHPPT dehydrogenase- 1.4 0.075 3
phosphopantetheinyl transferase
Q8NBXO  SCPDL sccppy  S3ccharopine deydrogenase-like -, - o 2
oxidoreductase
Q9Ye17 SERC PSAT1 Phosphoserine aminotransferase 1.3 0.275 2
Others ©
BJRPKO  HGBIA  HMGBip1 ' Ytative high mobility group 13 0251 3
protein B1-like 1
P49589 Sycc CARS Cysteine--tRNA ligase 1.2 0.274 2
Q96QRS PURB PURB Transcriptional activator protein 12 0.285 4
Pur-beta
Q9Y6C9 MTCH?2 MTCH2  Mitochondrial carrier homolog 2 1.2 0.237 4
Proteins less abundant after macrophage interaction with C a/bicans
Proteolysis and peptide degradation
Q9UHL4 DPP2 DPP7 Dipeptidyl peptidase 2 0.8 0.213 3
P14780 MMP9 MMP9  Matrix metalloproteinase-9 0.8 0.22 3
P28838 AMPL LAP3 Cytosol aminopeptidase 0.8 0.237 4
Q96KP4 CNDP2 CNDP2  Cytosolic non-specific dipeptidase 0.8 0.076 2
P09960 LKHA4 LTA4H Leukotriene A-4 hydrolase 0.8 0.284 4
P09622 DLDH DLD Dihydrolipoyl dehydrogenase 0.8 0.163 2
Transport
Q8N95M JAGN1 JAGN1 Protein jagunal homolog 1 0.8 0.074 2
P51149 RAB7A RAB7A  Ras-related protein Rab-7a 0.8 0.223 2
P84085 ARF5 ARF5 ADP-ribosylation factor 5 0.8 0.162 3
Proteasome components and protein fate
P62333 PRSI0 PSMC6 ig‘; protease regulatory subunit o o 5, 3
P28065 PSB9 PSMB9  Proteasome subunit beta type-9 0.8 0.276 2
094874 UFL1 UFL1 E3 UFM1-protein ligase 1 0.8 0.281 3
P51572 BAP31 BCAP31 g—lcell receptor-associated protein 08 0.127 5
Immune response and cell signalling
Q13188 STK3 STK3 Serine/threonine-protein kinase 3 0.8 0.061 2
QoY2Us M3K2 MAP3K2 MltogerT—actlvated protein kinase 08 0.2 3
kinase kinase 2
Serine/threonine-protein
P36873 PP1G PPP1CC  phosphatase PP1-gamma catalytic 0.8 0.238 2
subunit
P09914 IFIT1 Ty [nterferondinduced proteinwith o 534 4
tetratricopeptide repeats 1
Q9Y6KS OAS3 OAS3 2'-5'-oligoadenylate synthase 3 0.8 0.233 4

Cytoskeleton components/interactors and regulators
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Q15019 SEPT2 SEPT2 Septin-2 0.8 0.003 2
Ras GTPase-activating-like protein

P46940 IQGA1 IQGAP1 IQGAPL 0.8 0.168 3

P20700 LMNB1 LMNB1  Lamin-B1 0.7 0.101 3

043707 ACTN4 ACTN4  Alpha-actinin-4 0.6 0.096 3

Q68CZ2 TENS3 TNS3 Tensin-3 0.1 0.137 2

lon transport and uptake

Q13303 KCAB2 kenagy  Voltage-gated potassium channel o 5o 2
subunit beta-2

P27105  STOM sTom ~ Crvthrocyteband Zintegral 08 0253 4
membrane protein

P02786 TFR1 TFRC Transferrin receptor protein 1 0.5 0.115 2

RNA processing

Q9Y3I0 RTCB RTCB tRNA-splicing ligase RtcB homolog 0.8 0.087 2

P29692 EF1D EEF1ID  Elongation factor 1-delta 0.8 0.057 2

Q96SB4 SRPK1 SRPK1 SRSF protein kinase 1 0.7 0.249 2

043865 SAHH2 AHCYL1  Adenosylhomocysteinase 2 0.7 0.274 2

Nucleoside triphosphates synthesis

P15531 NDKA ° NME1 Nucleoside diphosphate kinase A 0.8 0.228 2

P48047 ATPO ATP50  ATP synthase subunit O 0.7 0.098 3

Others ©

Q9NSE4 SYIM IARS2 Isoleucine--tRNA ligase 0.9 0.14 3

Q966 GMPPA  GMppa  Mannose-l-phosphate 08 0073 2
guanyltransferase alpha

QONVI2  ARLSB ARLgs  \DP-ribosylation factor-like 08 0215 3
protein 8B

Q65813 POTEE poree  POTE ankyrin domain family 06  0.089 2
member E

Q01432 AMPD3 AMPD3  AMP deaminase 3 0.5 0.278 4

®Protein name and Uniprot Code according to Uniprot Knowledge base.

b Average abundance ratio from macrophages + C. albicans versus control macrophages and respective
inter-replicate standard deviation (SD) (cut-off in 0.3).

“Proteins present in at least two biological replicates were considered and with a standard deviation lower
than 30%.

4 Proteins from this study that were validate by Western blot or SRM.

®In this category were included proteins with unknown or putative function and proteins that were not
possible to include in the others categories.

Out of these 59 differentially abundant proteins, 12 were annotated as ATP binding proteins. GO
term enrichment analysis showed that after ATP binding protein enrichment, both more and less
abundant macrophage proteins were related to the same molecular functions, such as protein
binding and nucleotide binding. Furthermore, the more abundant proteins were associated with
RNA binding or peroxiredoxin activities, while the less abundant proteins were related to ATP
binding or peptidase activities (Figure C1.4A). The more abundant proteins were involved in gene
expression and RNA metabolic process, whereas the less abundant proteins were associated with
proteolysis, apoptotic processes and endocytosis, among others (Figure C1.4B). Both more and

less abundant proteins were enriched in the cytosol and mitochondrion GO terms (Figure C1.4C).
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A Molecular Function
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Figure C1.4 Gene Ontology (GO) analysis of the proteins considered differentially abundant after
macrophage interaction with C albicans. GO analysis of (A) molecular function, (B) biological process

and (C) cellular component.

The more abundant mitochondrial proteins during interaction included SLC25A24 and PRDX5,

which are important in the response to oxidative stress (Shiota et al., 2008, Traba et al., 2012).

The analysis of known and predicted protein-protein interactions was also performed with these

59 differentially abundant macrophage proteins

upon C. albicans interaction (Figure C1.5).
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Figure C1.5 Predicted protein-protein interacting network using STRING (v10.0). Some biological
processes (RNA splicing, protein synthesis, proteolysis, endocytic traffic and apoptosis) are highlighted
in the network, signaling some of the interacting proteins that are involved in each process. The
network protein-protein interaction p-value was 5.76x10°.

Forty-five protein-protein associations were found based on known or predicted interactions.
Different clusters of protein associations were observed. A cluster enriched in proteins that were
more abundant during C. albicans interaction was involved in protein synthesis. The group of
proteins that were less abundant was very heterogeneous in molecular function GO terms and
included a cluster of proteins involved in proteolysis and endocytic traffic. Other clusters
containing both the more and less abundant proteins were related to RNA processing and

apoptosis.
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2.2 Analysis of the quantified proteins annotated as ATP-binding proteins

A comparison between all the proteins annotated as ATP binding in Uniprot database and the
proteins quantified in this study was performed. From the 1482 proteins annotated with the ATP
binding term, 137 were also present in the 547 proteins quantified in this study (Supplementary
Table C1.3). This means that approximately 25% of all the quantified proteins were annotated as
“ATP-binding”. A list of all ATP binding proteins quantified and grouped by protein family is
represented in Table C1. 2.

Table C1.2 List of ATP-binding Proteins quantified. Proteins are ordered alphabetically and by protein family.

UniProt  Entry Gene
Code® name name
P17980 PRS6A PSMC3 26S protease regulatory subunit 6A
P35998  PRS7 PSMC2 26S protease regulatory subunit 7
P43686 PRS6B PSMC4 26S protease regulatory subunit 6B
P46459 NSF NSF Vesicle-fusing ATPase
P55072  TERA VCP Transitional endoplasmic reticulum ATPase
P62191  PRS4 PSMC1 26S protease regulatory subunit 4
P62195  PRS8 PSMC5 26S protease regulatory subunit 8
P62333  PRS10 PSMC6 26S protease regulatory subunit 10B b
ABC transporter Q03518 TAP1 TAP1 Antigen peptide transporter 1

superfamily P61221 ABCE1l ABCE1 ATP-binding cassette sub-family E member 1
P60709  ACTB ACTB Actin. cytoplasmic 1
P68032  ACTC ACTC1 Actin. alpha cardiac muscle 1
Actin family P61163  ACTZ ACTR1A  Alpha-centractin
P61160  ARP2 ACTR2 Actin-related protein 2
P61158  ARP3 ACTR3 Actin-related protein 3
Adenylate kinase PO0568  KAD1 AK1 Adenylate kinase isoenzyme 1

family P30085 KCY CMPK1  UMP-CMP kinase

PO6576  ATPB ATP5F1B  ATP synthase subunit beta
P25705  ATPA ATP5F1A  ATP synthase subunit alpha
P38606 VATA  ATP6VIA V-type proton ATPase catalytic subunit A
P23381 SYWC WARS Tryptophan-tRNA ligase
P26640  SYVC VARS Valine-tRNA ligase

Protein Family Protein Name

AAA ATPase family

ATPase alpha/beta
chains family

P47897 syQ QARS Glutamine-tRNA ligase
P49589  SYCC CARS Cysteine-tRNA ligase®
P54136  SYRC RARS Arginine-tRNA ligase
P54577  SYYC YARS Tyrosine-tRNA ligase
QIONSE4  SYIM IARS2 Isoleucine-tRNA Iigaseb
. Q9P2J5  SYLC LARS Leucine-tRNA ligase
Class-1 aminoacyl-tRNA P07814  SYEP EPRS Bifunctional glutamate/proline-tRNA ligase

synthetase famil
Y Y 1043776 SYNC  NARS  Asparagine-tRNA ligase

P12081  SYHC HARS Histidine-tRNA ligase

P26639  SYTC TARS Threonine-tRNA ligase

P41250 GARS GARS Glycine-tRNA ligase

P49588  SYAC AARS Alanine-tRNA ligase

Q9Y285  SYFA FARSA Phenylalanine-tRNA ligase alpha subunit
P14868  SYDC DARS Aspartate-tRNA ligase

P49591 SYSC SARS Serine-tRNA ligase

Q9HO078  CLPB CLPB Caseinolytic peptidase B protein homolog
014656 TOR1A TOR1A Torsin-1A

ClpA/ClpB family
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Q9NR30 DDXx21 DDX21 Nucleolar RNA helicase 2 ©

000571 DDX3X DDX3X  ATP-dependent RNA helicase DDX3X

P17844  DDX5 DDX5 Probable ATP-dependent RNA helicase DDX5
Q08211 DHX9 DHX9 ATP-dependent RNA helicase A

DEAD box.helicase 043143  DHX1S DHX15 Pre.—mRNA—splicing factor ATP-dependent RNA
family helicase DHX15

Q13838 DX39B DDX39B  Spliceosome RNA helicase DDX39B

P38919  IF4A3 EIF4A3 Eukaryotic initiation factor 4A-lll

P60842  IF4A1 EIF4A1 Eukaryotic initiation factor 4A-I

Q14240 IF4A2 EIF4A2 Eukaryotic initiation factor 4A-I|

P11021 BIP HSPAS 78 kDa glucose-regulated protein

P11142 HSP7C HSPA8 Heat shock cognate 71 kDa protein

Heat shock protein 70 | P34932 HSP74 HSPA4 Heat shock 70 kDa protein 4
family P38646 GRP75 HSPA9 Stress-70 protein

Q92598 HS105 HSPH1 Heat shock protein 105 kDa

Qoy4L1 HYOU1l HYOU1 Hypoxia up-regulated protein 1

PO7900 HS90A HSP90AA1l Heat shock protein HSP 90-alpha

P08238 HS90B HSP90AB1 Heat shock protein HSP 90-beta

P14625 ENPL  HSP90B1 Endoplasmin

Q12931 TRAP1 TRAP1 Heat shock protein 75 kDa

Q58FF6 H90B4 HSPO0AB4P Putative heat shock protein HSP 90-beta 4

Heat shock protein 90
family

Phosphofructokinase | P17858  PFKAL PFKL ATP-dependent 6-phosphofructokinase
type A (PFKA) family | Q01813 PFKAP PFKP ATP-dependent 6-phosphofructokinase

AGC P17612 KAPCA  PRKACA cAl\/IP-.dependent protein kinase catalytic
Ser/Thr subunit alpha
protein

kinase | Q15418 KS6A1  RPS6KA1 Ribosomal protein S6 kinase alpha-1
family
BUD.?’Z Q96544  PRPK TP53RK  TP53-regulating kinase

family

CMGC Q96SB4  SRPK1 SRPK1 SRSF protein kinase 1 b

Ser/Thr | P49841 GSK3B GSK3B Glycogen synthase kinase-3 beta
protein | P28482 MKO1 MAPK1 Mitogen-activated protein kinase 1
kinase

family Q16539 MK14 MAPK14  Mitogen-activated protein kinase 14

Ser/Thr | P19784 (CSK22  CSNK2A2 Casein kinase Il subunit alpha'
protein | P68400 CSK21  CSNK2A1 Casein kinase Il subunit alpha

ki S ) - -
Protein |na§e P19525  E2AKD EIF2AKD Intgrferon mdu;edI double-stranded RNA
B family activated protein kinase
lnase. Mitogen-activated protein kinase kinase kinase
superfamily Q9Y2U5 M3K2  MAP3K2 50

Dual specificity mitogen-activated protein

P36507 MP2K2 MAP2K2 . . c
kinase kinase 2

STE 094804 STK10 STK10 Serine/threonine-protein kinase 10
Ser/Thr 095747 OXSR1 OXSR1 Serine/threonine-protein kinase OSR1
FI::::Z: Q13043  STK4 STK4 Serine/threonine-protein kinase 4
family Q13177 PAK2 PAK2 Serine/threonine-protein kinase PAbK 2

Q13188  STK3 STK3 Serine/threonine-protein kinase 3
Q9H2G2 SLK SLK STE20-like serine/threonine-protein kinase
Q9H2K8 TAOK3 TAOK3 Serine/threonine-protein kinase TAO3
QI9Y6EO STK24 STK24 Serine/threonine-protein kinase 24

TKL Q13418 ILK ILK Integrin-linked protein kinase
Ser/Thr
protein | QINWZ3 |IRAK4 IRAK4 Interleukin-1 receptor-associated kinase 4
kinase
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family
Tyr P41240 CSK CSK Tyrosine-protein kinase CSK
protein
kinase
family. | P43405  KSYK SYK Tyrosine-protein kinase SYK ©
CSK
subfamily
Ribose-phosphate P11908 PRPS2 PRPS2 Ribose-phosphate pyrophosphokinase 2
pyrophfc;srgif;‘?klnase P60891 PRPS1 PRPS1 Ribose-phosphate pyrophosphokinase 1
Q9Y3I0  RTCB RTCB tRNA-splicing ligase RtcB homolog b
RtcB family Q9Y230 RUVB2  RUVBL2  RuvB-like 2
Q9Y265 RUVB1  RUVBL1  RuvB-like 1
Succinate/malate CoA | Q9P2R7 SUCB1 SUCLA2  Succinate-CoA ligase
ligase beta subunit Q96199 SUCB2  SUCLG2  Succinate-CoA ligase
family P53396  ACLY ACLY ATP-citrate synthase
P17987  TCPA TCP1 T-complex protein 1 subunit alpha
P40227  TCPZ CCT6A T-complex protein 1 subunit zeta
P48643  TCPE CCT5 T-complex protein 1 subunit epsilon
TCP-1 chaperonin P49368  TCPG CCT3 T-complex protein 1 subunit gamma
family P50990 TCPQ CCT8 T-complex protein 1 subunit theta
P50991 TCPD CCT4 T-complex protein 1 subunit delta
P78371 TCPB CCT2 T-complex protein 1 subunit beta
Q99832 TCPH CCT7 T-complex protein 1 subunit eta
AOAVT1 UBA6 UBA6 Ubiquitin-like modifier-activating enzyme 6
Ubiquitin-activating E1 P22314 UBA1l UBA1 Ubiquitin-like modifier-activating enzyme 1
family Q9UBT2  SAE2 UBA2 SUMO-activating enzyme subunit 2
Q9GZZ9 UBAS UBAS Ubiquitin-like modifier-activating enzyme 5
P61088 UBE2N UBE2N Ubiquitin-conjugating enzyme E2 N
PO5165  PCCA PCCA Propionyl-CoA carboxylase alpha chain
PA8A26  PIAIA PIPAK2A Phosphatidylinositol 5-phosphate 4-kinase
type-2 alpha
Proteins without P49915 GUAA GMPS GMP synthase
Protein Family Q02790 FKBP4 FKBP4 Peptidyl-prolyl cis-trans isomerase FKBP4
assigned Q12905 ILF2 ILF2 Interleukin enhancer-binding factor 2
Ql4166 TTL12 TTLL12 Tubulin--tyrosine ligase-like protein 12
QOUHD1 CHRD1 CHORDC1 Cysteine and histidine-rich domain-containing
protein 1
Q9Y6KS5  OAS3 OAS3 2'-5'-oligoadenylate synthase 3 b
PO0966  ASSY ASS1 Argininosuccinate synthase
043681 ASNA ASNA1  ATPase ASNA1
060488 ACSL4 ACSL4 Long-chain-fatty-acid--CoA ligase 4
P16615 ATIA? ATP2AD Sarcoplasmic/endoplasmic reticulum calcium
ATPase 2
P10809 CH60 HSPD1 60 kDa heat shock protein
o P17812 PYRG1 CTPS1 CTP synthase 1
Othe;g{::?dmg Q13057 COASY COASY Bifunctignal coehzymg A synthése .
22102 PUR2 GART Trn‘uncponal purine biosynthetic protein
adenosine-3
P0O0367 DHE3 GLUD1 Glutamate dehydrogenase 1
P54886  P5CS ALDH18A1 Delta-1-pyrroline-5-carboxylate synthase
P19367  HXK1 HK1 Hexokinase-1
P12956 XRCC6 XRCC6 X-ray repair cross-complementing protein 6
P13010 XRCC5 XRCC5 X-ray repair cross-complementing protein 5
P15531 NDKA NME1 Nucleoside diphosphate kinase A b
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P36776 LONM LONP1 Lon protease homolog

QO9NSD9  SYFB FARSB Phenylalanine--tRNA ligase beta subunit
PO0558  PGK1 PGK1 Phosphoglycerate kinase 1

P14618 KPYM PKM Pyruvate kinase PKM

P22234  PUR6 PAICS Multifunctional protein ADE2

P11586  CI1TC MTHFD1  C-1-tetrahydrofolate synthase
Mitochondrial import inner membrane
translocase subunit TIM44

Q12965 MYOL1E MYO1E Unconventional myosin-le

QONTK5  OLA1 OLA1 Obg-like ATPase 1

% Uniprot Code according to Uniprot Knowledge base. Proteins only with a standard deviation lower than
30% and quantified in at least 2 biological replicates.

® Proteins annotated as ATP-binding proteins in Uniprot database that were found in this study to be less
abundant during macrophage interaction with C. albicans

© Proteins annotated as ATP-binding proteins in Uniprot database that were found in this study to be more
abundant during macrophage interaction with C. albicans

043615 TIM44  TIMMA44

Among them, 4 proteins (MAP2K2, KSYK, DDX21 and SYCC) were more abundant during the
interaction, and 8 proteins (PRS10, SYIM, STK3, OAS3, MAP3K2, RTCB, NDKA and SRPK1) were less
abundant after the interaction. In this group of differentially abundant ATP-binding proteins, 6
were kinases (MAP2K2, SYK, STK3, MAP3K2, NDKA and SRPK1). The group with more quantified
proteins was the protein kinase superfamily, with 24 quantified protein kinases (Table C1.2). GO
analysis on molecular function showed an over-representation of terms related to ATP binding
(like nucleotide binding), ATPase activity and kinase activity (Supplementary Table C1.3).
Regarding the GO analysis on cellular component, in addition to cytosol that was already
expected, an over-representation on terms related to chaperonin-containing T complex,
proteasome, mitochondria, extracellular vesicles was also observed. Concerning the GO analysis
on the biological processes, there was an over-representation in terms such as regulation of
protein localization to Cajal bodies (which are implicated in mRNA processing) (Wang et al., 2016),
tRNA aminoacylation for protein translation, protein folding, regulation of protein stability, and
positive regulation of cellular biosynthetic process. There was also an over-representation on
processes related to immune response, such as regulation of cellular response to stress and

activation of innate immune response.

2.3 Phosphoproteomic analysis of macrophage proteins after interaction with C. albicans

The fraction enriched in ATP-binding proteins from all 4 biological replicates was further
subjected to phosphopeptide enrichment. A total of 85 phosphopeptides were quantified in at
least two biological replicates and with a SD < 0.3 and are listed in Supplementary Table C1.4. In
some cases, two or more phosphopeptides were quantified for the same phosphorylation site
(phosphosite). Therefore, 85 phosphopeptides corresponding to 70 phosphosites and 56 proteins

were quantified. According to the phosphorylation probabilities given by the Proteome Discoverer

115



CHAPTER 1

software, the phosphosites were considered ambiguous or assigned to a specific amino acid
(serine, threonine and tyrosine). Sixty-one percent of the phosphosites were phosphorylated in a
serine and 33% were ambiguous, whereas phosphothreonine and phosphotyrosine were less
represented (3% each). Out of the 56 phosphoproteins, 25 (approximately 36%) are from proteins
that were as ATP-binding proteins in UNIPROT database and 12 (21.4%) as kinases. Out of the 85
guantified phosphopeptides, 5 phosphopeptides (each one belonging to a single protein) were
differentially abundant during macrophage interaction with C. albicans (Table C1.3 and
Supplementary Figure C1.3). From this, 2 phosphopeptides belonging to PRKAA1 and CLN6 were
more abundant during interaction, whereas 3 phosphopeptides belonging to PI4K2A, SRC and

PRKCD were less abundant. Their mass spectra are shown in Supplementary Figure C1.4.

Table C1.3 List of phosphopeptides differentially abundant, from proteins after ATP binding enrichment, after
3 h of macrophage - C. a/bicansinteraction.

UniProt Gene

. a q . b . C @
Code ? names Protein names Phosphopeptide Phosphosite = Ratio SD

5'-AMP-activated protein
Q13131 PRKAA1 kinase catalytic subunit SGSVSNYR ambiguous 1.58 0.22
alpha-1

Ceroid-lipofuscinosis

) HGs*VSADEAAR® Ser31 1.40 0.29
neuronal protein 6

QONWWS  CLN6

Phosphatidylinositol 4-

Q5BTUG  Pl4k2A kinase type 2-alpha

SSSESYTQSFQSr ambiguous 0.70 0.22

Proto-oncogene tyrosine-

P12931 SRC protein kinase Src

LIEDNEy*TAR Tyrd19 0.69 0.22

Q05655  PRKCD Protein kinase C delta type  SDSASSEPVGIYQGFEK  ambiguous 0.57 0.06

®Protein name and Uniprot Code according to Uniprot Knowledge base.

b Phosphosites were considered ambiguous in case PhosphoRS algorithm assigned a localization
probability lower than 75% or if it was assigned in distinct sites in different biological replicates.

° Average abundance ratio from macrophages + C. albicans versus control macrophages and respective
inter-replicate standard deviation (cut-off in 0.3). Only phosphopeptides with a standard deviation lower
than 30% and quantified in at least 2 biological replicates.

9 Asterisk indicates the phosphorylation site and the corresponding amino acid is in lower case

2.4 Protein validation

To confirm the quantitative MS data, Western blot analysis using antibodies to MAP2K2, PRDX5
and ERK1/2, and SRM of NDKA were performed. There was a significant increase in MAP2K2 and
PRDX5 abundance during macrophage interaction with C. albicans cells in line with MS data
(Figures C1.6A and B). Because MAP2K2 is a kinase that acts upstream ERK1/ERK2 kinases and is
important for several cellular processes (Arthur & Ley, 2013), we also validated this protein by
Western blotting. No significant differences in ERK1/2 abundance upon interaction were
detected, confirming our proteomic data (Figure C1.6C). Phosphorylation of ERK1/2 was also

evaluated, but no increase in its phosphorylation was observed (Supplementary Figure C1.5). For
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SRM validation, the correspondent isotopic labelled peptide was ordered, and a calibration curve
was performed (see Supplementary Figure C1.6 and Supplementary Table C1.5). The quantification
of this peptide confirmed the decrease in the amount of NDKA (Figure C1.6D and Supplementary
Table C1.5).
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Figure C1.6 Proteomic results validation in both conditions: M¢ (control) and M¢ +C. albicans (MOl 1 and
3 h of incubation). Quantification of: (A) MAP2K2, (B) PRDX5 and (C) ERK1/2 by Western blotting and (D)
NDKA by selected reaction monitoring.
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2.5 Macrophage cell death mechanisms and pro-inflammatory response

Apoptosis was one of the biological processes enriched in the group of less abundant proteins. A
closer look showed an increase in PRDX5, SLC25A24 and ADT2, which are anti-apoptotic proteins,
and a decrease NDKA, ACTN4 and STK3, which are pro-apoptotic or anti-survival proteins (Lee et
al., 2001, Liu et al., 2004, Yuan et al., 2004, Jang et al., 2008, Traba et al., 2012, Lee et al., 2018).
In order to functionally validate these results, the apoptotic status of THP-1 macrophages after
interaction with C. albicans was assayed by measuring caspase-3 activation by cleavage. Cells
were incubated with staurosporine (as a positive control of apoptosis) and with C. albicans cells
(at a MOI of 1 for 3 h). Activated caspase-3 was assayed by Western blotting with cell lysates and
a band corresponding to the activated caspase 3 was observed in the positive control but not in
macrophage-C. albicans interaction at 3 h (Figure C1.7A). As cleaved caspase 3 is a hallmark of
apoptosis (Shalini et al., 2015), this result suggests that apoptosis was not present in these
conditions. In congruence with our results, it was previously described by others that C. albicans
triggers pyroptosis during the first 6 to 8 h of interaction with macrophages (Uwamahoro et al.,
2014), we checked IL-1B secretion (which is secreted after caspase-1 activation) (Bergsbaken et
al., 2009). IL-1B was significantly more secreted in macrophages after interaction with C. albicans
(Figure C1.7B). Furthermore, as pyroptosis is an inflammatory mechanism of cell death,
(Bergsbaken et al., 2009) other pro-inflammatory cytokines were evaluated. As depicted in
Figures C1.7C and D, there was more secretion of pro-inflammatory cytokines IL-12p40 and TNF-a

upon interaction with C. albicans.
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To further predict potential upstream regulators implicated in the macrophage inflammatory
response, the 59 differentially abundant proteins were also analyzed using the IPA software.
Fifteen upstream regulators presented an activation z-score between -2 and 2 and a p-value of
overlap < 0.05, which included CD3 complex, cytokines (oncostatin M (OSM), IL-5 and IL-6),
proteins (KRAS; VEGFA; MAPK1; ESR1), miRNAs (miR-124-3p and miR-21), transcription regulators
(MYCN, MYC and TP53), transmembrane receptor CD28 and rapamycin-insensitive companion of
mTOR (RICTOR) (Figure C1.8A). The higher or lower z-score showed the higher probability of
activation or inhibition of the upstream regulator, respectively. The IL-6 gene was predicted to be
inhibited. This prompted us to assay the secretion of this cytokine at different time points (3 h, 6
h and 8 h) of THP-1 macrophage - C. albicans interaction. This cytokine was not secreted after
interaction with yeast cells (Figure C1.8B), indicating that this gene may not be expressed under
these conditions.
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Figure C1.8 Upstream-regulators predicted to be
implicated in the response to C al/bicans using
Ingenuity® Pathway Analysis (IPA). The upstream
regulators analysis is based on prior knowledge of
expected effects between transcriptional regulators
and their target genes stored in the IPA. (A) Bar chart
of the upstream regulators that were predicted,
including the activation z-score and p-value of each
upstream regulator derived from [IPA. Cellular
validation of one of the upstream regulators was
Md + C. afbicans (MOI 1) performed (B) IL-6 secretion by ELISA.
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Due to the recent evidences in the implication of miRNAs (miR) in the regulation of innate
immune response (Tsitsiou & Lindsay, 2009), we also evaluated the possible activation miR-21

and miR-124 (two miRNAs that were predicted to be activated). The expression levels of miR-21
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and miR-124 were evaluated together with miR-146 and miR-155 (which are activated after
treatment with LPS in THP-1 cells and also after interaction with heat inactivated C. albicans cells
(Taganov et al., 2006, Monk et al., 2010, Agustinho et al., 2016)). MiR-21 and miR-124 were
slightly, but not statistically significant, activated after treatment with LPS, and showed no
significant activation in response to C. albicans (Figures C1.9A and B, respectively). Regarding miR-
146 and miR-155, they were activated in response to LPS (Figures C1.9C and D, respectively), but

also no significant activation in response to live C. albicans cells after 3 h and 6 h of interaction

was observed.
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Figure C1.9 Expression levels of miRNAs in THP-1 macrophages after interaction with C a/bicans cells.
Expression levels of (A) miR-21 and (B) mir-124 that were predicted by the IPA and (c) miR-146 and (D)
miR-155 that were known to be activated after treatment with LPS and were used as controls.

3 Global proteomic and phosphoproteomic analysis of macrophage after interaction with

C albicans
3.1 Quantitative proteomics analysis of macrophage proteins after interaction with C albicans
In order to obtain a global view of the macrophage proteomic and phosphoproteomic changes

after interacting with C. albicans we carried out a TMT based shotgun approach to analyze human
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THP-1 macrophage cytoplasmic extracts in three different conditions. Besides microbes,
macrophages also engulf other particulates and eliminate apoptotic cells. In order to clarify if the
proteomic differences observed after macrophage interaction with C. albicans were attributable
to the general process of phagocytosis or specifically to this fungus, we compared macrophages
control; macrophages with latex beads and macrophages with C. albicans. Both latex beads and
C. albicans were incubated with the macrophages for 3 h, according to the results obtained
during the set-up experiments, explained previously in this Chapter.

As cytokines are potent signaling molecules that orchestrate a variety of inflammation processes
they can be used to know the macrophage state of activation (Arango Duque & Descoteaux,
2014). We look into the secretion of IL-1B, a pro-inflammatory cytokine as a marker of
inflammasome activation (Figure C1.10). The secretion of this cytokine is slightly higher, not
statistically significant, when comparing macrophages after interaction with beads with
macrophages control and statistically significant higher when comparing macrophages after
interaction with C. albicans with control. This reflects a higher state of activation of the

macrophage after interacting with the fungi then with the latex beads.
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Figure C1.10 IL-1B cytokine measurements. IL-1p was
measured by ELISA in the supernatant of the samples

0- T (Md; Md with beads and Md with C. albicans) used
M M + Md + for the global proteomic and phosphoproteomic
Beads C. albicans approaches.

The overall workflow followed here is schematically represented in Figure C1.11, where TMT-
11plex was used for the quantitative proteomic and phosphoproteomic analysis of 4 biological
replicates of macrophages control, 3 biological replicates of macrophages with beads and 4

biological replicates of macrophages after interaction with C. albicans.
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Figure C1.11 Experimental design for the analysis of the global proteome and phosphoproteome of
macrophages after interaction with beads and C albicans. Monocytes from the THP-1 cell line were
differentiated by adding PMA and three conditions were compared macrophages alone (Md); M with
beads and M with C. albicans at a MOI of 1 and during 3 h. After interaction, cell were harvested,
proteins extracted and digested with lysC and trypsin. Peptides were then labelled with TMT-11-plex
and analyzed by LC-MS/MS. Part of the sample was subjected to enrichment in phosphopeptides using
Fe-IMAC. Enriched phosphopeptides were analyzed by LC-MS/MS.

From this, 6166 human proteins were quantified (Supplementary Table C1.6). Abundances and

phosphorylation were analyzed for differential expression using limma software package and no
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statistically significant differences were found in macrophages alone and macrophages after
interaction with beads and also macrophages after interaction with beads and with C. albicans.
These results are congruent with IL-18 measurements, where also no statistically significant
activation was observed between these conditions. Nevertheless, we observed that the
interaction of the fungi with the macrophage has led to the differential abundance of proteins in
the macrophage whereas beads could not. This indicated that the differences we observed are
due to C. albicans and not only due to the phagocytosis of an inert particle. In this way, the
condition of macrophages after interaction with beads was removed from the analysis. As now we
had the same number of biological replicates in both conditions we used another statistical

method, in Perseus software, for paired analysis of the quantitative data of the samples.

3.2 Differentially abundant proteins after macrophage interaction with C. a/bicans

As observed in the proteomic analysis of the proteome after ATP-binding proteins enrichment,
also here the abundance ratios were very homogeneous. In order to look to differentially
abundant proteins, we applied a paired Student’s t-test (p-value < 0.05) and 89 proteins were
found to have statistically significant differences comparing macrophages alone with
macrophages after interaction with C. albicans. From these, 27 proteins were more abundant

(Log, ratio > 0) and 62 were less abundant (Log, ratio <0) during interaction (Table C1.4).

Table C1.4 Proteins differentially abundant after macrophage interaction with C. albicans (3 h and

MOI 1)
UniProt Entry Gene . b P G Log,
Protein N :
Code*® Name Name rotein Name value® value (ratio)°
Proteins more abundant during macrophage interaction with C. a/bicans
Cytoskeleton components/interactors and regulators
Q8N9B5 JMY MY Junction-mediating and -regulatory protein 0.0014  0.05 0.48
Q14244 MAP7 MAP7 Ensconsin 0.0004 0.04 0.35
Q13442  HAP28  ppAp1 2o KDaheat-andacid-stable 0.0000 0.00  0.23
phosphoprotein
094927 HAUS5 HAUS5  HAUS augmin-like complex subunit 5 0.0003 0.05 0.07
Immune response and/or cell signaling
014907 TX1B3 TAX1BP3 Tax1-binding protein 3 0.0017 0.04 0.23
Q96B36 AKTS1 AKT1S1  Proline-rich AKT1 substrate 1 0.0021 0.05 0.23
Q96C90  PP14B  PPP1R14B zge'” phosphatase 1 regulatory subunit o 550, 03 019
Q16584 M3KI1  MAP3k11 Vtogen-activated proteinkinasekinase o 10 (05 g6
kinase 11
Activating signal cointegrator 1 complex
Q9H118 ASCC2 ASCC2 ) 0.0021 0.05 0.09
subunit 2
Q9UBF8 Pl14KB Pl4KB Phosphatidylinositol 4-kinase beta 0.0025 0.05 0.07
P48736 PK3CG PIK3CG  Phosphatidylinositol 4,5-bisphosphate 3- 0.0002 0.05 0.05
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kinase catalytic subunit gamma isoform

U8 snoRNA-decapping enzyme
Probable arginine--tRNA ligase,
mitochondrial

Cysteine-rich protein 1
ADP-ribosylation factor-like protein 6
Prolyl endopeptidase-like
Mitochondrial import inner membrane
translocase subunit TIM44

2-(3-amino-3-carboxypropyl) histidine
synthase subunit 2
O-phosphoseryl-tRNA(Sec) selenium
transferase

Glutaminase kidney isoform,
mitochondrial
N-alpha-acetyltransferase 10

RING finger and CHY zinc finger domain-
containing protein 1

DNA excision repair protein ERCC-1

Ferredoxin-2, mitochondrial
Methyltransferase-like protein 13

Basic leucine zipper and W2 domain-
containing protein 2

RNA binding

Q96DEO0  NUD16 NUDT16
Q5T160 SYRM RARS2
Transport

P50238 CRIP1 CRIP1
Q9HOF7 ARL6 ARL6
Q4J6C6 PPCEL PREPL
043615 TIM44 TIMM44
Metabolism

Q9BQC3 DPH2 DPH2
Q9HD40 SPCS SEPSECS
094925 GLSK GLS
P41227 NAA10 NAA10
Proteasome components and protein fate
Q96PM5  ZN363 RCHY1
DNA repair

P07992 ERCC1 ERCC1
Others

Q6P4F2 FDX2 FDX2

EEF1AKN
8N6RO EFNMT

Q MT
QIY6E2 BZW?2 BZW?2
Q9BvVQ7  SPASL SPATA5SL1

Spermatogenesis-associated protein 5-like
protein 1

Proteins less abundant during macrophage interaction with C a/bicans

RNA processing
043809 CPSF5
P51991 ROA3
P23246 SFPQ
Q12906 ILF3
Q08211 DHX9
043172 PRP4
Q9NV88 INTS
075533 SF3B1
Q16630 CPSF6
Q15459 SF3A1
Q9BUQ8  DDX23
Q13769  THOCS
Q13247 SRSF6
075643 U520

NUDT21

HNRNPA3

SFPQ
ILF3
DHXS

PRPF4

INTSS
SF3B1

CPSF6
SF3A1
DDX23

THOCS
SRSF6

Cleavage and polyadenylation specificity
factor subunit 5

Heterogeneous nuclear ribonucleoprotein
A3

Splicing factor, proline- and glutamine-rich
Interleukin enhancer-binding factor 3
ATP-dependent RNA helicase A

U4/U6 small nuclear ribonucleoprotein
Prp4

Integrator complex subunit 9

Splicing factor 3B subunit 1

Cleavage and polyadenylation specificity
factor subunit 6

Splicing factor 3A subunit 1

Probable ATP-dependent RNA helicase
DDX23

THO complex subunit 5 homolog
Serine/arginine-rich splicing factor 6

SNRNP200 U5 small nuclear ribonucleoprotein 200

0.0018
0.0008

0.0006
0.0014
0.0011

0.0014

0.0007

0.0017

0.0006
0.0014

0.0014

0.0023

0.0006
0.0009

0.0013

0.0000

0.0019

0.0011

0.0010
0.0004
0.0018

0.0002

0.0009
0.0015

0.0020
0.0003
0.0008

0.0013
0.0024
0.0019

0.04
0.03

0.02
0.05
0.04

0.05

0.03

0.04

0.02
0.05

0.05

0.05

0.03
0.05

0.04

0.00

0.04

0.04

0.04
0.04
0.04

0.08

0.05
0.05

0.05
0.04
0.03

0.05
0.05
0.04

0.22
0.09

0.71
0.21
0.17

0.06

0.14

0.14

0.10
0.06

0.09

0.07

0.25
0.15

0.10

0.05

-0.39

-0.30

-0.18
-0.17
-0.16

-0.15

-0.15
-0.14

-0.14
-0.14
-0.14

-0.13
-0.12
-0.12
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kDa helicase

Probable ATP-dependent RNA helicase
DDX46

Splicing factor 3B subunit 3

Probable ATP-dependent RNA helicase
DDX49

Far upstream element-binding protein 2
Protein virilizer homolog

Probable ATP-dependent RNA helicase
DDX27

Lamina-associated polypeptide 2
Nesprin-3

Lamin-B1

Lamina-associated polypeptide 2, isoform
alpha

Matrix metalloproteinase-14

Rho-related GTP-binding protein RhoG
Muskelin

Receptor expression-enhancing protein 6
Nucleoprotein TPR
NAD(P) transhydrogenase, mitochondrial

Nuclear pore complex protein Nup85

Mitochondrial import inner membrane

Q7L014 DDX46 DDX46
Q15393 SF3B3 SF3B3
Q9YeV7 DDX49 DDX49
Q92945 FUBP2 KHSRP
Q69YN4 VIR VIRMA
Q96GQ7 DDX27 DDX27
Cytoskeleton components/interactors and regulators
P42167 LAP2B TMPO
Q6ZMZ3 SYNE3 SYNE3
P20700 LMNB1 LMNB1
P42166 LAP2A TMPO
P50281 MMP14 MMP14
P84095 RHOG RHOG
Q9UL63 MKLN1 MKLN1
Transport
Q96HR9 REEP6 REEP6
P12270 TPR TPR
Q13423 NNTM NNT
QQE;WZ NUP85 NUP85
060830 TI17B TIMM178B

Structural Components of ribosome

translocase subunit Tim17-B

KRR1 small subunit processome
component homolog

Treacle protein

WD repeat-containing protein 18
60S ribosomal protein L31

Metastasis-associated protein MTA2
Transcriptional repressor p66-alpha

X-ray repair cross-complementing protein
6

DNA topoisomerase 1

FACT complex subunit SPT16
DNA-directed RNA polymerase | subunit
RPA49

AT-rich interactive domain-containing
protein 1B

SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin
subfamily B member 1

Structural maintenance of chromosomes
flexible hinge domain-containing protein 1
DNA-directed RNA polymerase | subunit
RPA2

Histone deacetylase 2

Actin-like protein 6A

DNA-directed RNA polymerase Il subunit

Q13601 KRR1 KRR1
Q13428 TCOF TCOF1
Q9BV38  WDR18 WDR18
P62899 RL31 RPL31
DNA binding/ processing and nucleosome
094776 MTA2 MTA2
Q86YP4 P66A GATAD2A
P12956 XRCC6 XRCC6
P11387 TOP1 TOP1
Q9Y5B9 SP16H SUPT16H
Q9GZS1 RPA49 POLR1E
Q8NFD5 ARI1B ARID1B
Q12824 SNF5 SMARCB1
ABNHRS  SMHD1 SMCHD1
Q9H9Y6 RPA2 POLR1B
Q92769 HDAC2 HDAC2
096019 ACL6A ACTL6A
P30876 RPB2 POLR2B

RPB2

0.0007
0.0011
0.0005

0.0002
0.0023

0.0003

0.0011
0.0020
0.0007

0.0007

0.0024
0.0017
0.0002

0.0022
0.0010
0.0015

0.0005

0.0015

0.0014

0.0010
0.0016
0.0021

0.0005
0.0003
0.0001

0.0021
0.0017

0.0000

0.0024

0.0005

0.0023

0.0009

0.0007
0.0010

0.0002

0.03
0.04
0.03

0.06
0.05

0.05

0.04
0.05
0.03

0.03

0.05
0.04
0.07

0.05
0.04
0.05

0.03

0.05

0.05

0.05
0.04
0.05

0.03
0.04
0.05

0.05
0.04

0.00

0.05

0.03

0.05

0.05

0.03
0.05

0.06

-0.12
-0.11
-0.10

-0.09
-0.09

-0.08

-0.22
-0.19
-0.18

-0.11

-0.10
-0.09
-0.06

-0.19
-0.17
-0.15

-0.13

-0.13

-0.18

-0.12
-0.11
-0.10

-0.18
-0.15
-0.16

-0.15
-0.13

-0.12

-0.12

-0.12

-0.11

-0.11

-0.10
-0.10

-0.07
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Metabolism
015121 DEGS1 DEGS1  Sphingolipid delta (4)-desaturase DES1
P19440 GGT1 GGT1 Glutathione hydrolase 1 proenzyme

Immune response and cell signaling

Serine/threonine-protein phosphatase 1
regulatory subunit 10

Proto-oncogene tyrosine-protein kinase

Q96QCO PP1RA PPP1R10

P12931 SRC SRC

Src
Lipid biosynthesis
P33121 ACSL1 ACSL1 Long-chain-fatty-acid--CoA ligase 1
Proteasome components and protein fate
P25788 PSA3 PSMA3  Proteasome subunit alpha type-3
DNA repair
P29372 3MG MPG DNA-3-methyladenine glycosylase
Others
PO5556 ITB1 ITGB1 Integrin beta-1
Q9oULV3 Clz1 Clz1 Cipl-interacting zinc finger protein
P09958 FURIN FURIN Furin
PO8T54 GNAI3 GNAI3 Guanine nucleotide-binding protein G(k)

subunit alpha

Chromosome alignment-maintaining
phosphoprotein 1

Mediator of RNA polymerase Il
transcription subunit 30

Q9%IM3  CHAP1 CHAMP1

Q96HR3  MED30 MED30

0.0007
0.0000

0.0011

0.0025

0.0006

0.0002

0.0013

0.0010

0.0001
0.0013

0.0023

0.0023

0.0005

0.03
0.00

0.04

0.05

0.02

0.05

0.04

0.04

0.00
0.05

0.05

0.05

0.03

-0.15
-0.10

-0.14

-0.11

-0.14

-0.12

-0.07

-0.16

-0.14
-0.12

-0.11

-0.09

-0.09

®Proteins are ordered by log, (ratio) inside each category
b Uniprot code according to Uniprot Knowledge base.

¢ P-value calculated in Perseus software using permutation based FDR paired Student’s T-test
¢ log, of the abundance ratio from macrophage after interaction with C. albicans versus macrophage control

To access both the cellular component and the biological process of the differentially quantified

proteins, GO analysis was performed using the FunRich tool. When analyzing the cellular

components of the group of more abundant proteins, we observe an enrichment in proteins from

mitochondrial matrix, cytoskeleton, microtubules and rough endoplasmic reticulum membrane.

In the group of less abundant proteins, GO analysis showed an enrichment in proteins from the

spliceosome catalytic subunit and complex. Furthermore, an enrichment in membrane, nucleus,

nucleoplasm and nuclear specks (small sub-nuclear membraneless organelles, retrieved on

Uniprot database), in less abundant proteins, was also observed. This GO analysis is depicted in

Figure C1.12.
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9.68% (p <0.01)

catalytic step 2 spliceosome
s P45 0.00% (p=1)

i | | 8.06% (p <0.01)
spliceosomal complex 0.00% (p=1)
14.52% (p <0.01)

nuclear speck 3.70% (p=0.39)

0.00% (p=1)

h | ic reticulum
rough endoplasmic reticulum membrane 3.70% (p <0.01)

0.00% (p=1)

axonemal microtubule
3.70% (p <0.01)

0.00% (p=1)

phosphatidylinositol 3-kinase complex, class IB 3.70% (p <0.01)

24.19% (p <0.01)
7.41% (p=0.3)

nucleolus

0.00% (p=1)

i I
microtubule 11.11% (p <0.01)

0.00% (p=1)
14.81% (p <0.01)

mitochondrial matrix

33.87% (p <0.01)
22.22% (p=0.04)

membrane

nucleus
22.22% (p=0.7)

leopl
nueEogiasm 22.22% (p=0.2)

el 24.19% (p=0.51)

30.85% (p=0.03
cytoplasm e )

Percentage of proteins

Figure C1.12 GO analysis of the cellular component of the proteins differentially abundant after
macrophage interaction with C a/bicans. In red are more abundant proteins and in green less abundant
proteins after macrophage interaction with C. albicans.

Due to the role of mitochondria in the metabolic reprogramming undergone by macrophages in
response to different pathogens, we decided to take a closer look to the proteins present in this
organelle. As observable in Figure C1.13, there are proteins more and less abundant in the

mitochondria and they have distinct functions, from amino acids metabolism to protein transport

and ROS production.
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Translocation of transit peptide-
containing proteins from the
inner membrane into the
mitochondrial matrix

TIMM44 GLS Glutamine catabolism
o Arginine Metabolism
Sphingolipid-delta- S
4-desaturase DEGS1
activity
REIEUe ar_\d QL NNT PI4kB Recruited to the Golgi
hydrolysis
ROS detoxificati complex by the small GTPase
etoxitication ARF to stimulate the synthesis
ACSL1 TIMM17B of phosphatidylinositol 4,5-
bisphosphate (PIP2). It was
Activation of long-chain fatty Translocation of transit peptide- described as present in
acids for both synthesis of containing proteins from the inner mitochondria
cellular lipids membrane into the mitochondrial
matrix

Figure C1.13 Proteins annotated as located in the mitochondria (retrieved from UniProt database).
Schematic representation of the differentially abundant proteins located in the mitochondria and
respective functions. Proteins are color coded according to their abundance: red for more abundant
and green for less abundant after macrophage interaction with C. albicans.

Mitochondrial membrane potential was also analyzed in the different conditions. For that, we
used JC-1 probe for flow-cytometry measurements. In cases of high mitochondrial membrane
potential JC-1 spontaneously forms complexes known as J-aggregates with intense red
fluorescence. In cases of low mitochondrial membrane potential JC-1 remains in the monomeric
form, showing only the green fluorescence (Reers et al.,, 1995). This means mitochondrial
polarization is indicated by an increase in the red/green fluorescence intensity ratio.
Mitochondrial membrane potential was measured in macrophages control, macrophages
incubated with beads and with C. albicans. A positive green control with macrophages incubated
with CCCP (membrane depolarizing agent) was included. As depicted in Figure C1.14, there is a
trend of increasing the mitochondrial potential after macrophage interaction with beads and with
C. albicans, although these differences were not statistically significant. Figure C1.14A represents
the flow cytometry plots with percentage of macrophages cells (gated by cell size, FSC and
granularity, SSC) with red (FL-2) and green fluorescence (FL-1). Cells positive for red and green
fluorescence (UR) were counted and the percentage compared in the three conditions. Figure
C1.14B represents the quantitative results of JC-1 flow-cytometry measurements. Furthermore,
Figure C1.14C shows some representative fluorescence micrographs of macrophages alone and
after incubation with C. albicans stained with JC-1. An increase in the proportion of cells with
higher membrane mitochondrial potential is observed when macrophages interact with

C. albicans, as observed in the flow cytometry results.
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Figure C1.14 Mitochondrial membrane potential measurements with JC-1 probe. The three conditions
were analyzed ((M¢; Md with beads and Md with C. albicans). (A) Flow cytometry dot plots
representing both macrophage region and red/green fluorescence positive macrophages (UR). (B) Flow
cytometry quantification of the percentage of cells with ratio of red/green fluorescent signal. This
reflects mitochondrial polarization with JC-1. CCCP was used as green positive control. Three biological
replicates were performed. (C) Representative microscopy fluorescence images of the macrophages
alone and with C. albicans are shown. In cells with high mitochondrial membrane potential, JC-1 forms
complexes with intense red fluorescence.
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GO enrichment analysis of the biological processes was also performed comparing the
differentially abundant proteins. Figure C1.15 shows this analysis, and clearly the two groups of
proteins were involved in very distinct processes. The group more abundant proteins was
enriched in phosphatidylinositol biosynthetic process, cell proliferation and natural killer cell
chemotaxis. Although not statistically significant, also some proteins, both more and less
abundant, were implicated in innate immune response and signal transduction. The group of less
abundant proteins was enriched in processes such as mRNA processing and RNA splicing. It is
noteworthy to point out that the GO enrichment of the more abundant proteins does not show a
very significant enrichment in a specific biological process, showing that the proteins are
implicated in different processes. Contrarily, the less abundant proteins were markedly enriched

in categories related to RNA processing and RNA splicing.

mRNA splicing, via spliceosome 0.00% (p=1)

RNA secondary structure unwinding 8.06% (p <0.01)
0.00% (p=1)

viral process 8.06% (p <0.01)

0.00% (p=1)

RNA splicing, via transesterification reactions 0.00% (1) 8.06% (p <0.01)

positive regulation of transcription from RNA

polymerase Il promoter

9.68% (p=0.06)
0.00% (p=1)
9.68% (p <0.01)

negative regulation of transcription, DNA-templated
8 gulati iption, P 0.00% (p=1)

positive regulation of transcription, DNA-templated 0.00% (p=1)

RNA splicing 0.00% (p=1)

mRNA processing 0.00% (p=1)

transcription, DNA-templated 3.70% (p=0.91)
0.00% (p=1)
3.70% (p <0.01)
0.00% (p=1)
3.70% (p <0.01)
0.00% (p=1)
3.70% (p=0.03)
0.00% (p=1)

natural killer cell chemotaxis
regulation of calcium ion transmembrane transport
error-free translesion synthesis

Whnt signaling pathway 7.41% (p=0.02)
i ) 4.84% (p=0.61)
signal transduction 7.41% (p=0.4)

0 (0=
phosphatidylinositol biosynthetic process Rkl 7.41% (p <0.01)
1.61% (p=0.75)

7.41% (p=0.12)
4.84% (p=0.03)
7.41% (p=0.03)
3.23% (p=0.25)
7.41% (p=0.06)
3.23% (p=0.3)

innate immune response

DNA repair

positive regulation of apoptotic process

cell proliferation

0 5 10 15 20

Percentage of Proteins

Figure C1.15 GO analysis of biological process of the differentially abundant proteins after macrophage
interaction with C albicans. In red are more abundant proteins and in green less abundant proteins
after macrophage interaction with C. albicans.
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To assess protein — protein interactions between the differentially abundant proteins, the

interaction analysis was performed using STRING (Supplementary Figure C1.7). The interaction

network presented 229 connections and also shows what was previously observed in the GO

enrichment analysis, which is that the more abundant proteins were in their majority not

interacting with each other. Interestingly, if we an
network of the group of less abundant proteins
highly interacting with each other, particularly the

and splicing (21 proteins, Figure C1.16B).

alyze the predicted protein-protein interaction
(Figure C1.16A) we observed that they were

group of proteins implicated in RNA processing

X

B
Uniprot Gene . Log:
Accession Name Protein Name (ratio)
P30876 POLR2B DNA-directed RNA polymerase Il subunit RPB2 -0.07
Q96GQ7 DDX27 Probable ATP-dependent RNA helicase DDX27 -0.08
Q69YN4 VIRMA Protein virilizer homolog -0.09
Q92945 KHSRP Far upstream element-binding protein 2 -0.09
Qayev7 DDX4g9 Probable ATP-dependent RNA helicase DDX43 -0.10
Q15393 SF3B3 Splicing factor 3B subunit 3 -0.11
Q7L014 DDX46 Probable ATP-dependent RNA helicase DDX46 -0.12
075643 SNRNP200 U5 small nuclear ribonucleoprotein 200 kDa helicase -0.12
013247 SRSF6 Serine/arginine-rich splicing factor 6 -0.12
. Q13769 THOCS THO complex subunit 5 homolog -0.13
Q9BUQS DDX23 Probable ATP-dependent RNA helicase DDX23 -0.14
015459 SF3A1 Splicing factor 3A subunit 1 -0.14
Q16630 CPSF6  Cleavage and polyadenylation specificity factor subunit 6  -0.14
075533 SF3B1 Splicing factor 3B subunit 1 -0.14
QONVEE INTS9 Integrator complex subunit 9 -0.15
043172 PRPF4 U4/U6 small nuclear ribonucleoprotein Prp4 -0.15
Qos211 DHX9 ATP-dependent RNA helicase A -0.16
p23246 SFPQ Splicing factor, proline- and glutamine-rich -0.18
Q13601 KRR1 KRR1 small subunit processome component homolog -0.18
p51991 HNRNPA3 Heterogeneous nuclear ribonucleoprotein A3 -0.30
043809 NUDT21 Cleavage and polyadenylation specificity factor subunit 5 -0.39
ors3s  Figure C1.16 Proteins involved in RNA processing.
i (A)  Predicted protein—protein interactions
oy network of the proteins less abundant during
QB35 macrophage interaction with C. albicans, showing
Q16630 ici i
QisE®  RNA splicing and mRNA processing as processes
Q13247 i i i i i i
Qiiias  With proteins highly interacting with each other.
Q13769 i H H
Qovesr (B) Proteins related with RNA  processing
QBIYN4 ;o i H R H F R
asev3s indicating their protein description retrieved on
aron  Uniprot database and the protein abundance
Qs after macrophages interaction with C. albicans
Buse  (log, (ratio)). (C) Heat map with proteins (rows)
P51991

implicated in RNA splicing and processing
presented in the table. Protein intensities of each
biological replicate and in each condition
(columns). From red to yellow means from higher
to lower protein intensities.

Moreover, Figure C1.16C represents the heat map of this group of proteins with their respective

intensities in the three conditions: macrophages,
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macrophages after interaction with C. albicans. A clear difference was observed between
macrophages alone and macrophages after interaction with C. albicans. When comparing

macrophages with beads no differences were observed.

3.3 Phosphoproteomic analysis of macrophage proteins after interaction with C. albicans

In an effort to identify pathways that could be activated during macrophage interaction with
C. albicans we also analyzed the quantitative changes of the phosphoproteome of the
macrophage infected with this pathogen. Regarding the analysis of the phosphorylated peptides,
their abundances were normalized against the abundance of the proteins. A total of 9615
phosphopeptides belonging to 1842 proteins was quantified (Supplementary Table C1.6). In
general terms, more differences were observed in phosphorylation than in abundance data. For
differential abundance analysis, phosphopeptides were considered differentially phosphorylated
if the p-value < 0.01 and FDR < 0.05. Using this statistical filter, 135 phosphopeptides were
considered differentially abundant, being 95 phosphopeptides more abundant and 40 less
abundant after macrophage interaction with C. albicans (Supplementary Table C1.7). Figure
C1.17A represents the volcano plot with the log, ratio against their —log,, p-value of the
phosphopeptides and a cluster analysis represented with the heat-map divided in 2 clusters to
show the phosphopeptides profile and their log, (ratio) in both conditions (Figure C1.17B). The 95
more abundant phosphopeptide corresponded to 70 proteins whereas the 40 less abundant
phosphopeptides corresponded to 36 proteins.

A B

Mo MO+ Figure C1.17

- Bibicans Phosphoproteome analyses
of macrophage proteins
after  interaction  with
C. albicans. (A) Volcano Plot
(Log, vs —logyigp-value) of
the phosphopeptides
quantified in this study.
Red dots represent the

uolpelaul
Suunp juepunqge ssa|
saplidadoydsoyqd

3 ”ﬂi phosphopeptides

g . considered  differentially

- abundant during
i macrophage interaction

with C. albicans. (B) Cluster
heat-map was divided in 2
clusters to show
phosphoproteins profile in
the two conditions (Md
and Md with C. albicans).
Both Volcano plot and
cluster heat-map were
performed in  Perseus
software.

o (13
Log2 (CANC)

uoj3oelaju] Bulanp juepunge atow sapndadoydsoyd
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As the majority of the phosphosites still have unknown effect at the cellular level, we decided to
perform a protein-protein interaction network with the phosphoproteins of the differentially
abundant phosphopeptides in order to investigate possible biological processes activated during
interaction. Figure C1.18 depicts the predicted protein-protein interaction network obtained and
some protein clusters with different functions. Among them, we observed proteins involved in
RNA transcription, RNA splicing, cytoskeleton rearrangement as well as cell signaling and immune
response. Strikingly, several proteins involved in RNA splicing were more phosphorylated during
interaction. Complementarily, we used the website Phosphosite Plus® to look into known
phosphorylation effects of the phosphopeptides quantified in this study. From the quantified
phosphopeptides, 12 phosphosites presented known effects in the cell (Table C1.5). Interestingly,
C. albicans-infected macrophages showed differences in phosphosites implicated in important
processes: phosphosites belonging to 5 proteins (PECAM, FYN ,CEP131, CFL1 and CD44) had roles
in cell motility and cytoskeleton rearrangement; phosphosites belonging to 6 proteins (CSF1R,
LMNA, NOLC1, PPP6R2, PLCG1 and C5AR1) had distinct functions related with cell survival and cell
signaling through cell surface receptors. Finally, the phosphosite of EEF2K is known to reduce

protein synthesis.
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Figure C1.18 Protein—protein
interaction network with the
proteins with differentially
abundant phosphopeptides
during macrophage
interaction with C a/bicans.
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Table C1.5 Differentially abundant phosphopeptides with phosphosites that present known effects in the cell.

i i E ¢ L
Unlprota Gene Name® Protein Descriptions Phosphopep'!cjlde Phosphosite* it 08 d
Acession Sequence (ratio)
Cytoskeletal Organization
P16284 PECAM1  Platelet endothelial cell adhesion molecule DTETVYSEVR Y713 cell adr;fg't?l?tj”d cell 1.4
P06241 FYN Tyrosine-protein kinase Fyn DGSLNQSSGYR S21 cell motility 0.7
Q9UPN4 CEP131 Centrosomal protein of 131 RSNSTTQVSQPR S78 cytoskeletal reorganization 0.6
P23528 CFL1 Cofilin-1 SSTPEEVK S24 cytoskeletal reorganization 0.4
P16070 CD44 CD44 antigen KPSGLNGEASK S697 cell motility 0.4
Cell Survival and Cell Signalling
P07333 CSFAR Macrophage colony-stimulating factor 1 DYTNLPSSSR V923 cell sqrvwa! and 06
receptor - proliferation
P02545 LMNA Prelamin-A/C OS=Homo sapiens LRLSPSPTSQRSR $392 cell cycle regulation 0.6
Q14978 NOLC1 Nucleolar and coiled-body phosphoprotein 1 NSEEEEEEK S563 0.5
075170 PPPERY Serine/threonine-protein phosphatase 6 CSSPVDTECSHAEGSR $771 cell cycle regulation 04
regulatory subunit 2
19174 PLCGL 1—phosphat|dyllp05|to| 4,5-bisphosphate EGSFESR $1248 cell cycle regulation 04
phosphodiesterase gamma-1
P21730 C5AR1 C5a anaphylatoxin chemotactic receptor 1 SFTRSTVDTMAQK S334 cell act|vat|oQ AandA -0.5
receptor desensitization
Protein Degradation
000418 EEF2K Eukaryotic elongation factor 2 kinase ESENSGDSGYPSEK S445 Protein degradation 0.5

induced

% Uniprot accession and gene name according to Uniprot Knowledge base

®In bold and underlined the phosphosite(s) given by the PhosphoRS algorithm
¢ Effect of phosphosite according to PhosphositePlus database.

d Log, of the ratio from macrophages interacting with C. albicans versus macrophages control. Values normalized against the protein amount of the respective protein
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Discussion

The current approaches to treat fungal infections are still limited and are mainly pathogen-
directed therapeutics (Pappas et al., 2018). Envisioning this limitation, the study of the immune
response may give us new clues on how this pathogen can be more efficiently killed, and
consequently improve the currently available therapeutic strategies. Furthermore, increasing
efforts are being done to develop specific ways to modulate the immune system as new
therapeutic strategies (Zwolanek et al., 2014, Carpino et al., 2017).

Macrophages are cells from the innate immune system that play an important role in the host
response and elimination of pathogens (Bourgeois et al., 2010). They are extremely important
cells in response to cytokines and PAMPs and perform a wide range of biological functions, such
as pathogen phagocytosis, antigen presenting and bridging innate and adaptive immunity (Dill et
al., 2015).

There are several stages generally accepted for the intricate relation between macrophage and
C. albicans. As depicted in Figure C1.19 (adapted from (da Silva Dantas et al., 2016)), the
macrophage target the fungal cell recognizes and engulf it. Then, the yeast cell is delivered to the
phagosomal vesicle which fuses with lysosomes, forming a mature phagosome. The
phagolysosome uses several oxidative and non-oxidative mechanisms to try to kill the fungus. On
the Candida site, it can alkalinize the phagosome and induce its own lytic expulsion (Bain et al.,
2012). Moreover, it can form hypha which induces macrophage pyroptosis and lysis (da Silva

Dantas et al., 2016).

D) (- @)

) '.‘.)
Macrophage migration C. albicans Phagosome
and PAMPs recognition engulfment maturation

Macrophage
pyroptosis

C. albicans non-lytic
expulsion

C. albicans killing

C. albicans escape

Figure C1.19 Macrophage and C albicans phases of interaction. The fungus is recognized by
macrophages PRRs and engulfed. Then, C. albicans cell is delivered to the phagosomal vesicle that
undergoes several steps of maturation. Here, the fungi can be killed by oxidative and nitrosative
mechanisms. C. albicans can interfere with the phagolysosome and induce its own non-lytic expulsion. It
can also form hypha and induce pyroptosis, which causes macrophage lysis (based on (Silva-Dantas, A.
etal., 2016).

135



CHAPTER 1

Here, we used two different proteomic and phosphoproteomic approaches to deepen the
knowledge on the proteomic alterations the macrophage produces after interacting with
C. albicans. For that, the immortalized monocyte-like cell line, derived from the peripheral blood
of a childhood case of acute monocytic leukemia, THP-1 cell — line was used. THP-1 monocytes
can be differentiated by the administration of PMA, inducing typical hallmarks of macrophages,
represented by cell adhesion, spread morphology; increased granularity and irregular nucleus
shape (Gatto et al., 2017). Although it has some limitations such as up-regulation of specific genes
during the differentiation process that might overwhelm mild effects of specific stimuli, it has
been widely used for the study of interaction with several pathogens (Chanput et al., 2014,
Kaewseekhao et al., 2015, Singh et al., 2015, Duan et al., 2017). Several studies comparing this
cell line with human PBMC-derived macrophages showed relatively similar response patterns
(Chanput et al., 2014). Our group used this cell line for the study of THP-1-derived EVs both from
control and from Candida infected macrophages. Besides studying the protein cargo of the EV’s,
we found that both types of EV’s increased the secretion of pro-inflammatory cytokines and
candidacidal activity of macrophages (Reales-Calderon et al., 2016).

Here, we were particularly interested in unravelling new mechanisms activated by macrophages
after interaction with C. albicans. THP-1-derived macrophages were incubated with C. albicans
cells during 3 h and a MOI of 1. At this time of interaction, a reduced damage was ensured, so
70% of the macrophages were not impaired and around 70% of yeast cells were engulfed by the
macrophages (see Figure C1.2 in results section). This evaluation of human macrophage
interaction with C. albicans is in agreement with our previous studies with murine macrophage
cell lines and was peremptory to select the ratio and time of incubation (Fernandez-Arenas et al.,
2007, Reales-Calderon et al, 2013). After optimizing the best co-culturing conditions two
different strategies were designed. One consisted in performing an ATP-binding enrichment for
the study of these proteins which are highly involved in cell signaling and that are at low
concentration in the cell. The second one was the development of a deep shotgun analysis of the
whole proteome and phosphoproteome where both peptide fractionation and highly sensitive
mass spectrometers were used for the study of C. albicans infected macrophages. A summary of
the proteomic and phosphoproteomic alterations observed in both approaches are depicted in

Figure C1.20.
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Macrophage — C. albicans interaction
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Figure C1.20 Schematic overview representing the main results obtained in both proteomic and
phosphoproteomic approaches developed in this chapter. Here are depicted the conditions for the
analysis of macrophage proteomic alterations after interaction with C. albicans together with the main
results obtained in the two proteomic approaches developed: one involves the enrichment in ATP
binding macrophage proteins and the other one involves the global proteomic and phosphoproteomic
analysis of the cytoplasmic extract of macrophages alone, after interaction with beads and after
interaction with C. albicans.
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In one approach we applied an ATP binding protein enrichment kit and we were able to quantify
547 proteins. Among these, around 25% of the proteins were annotated as ATP binding proteins.

A total of 59 proteins were considered differentially abundant. Macrophage proteomic alterations
include an increase in proteins implicated in protein synthesis. Furthermore, an increase in
antiapoptotic signals over pro-apoptotic signals was suggested together with a high pro-
inflammatory response. In the other approach, the global proteomic and phosphoproteomic
study of the macrophage after interaction with beads and with C. albicans was performed. A total
of 6166 proteins was quantified. Although no differences were observed when comparing
macrophages after interacting with beads with the other conditions, 89 proteins were considered
differentially abundant when comparing macrophages control with macrophages after interacting
with C. albicans. The proteomic analysis showed among other processes, a striking enrichment in
less abundant proteins related with RNA splicing. The phosphoproteome analysis led to a
guantification of 9615 phosphopeptides that belong to 1842 proteins. From these, 135 were
differentially abundant during interaction. The differentially abundant phosphopeptides were
implicated in different processes including RNA splicing, cytoskeleton rearrangement and cell
signaling. Both works showed proteins more and less abundant that belong to the mitochondria.

The processes studied in these complementary works will be further discussed.

1 C albicans recognition and cell signaling

Macrophages have different receptors that recognize C. albicans PAMPs prior to its
internalization. In the global proteomic approach several receptors were found to be differentially
phosphorylated during the conditions of interaction studied. The C-type mannose receptor 2
(MRC2) was found to be differentially phosphorylated during macrophage interaction with
C. albicans, although the effect of this phosphorylation is not known. This is an endocytic receptor
with three distinct types of domains at its extracellular region, a single transmembrane region and
a cytoplasmic tail. The extracellular region binds different ligands, among them sugars terminating
in mannose, fucose and N-acetylglucosamine and microbial antigens (Gazi et al., 2011). In another
work it was shown that the N-linked mannosyl residues of C. albicans bind to the mannose
receptor (Netea et al., 2006).

CD40 is a surface glycoprotein of the TNF-receptor superfamily and it is important in cell-cell
interaction and plays a role in the defense against C. albicans infection. Netea and co-workers
observed that in early time points of infection no differences between the outgrowth of
C. albicans in the organs of CD40L knock out and control mice. In late stages of infection the

elimination of the yeast was impaired in knockout mice, indicating a more involvement of this
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protein in later stages of infection (Netea et al., 2002). This may explain why at 3 h of incubation
we see a reduction in the phosphorylation of this protein, indicating that this protein was not
particularly involved in the response to C. albicans. Probably longer times points should be
analyzed to see if there was an increase in the phosphorylation of this receptor.

CD33 was found to be more phosphorylated during macrophage interaction with C. albicans. This
receptor is implicated in the recognition of syalylated glycoproteins, and leads to the
phosphorylation, by Src-like kinases such as LCK, of two immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) located in CD33 cytoplasmic tail (Paul et al., 2000). Nevertheless, more
studies are needed in order to unravel its role in the recognition of sialic acids present in the cell
surface of C. albicans.

PRKAA1, also known as AMPKa, is protein sensor of energy status that maintains cellular energy
homeostasis (Bae et al., 2011). It was found to have differentially phosphorylated peptides in
both approaches. In the ATP binding enrichment work, we observe a phosphorylated peptide with
no specific phosphosite attributed, the phosphopeptide was from S494 until R501 (SGSVSNYR). In
In the second work we observed that the S508 was the phosphosite attributed to be differentially
phosphorylated. The phosphorylation of Thr183 is known to activate this kinase and the
phosphorylation of S496 was found to inhibit the enzymatic activity (Lizcano et al., 2004, Pandey
et al., 2017). It was previously shown that the activation of this kinase was implicated in
phagocytosis of both bacteria (Bae et al.,, 2011) and fungi (like the pathogen Cryptococcus
neoformans) (Pandey et al.,, 2017). Furthermore, it was suggested by other group that AMPK
signaling was activated in murine macrophages upon ATP treatment and they observed the
inflammasome activation and pyroptosis of these macrophages (Zha et al., 2016). This is in
congruence with the increase in secretion of IL-1f in macrophages upon interaction with
C. albicans. Besides, phosphorylation of AMPKa in Ser487/491 was found to reduce AMPK activity
(Hawley et al., 2014). Further studies would be needed to know the cellular effects of these

phosphopeptides.

2 C albicans phagocytosis and macrophage cytoskeleton rearrangement

An increase in the phosphorylation of several proteins implicated in cytoskeleton rearrangement,
microtubules and cell adhesion was observed during macrophage interaction with C. albicans.
This remodeling is expected once phagocytosis of C. albicans carries along important changes in
macrophage cytoskeleton and microtubules. Proteomic alterations in these processes were
previously observed during macrophage interaction with C. albicans (Fernandez-Arenas et al.,

2009, Reales-Calderon et al., 2013, Reales-Calderon et al., 2014)
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C. albicans phagocytosis involves macrophages recognition of PAMPs by the PRRs of the
phagocytic cell. During this work, we evaluated macrophage engulfment of C. albicans cells and
we observed that after 3 h interaction and with a MOI of 1 around 70% of the C. albicans cells
were engulfed. C-type lectin receptors, such as Dectin 2 and Mincle, play an important role in this
internalization. These receptors can signal directly or through their association with ITAM-bearing
adaptor chains such as FcRy. Then, they can activate SYK, leading to large-scale changes in
transcription of multiple genes, reorganization of the actin cytoskeleton through activation of
GTPases and activation of NF-kB through different routes. One of the well-known pathways
activated by C-type lectin receptor signaling involves phosphoinositide 3-kinase (PI3K) that
genarates membrane associated phosphatidylinositol-3,4,5-triphosphate (PIP3) to activate its
downstream enzyme phospholipase PLCy. Induction of the inositol triphosphate (IP3) and
diacylglycerol (DAG) pathway through PLCy activation leads to calcium ions release as a second
messenger and activation of PKC isoforms (Figure C1.21) (Plato et al., 2013). PI3K was found more
abundant during macrophage interaction with C. albicans. In the ATP binding enrichment SYK was
also found more abundant, although in the global proteomic approach no significant changes
were observed. Moreover, FcRy and PLCG1 were also found to have differentially abundant
phosphopeptides. Furthermore, we observed an increase in the phosphorylation of Rho type
GTPases activator proteins such as ARHGAP12 and ARHGEF2. Finally, several proteins
differentially phosphorylated were found to be involved in the cytoskeleton rearrangement such
as CFL1, FYN, MSN, PLEC and ROCK1.

Moreover, we found CSF1 receptor also to be more phosphorylated during interaction. This
protein was previously linked to actin cytoskeleton rearrangement and chemotaxis. This receptor
activation leads to the local accumulation of PI3K lipid products at the plasma membrane. This is
critical to downstream regulation of the actin cytoskeleton (Rougerie et al., 2013). As commented
above, PI3K (catalytic subunit y) was found to be more abundant during macrophage interaction
with C. albicans. CD44 activation was found differentially phosphorylated and this receptor also
implicated in the cytoskeleton reorganization, as observed in a work where macrophages

internalized Staphylococcus aureus (Li et al., 2017).
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Figure C1.21 Proteomic and phosphoproteomic data regarding the cell signaling pathway activated by
CTLRs that lead to cytoskeleton rearrangement. Proteins in a grey box represent proteins with no
changes in the abundance. Proteins in red box represent proteins found to be more abundant in at least
one of the proteomic experiments. Proteins containing a circle with P represent proteins that have
phosphopeptides found to be more abundant during macrophage interaction with C. albicans.

During C. albicans phagocytosis, phagosomes acquire microbicidal and lytic enzymes that are
delivered by membrane fusion and fission events with different endolysosomal compartments.
This leads to an acidification of the phagosome lumen, forming a microbicidal phagolysosome
(Okai et al.,, 2015). Rab GTPases regulate vesicle recruitment and the modulation of vesicular
transport through interaction with cytoskeletal components. We observed RAB8B to be more
phosphorylated during interaction. In the ATP binding proteins enrichment work we observed
RAB7 to be less abundant during interaction and CLN6 (see Table C1.3 in results section)
presented a phosphopeptide to be less abundant. However, in the ATP binding enrichment
approach, we could not normalize the phosphorylation with the abundance of the protein. RAB7
has been shown to associate with the phagosomal membrane and plays a role in mediating
interaction with late lysosomal compartments (Vieira et al., 2002). More studies should be
performed in the future to evaluate the importance of these results.

It is important also to mention that C. albicans modulates phagosome maturation. Our group

performed a comparative analysis of the intracellular trafficking of virulent/avirulent C. albicans
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strains and supported the model where C. albicans is able to evade trafficking, by subverting the
lysosomal system (Fernandez-Arenas et al., 2009). Another group showed how C. albicans cell
wall could influence phagosome maturation. They showed that the loss of cell wall O-mannan
leads to exposure of B-glucan facilitating recognition of Dectin 1 which was associated with
enhanced phagosome maturation (Bain et al., 2014). This phenomenon was previously observed

during macrophage-Mycobacterium tuberculosis interaction.(Via et al., 1997, Vergne et al., 2004)

3 Mitochondrial proteins and oxidative stress response

Macrophages are phagocytic cells that produce and release reactive oxygen species (ROS) in
response to phagocytosis (Forman & Torres, 2001). Mitochondria are important to ATP as well as
ROS production (Liu & Ho, 2017). Proteins from the mitochondria were found differentially
abundant in both studies (Figure C1.22).

TIMMaa  SLC25A24 GLS

Figure C1.22 Proteins annotated as
located in the mitochondria in both
approaches (retrieved from UniProt
database). Schematic representation of
the differentially abundant proteins.
Proteins are color coded according to
their abundance: red for more abundant
and green for less abundant after
macrophage interaction with C. albicans.

TiIMM178 ATPSL
SLC25A5

The study with the enrichment in ATP-binding proteins showed two mitochondrial proteins
involved in response to oxidative stress (PRDX5 and SLC25A24) to be more abundant upon
interaction with C. albicans. PRDX5, a protein that protects cells from DNA damage and inhibits
stress-induced apoptosis (Yuan et al., 2004) was previously shown to be more abundant in LPS-
treated macrophages (Choi et al.,, 2013). We validated the increase in its abundance using
Western blot (see Figure C1.6 in results section). SLC25A24 may also play a role in protecting cells
against oxidative stress-induced cell death (Traba et al., 2012). Moreover, NNT was found to be
less abundant, and the knock down of this protein was previously implicated with an increased
production of ROS (Meimaridou et al., 2012). Shui and co-workers previously observed significant
changes in redox-related proteins implicated in oxidative burst in order to kill intracellular
mycobacteria. They observed an increase in the abundance of several proteins, including PRDX5,
that counteract the effect of oxidative stress (Shui et al., 2009). We can hypothesize that the
higher abundance of proteins that neutralize the oxidative burst may be a host-driving response

to protect itself from the ROS it is producing to kill Candida cells. Nevertheless, we may not
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discard the possibility that it can also be a pathogen-driven response (to reduce the production of
ROS and decrease the killing power of the macrophages).

Other mitochondrial proteins differentially abundant were quantified among them, proteins
involved in the production and transport of ATP (ATP5L, ATPO and SLC25A5) as well as proteins
implicated in the uptake of calcium to them mitochondria (SCMC1).

In the global proteomic approach performed, the GO analysis showed that the more abundant
proteins were enriched in mitochondria matrix (see Figure C1.12 in results section). Also both
more and less abundant proteins from the mitochondria were quantified as differentially
abundant. Interestingly, one of the mitochondrial proteins found to be more abundant during
interaction was RARS which is implicated in arginine metabolism and L-Arginine was reported to
be a necessary substrate for macrophage fungistatic action (Granger et al.,, 1988). Glutamine
catabolism has also emerged as a prominent process in macrophage reprogramming after
pathogen interaction. In LPS-primed macrophages, glutamine was suggested to contribute to
succinate accumulation and is required for IL-18 production and NOS generation (Jha et al., 2015,
Sander & Garaude, 2018). In congruence with this observation, we found the mitochondrial
glutaminase, GLS, to be more abundant during macrophage interaction with C. albicans. As
mitochondria has been implicated in innate and adaptive immunity (Liu & Ho, 2017) , we took a
more careful look into the mitochondrial membrane potential after macrophage interaction with
latex beads and with C. albicans cells. Fluorescence microscopy together with flow cytometry
showed an increase, although not statistically significant, in the proportion of cells with higher
mitochondrial potential during macrophage interaction with live C. albicans cells (see Figure C1.14
in results section). This is in congruence with previous studies where activation of macrophages
with LPS lead to an increase in the mitochondrial membrane potential and in ROS production
(Mills et al., 2016). Nevertheless, due to the high variability found in this assay more studies are
necessary, using other probes for example, to confirm this trend. ROS production is an important
mechanism applied by the macrophage to kill pathogens. It was a previously described in
A. thaliana that even a slight decrease in the mitochondrial potential caused a significant
decrease of ROS production (Miwa & Brand, 2003). Tucey and co-workers suggested that
macrophages increased the glycolytic metabolism in response to C. albicans. Moreover, they
observed mitochondrial hyperpolarization right before glucose deprivation dependent cell death
(Tucey et al., 2018). On the other hand mitochondrial dysfunction has been linked with bacterial
infections (West, 2017), especially in later stages of infection (Marriott et al., 2005). Longer time-
points should be tested in the future to see if there is a later decrease in the mitochondrial

membrane potential.
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4 Host proteins involved in mRNA processing and translation

In the ATP binding enrichment approach a cluster with proteins differentially abundant involved
in mMRNA processing was observed. Interestingly, in the global proteome work, a majority of
proteins less abundant during interaction, together with differentially phosphorylated proteins
implicated in the same processes were observed. In eukaryotic cells, the primary RNA transcript
(pre-mRNA), synthesized in the nucleus by RNA polymerase Il undergoes several modifications
before being transported into the cytoplasm where translation occurs (Baralle & Baralle, 2018).
One of the important steps important in the mRNA maturations is the splicing, where non coding
sequences (introns) are removed and coding sequences (exons) are ligated together. Some exons
are constitutively spliced, meaning that they are present in every mRNA produced, but many can
be alternatively spliced to generate different forms from a given pre-mRNA. These events
increase the number of protein species produced from a single gene and are catalyzed by the
spliceosome. Two unique spliceosomes coexist in most eukaryotes the U2-dependent
spliceosome which catalyzes the removal of U2-type introns, which has as main building blocks
the U1, U2, U4/U6 and U5 snRNPs, and a less abundant Ul2-dependent spliceosome (Will &
Luhrmann, 2011). There are several splicing factors and accessory proteins involved in the splicing
regulation-so called intronic and exonic splicing enhancers or silencers — that can have positive or
negative effects on splice-site usage. Exonic splicing enhancers are often bound by serine-arginine
containing proteins (SR proteins) whereas exonic splicing silencers are typically bound by hnRNPs
(Wahl et al., 2009). As observable in Figure C1.23 several proteins implicate in this process were
found differentially abundant, mainly less abundant, and phosphorylated, mainly more
phosphorylated.

Due to the great number of proteins found in both studies performed and the fact that this
differences in RNA splicing were not statistically significant when macrophages interact with
beads, we explored the relationship of host mRNA processing in other infection scenarios. We
found that events like this were thoroughly studied during macrophage interaction with virus and
bacteria. Several studies suggest that bacterial infections induce alternative splicing of host RNAs.
Mycobacterium tuberculosis was found to alter the global patterns of alternate splicing in the
macrophages (Kalam et al.,, 2017). In another study, it was found that the Shigella protein
IpaH9.8, which is a nuclear translocating effector, has the ability to interact with U2AF affecting
the expression of a subset of genes encoding pro-inflammatory chemokines and cytokines (Okuda
et al., 2005). Other group provided strong evidence of global changes in the alternate splicing
during bacterial infection with both Salmonella and Listeria (Pai et al., 2016). Though, little is

known about how fungal infections influence host mRNA processing.
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Figure C1.23 Proteomic and phosphoproteomic alterations in RNA splicing in macrophages after
interaction with C albicans. Schematic representation of the spliceosome (retrieved on Kegg Pathway
on 16/05/19) together with the differentially abundant proteins and proteins with differentially
phosphorylated peptides found in both studies. Proteins names are color coded (red for more abundant
and green for less abundant). Phosphorylation data is represented by the symbol *. It is also color coded
(red for protein with more abundant phosphopeptides and green for protein with less abundant
phosphopeptides). ESE means exonic splicing enhancers and ESS means exonic splicing silencers.U1, U2
U4/U6 and U5 are small nuclear ribonucleoprotein complexes that form the spliceosome.

A previous study showed some genes involved in RNA processing to be down-regulated after
THP1 monocytes co-culture with C. albicans (Barker et al., 2005). Remarkably, Mufioz and co-
workers were recently interested in the host and C. albicans transcriptional dynamics (Munoz et
al., 2019). They used single cell RNA-sequencing for both host and pathogen different
subpopulations. Besides other analysis, they calculated the frequency of previously annotated
splicing events and identified differential isoform usage between infected macrophages. They
detected differential splicing between macrophages in 144 genes, among them Dectin-2. The
authors point that these events may indicate different potentials to respond to fungal infections
(Munoz et al., 2019). Interestingly, our proteomic and phosphoproteomic data suggests RNA
splicing as a process highly affected in C. albicans infected macrophages. It is not clear yet if this is
a host or a pathogen-driven process and the importance of this to the outcome of the infection.
Further studies should be addressed in order to look into the proteins that maybe alternatively
spliced and analyze their importance in killing this pathogen. Another striking fact was noticing

that most of the infection scenarios where RNA splicing was previously found to be altered were
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in macrophages infected with virus and some facultative intracellular bacteria which are known to
use the host machinery in their favor. This should be addressed in the future to try to gain
comprehensive understanding of the regulatory networks that are similar and different in the
host response to Candida and other microbial infections.

From all the proteins found in both approaches, the splicing factor subunit SF3A1 came to our
attention because it was found to be less abundant but more phosphorylated in a
phosphopeptide with unknown function during macrophage interaction with C. albicans. The role
of this protein in the regulation of mRNA splicing and a connection with innate immune system
was previously investigated. O’Connor and co-workers showed that inhibition of SF3A1 in the
presence of LPS diminished production of numerous cytokines and chemokines (O'Connor et al.,
2015). They also found that innate immune signaling pathways were among the most significantly
altered pathways at the level of mRNA splicing when SF3A1 is inhibited. They showed that SF3A
acts to promotes inflammation in part by inhibiting the production of a negatively acting splice
form of the TLR signaling adaptor MyD88 (O'Connor et al., 2015). It would be interesting to
investigate the role of this protein during macrophage and C. albicans and discover the specific
role of the phosphopeptide differentially quantified. We believe that more functional studies are
necessary to define the role of splicing in the macrophage response to C. albicans.

Regarding protein translational process, in the ATP binding enrichment approach, we observed an
increase in ribosomal proteins, such as RPS26, RPL3, RPL9 and DDX21. The other approach
showed an increase in the phosphorylation of two proteins of the ribosome (RBM10 and RPL23A)
together with a decrease of the phosphorylation of translational inhibitor EIF4AENIF1. EEF2K,
known to reduce protein synthesis, was more phosphorylated. A general increase in these
ribosomal proteins may be a mechanism of the host cells to meet the increasing need of proteins

and of new protein isoforms to fight the fungal infection.

5 Macrophage cell death and inflammatory response to C. albicans

In the ATP binding enrichment approach, we observed enrichment of proteins related to
apoptosis. We found that anti-apoptotic signals were up-regulated in THP-1 macrophages
infected with C. albicans, as compared to pro-apoptotic signals. Knowing that caspase-3 is one of
the executioners of apoptosis, we measured its cleavage by Western blotting and no cleavage of
this protein was observed after THP-1 macrophage interaction with C. albicans (Mcllwain et al.,
2013). A previous work from our research group reported no apoptosis in RAW 264.7
macrophages incubated with C. albicans (Reales-Calderon et al, 2013).The way by which

macrophages activate cell death mechanisms as a consequence of uptaking C. albicans cells has
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been studied previously. Uwamahoro and co-workers showed that C. albicans triggers pyroptosis
during the first 6 to 8 h of interaction (Uwamahoro et al., 2014). In concordance to our results,
they observed no evidence of activation of caspase-3 by C. albicans early post-infection. More
recently, another group suggested that neutralization of the phagosome by C. albicans is an
important signal in activating the macrophage inflammasome (Vylkova & Lorenz, 2017). The pro-
inflammatory cytokine IL-1B is released as a result of C. albicans driven NL3PR inflammasome
activation and has been used as a measurement of pyroptotic cell death in the immune cell in
response to microbial pathogens (Wellington et al., 2012, O'Meara et al., 2015, Vylkova & Lorenz,
2017). An increase of this cytokine was observed also in our conditions of interaction with
C. albicans, suggesting that pyroptosis could be activated in response to C. albicans. However,
further validation confirming caspase-1-dependent IL-1f release would be needed to confirm this
phenomenon in this cell line. We were also interested in knowing whether other pro-
inflammatory cytokines were secreted. Both TNF-a and IL-12 were significantly more secreted
after 3 h of interaction with C. albicans. This pathogen is known to trigger a pro-inflammatory
response of the macrophages, including the release of these cytokines (Netea et al., 2008). The
IPA software was used to predict upstream regulators that could help us finding other regulators
of the pro-inflammatory response. This analysis is based on prior knowledge of expected effects
between transcriptional regulators and their target genes that are stored in Ingenuity®
Knowledge Base (taking into account previously published datasets derived from different animal
models) (Kramer et al., 2014). Our analysis revealed 15 regulators with a significant overlap
between our dataset and the genes that are regulated by a transcription regulator. In order to
validate some of these predictions, we evaluated the secretion of IL.-6 and the activation of miR-
21 and miR-124. The analysis performed by IPA presented a negative activation z-score of IL-6 and
in accordance with this, no secretion of IL-6 was observed. IL-6 is a pro-inflammatory cytokine and
was previously observed not to be secreted after interaction with C. albicans (Reales-Calderon et
al.,, 2014, Estrada-Mata et al., 2015). Recently, mi-RNAs have been implicated in immune
response, particularly as post-transcriptional regulators of the inflammatory response. There are
several mi-RNAs that regulate TLR signaling pathways. Monk and co-workers showed that miR-
155, miR-146a, miR-146b, miR-125a and miR-455 were upregulated after treatment with LPS and
after interaction with heat killed C. albicans cells (Monk et al, 2010). Another group was
interested in the impact of C. albicans cell morphology (heat killed yeast and hyphal cells) in the
differential regulation of host mi-RNAs (Agustinho et al., 2016). They suggested that Dectin-1 may
be orchestrating miR-155 up-regulation in a SYK-dependent manner. Since our proteomic

approach was performed with live C. albicans cells, we investigated the differential mi-RNAs
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regulation upon interaction with live Candida cells. The selected mi-RNAs were those predicted to
be up-regulated by IPA (miR-21 and miR-124) and those found to be induced upon LPS activation
and after interaction with heat killed C. albicans cells (miR-146 and miR-155) (Taganov et al.,
2006). Because we used live cells, our time points were shorter than others. We found that miR-
21 and miR-124 were slightly, but not significantly, up-regulated after treatment with LPS. After
interaction with C. albicans, none of these mi-RNAs were statistically significant upregulated. In
our conditions and time points, the results were different from the predicted by IPA. Both miR-
146 and miR-155 were confirmed to be upregulated after macrophage treatment with LPS. This
was in concordance with the other work where miR-146 was shown to be involved in the
mechanism of negative feedback regulation of TLR (Taganov et al., 2006). Interestingly, after
macrophage interaction with live C. albicans cells no upregulation of these mi-RNAs was observed
at these time points. Although longer time points would be needed to determine whether this
behavior is maintained, we can hypothesize that these miR were not yet activated because
macrophages might need a much higher pro-inflammatory response to kill C. albicans, or because
this fungus may be inducing a longer pro-inflammatory response to destroy the macrophage. The
inflammatory effect induced by live C. albicans cells was previously suggested by our group as
virulence trait responsible for tissue damage in the host (Martinez-Solano et al., 2009, Reales-
Calderon et al., 2013). It is important to underscore the need of follow-up studies to reveal
whether this is a host-driven or pathogen-driven mechanism.

In conclusion, the ATP-binding enrichment together with the global proteomic and
phosphoproteomic approaches revealed new insights in macrophage remodeling after interaction
with this pathogen. Here we suggest some of them (Figure C1.24):

- Phosphorylation of the mannose receptor (MR) which is known to be PRR of C. albicans
mannans.

- Increase in the phosphorylation of proteins implicated in cytoskeleton rearrangement, such as
FYN, which occurs after C. albicans phagocytosis

- Proteins differentially abundant of the mitochondria were quantified together with an increase
in the membrane mitochondrial potential (Apm), although not statistically significant, which was
previously described to lead to the production of ROS in order to kill the pathogen.

- A striking number of differentially abundant proteins (mainly less abundant) and of differentially
phosphorylated (mainly more phosphorylated) involved in RNA splicing was observed which

indicates that this process is being highly affected by C. albicans.
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- An increase in the abundance of proteins involved in protein synthesis was observed together
with a decrease in proteolysis which may be a mechanism of the macrophage to meet the need of
proteins to fight the fungal infection and to produce more protein isoforms.

- An increase in anti-apoptotic signals over pro-apoptotic signals was observed. Furthermore the
production of IL-1B suggests, as previously described that macrophages could be dying by
pyroptosis.

- High pro-inflammatory response was observed by the production of several pro-inflammatory
cytokines such as TNF-a and IL-12 together with the lack of activation of mi-RNA involved in the

regulation of the pro-inflammatory response.
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Figure C1.24 Schematic overview of macrophage possible remodeling after interaction with C. a/bicans.
The differentially abundant proteins, together with the cytokines, are color coded with red for more
abundant and green for less abundant after macrophage interaction with C. albicans. Proteins with a P
circled in red represent proteins with more abundant phosphopeptides. Cytokines and miR that do not
present differences after interaction are depicted in grey. Dotted arrows represent suggested
connections. AYm means membrane mitochondrial potential. More details describing some of the
processes suggested to be remodeled after interaction in the text.
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Introduction

As previously commented, C. albicans is a polymorphic fungus. Depending on the growth
conditions it can vary among yeast, pseudohyphae and hyphae morphologies. In experimental
infections, patient biopsies and in histological analysis hyphae are the most observed morphology
of this fungus which is frequently linked to their better ability to adhere and invade than yeast
cells. Yeast cells are usually associated to bloodstream dispersion (Wilson et al., 2016).

There are several important risk factors for Candida infections:

- Continued treatment with broad spectrum antibiotics, which increases Candida gut
colonization.

- Breach of the gastrointestinal and cutaneous barriers, by organ transplant, central venous
catheters, which collectively enable Candida cells to translocate from mucocutaneous sites
into the bloodstream.

- latrogenic immunosuppression, such as chemotherapy or corticosteroid therapy, which
decreases innate immune defences in tissues, facilitating Candida invasion from the
bloodstream into organs (Pappas et al., 2018).

It is known that colonization is a prerequisite to acquire these infections, being responsible for the

majority of IC cases (Nucci & Anaissie, 2001). Furthermore, catheter-related bloodstream

infections are common and present life-threatening complications (Phua et al., 2019).

High morbidity and mortality can be attributed in some extent to the difficulty in its early and

accurate diagnosis. Early detection is therefore essential to increase the possibility of a better and

successful antifungal therapy, leading to a better outcome of the disease. The gold standard for
diagnosing these infections is still blood culture with subsequent species identification by

different methods, such as MALDI-TOF (reviewed in (Posch et al.,, 2017)). This is considered a

sensitive method only for the detection of viable cells especially at later stages of the infection,

but it is not useful for the diagnosis of deep-seated candidiasis that is not accompanied by
candidemia, and it can take 2-5 days to achieve a conclusive result. Direct observation of

C. albicans in tissue (tissue histopathology) is also used but it is an invasive method for ICU

patients. There is a general effort being made for the discovery of biomarkers, including the

detection of biomolecules both from pathogen and from the host. These can be used as a faster
diagnostic method once there is no need to culture the microorganism (reviewed in (Pitarch et

al., 2018)). Non-culture methods mainly include the detection of Candida mannans and 1,3 B-D-

glucans as well as the detection of host derived biomarkers such as human antibodies against

Candida antigens (proteins and carbohydrates) (Clancy & Nguyen, 2013). PCR-based technologies

are also used for Candida DNA amplification. These last ones represent non-culture methods with
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high specificity and sensitivity, but lack standardization protocols (Pfaller & Castanheira, 2016).
The T2 Magnetic Resonance (T2MR®) is a new class of infectious disease diagnostic method. This
method amplifies DNA using a thermostable polymerase and target specific primers, and detects
the amplified products by amplicon-induced agglomeration of magnetic particles and T2MR
measurement. It detects the 5 most common pathogenic Candida species and has shown a
sensitivity of 89% and specificity of 98% (Mylonakis et al., 2015, Clancy & Nguyen, 2018).
However, this method has some drawbacks such as elevated costs, quick expiration date of its
reagents and its sensitivity may decrease in the absence of intact Candida cells in whole-blood
samples (Neely et al., 2013).

Immunoproteomics is a widely used technique to screen for panels of biomarkers of infectious
diseases. It enables the characterization of the pathogen immunome, which is a subset of the
proteome that is a target for the immune system (Pitarch et al., 2006). This approach involves the
separation of the proteins by 2-DE, their electroblotting to a membrane, incubation with sera
from different patients and further identification of protein spots by MALDI-TOF-MS. Our group
has been taking advantage of this technique and making an effort to develop new biomarkers of
invasive candidiasis (IC) and also to remark that using multiple biomarkers should be the path to
choose for the development of better diagnosis (Pitarch et al., 2006, Pitarch et al., 2011, Pitarch
et al., 2014, Pitarch et al., 2016). Previously, our group showed that serum anti-Bgl2, anti-Enol
and anti-Pgk1 antibodies are biomarker candidates of IC (Pitarch et al., 2004, Pitarch et al., 2006).
Also, our group developed and validated an antibody set for IC prognosis against the C. albicans
proteins Ssb1, Gap1/Tdh3, Pgkl and Met6 (Pitarch et al., 2011). In another work, it was suggested
that serum IgG antibody directed against Hsp90 and Enol may be useful for IC diagnosis in non-
neutropenic patients (Pitarch et al., 2014). The majority of immunoproteomic studies for the
search of new biomarkers for IC were performed with intracellular proteins or proteins from the
cell surface of C. albicans (Pitarch et al., 2004, Pitarch et al., 2006). A recent immunoproteomic
study presented a 2-DE based secretome analysis of C. albicans in yeast to hyphae transition and
showed a higher number of proteins identified in the hyphal form (Luo et al, 2016). These
proteins presented more immunogenicity than the yeast derived ones. This study, although using
a reduced number of sera, identified a core set of 19 antibodies against secreted proteins of
C. albicans, seven of which could represent potential diagnostic markers for candidemia (Xogl,
Lip4, Ascl, Met6, Tsal, Tpil, and Prx1) (Luo et al., 2016).

C. albicans secretes proteins with different functions, among them: secreted aspartyl proteases
(Saps) that degrade host tissues; Pral and Zrtl that sequester ions (Citiulo et al., 2012).

Moreover, these proteins were shown to interact with the host (Wu et al., 2013). Proteins can be
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secreted either by the classical secretory pathway or by non-classical pathways (Nombela et al.,
2006, Gil-Bona et al., 2015). Recently, our group described the secretion of classical cytoplasmic
proteins, lacking signal peptide, inside EVs. Some of these proteins were moonlighting, meaning
they have different functions depending on their location (Gil-Bona et al., 2015). Fungal vesicles
were also shown to interact with the host (Nimrichter et al., 2016). In this way, it is important to
underline the potential of these secreted proteins as biomarkers for the diagnosis of IC. With the
ultimate purpose of developing new biomarkers that help in a better and faster diagnosis which is
essential for a quicker implementation of appropriate therapeutics, here we propose:

- To perform the proteomic analysis of C. albicans hyphal secretome.

- To characterize of the serological response to the C. albicans hyphal secretome in patients with
IC, associated or not with catheter.

- To identify biomarker candidates for the diagnosis of invasive candidiasis.

Materials and Methods

1 Hyphal C albicans secretome extraction

1.1 Microorganism and growth conditions

C. albicans strain SC5314 was used in this study and maintained in YPD plates (20 g/L glucose, 10
g/L yeast extract, 20 g/L peptone and 20 g/L agar) at 302 C. To set up the best conditions for
secretome extraction, cells from a C. albicans colony were grown overnight in SD medium
supplemented with amino acids (20 g/L of glucose, 5 g/L of ammonium sulfate, 1.7 g/L of nitrogen
base, 1.92 g/L of amino acids mix without uracil, 0.1g/L of uracil) on a rotatory shaker at 180 rpm
and 30 2C. OD was measured and pre-inoculum was adjusted to 0.1 and incubated for 6 h. Cells
were recovered, washed in phosphate buffer saline (PBS) and counted in Neubauer chamber.
Then, 5x10° cells/ml were incubated during 18 h at 180 rpm and 379C in three different media,
for the selection of the best one:

-YNBS medium (5 g/L of ammonium sulfate, 1.7 g/L of nitrogen base, 20 g/L of sucrose, and
75mM 3-(N-morpholino) propanesulfonic acid (MOPS), pH 7.4) supplemented with 5 M of N-
acetylglucosamine (GlcNac) (Sorgo et al., 2010). This medium will be named as YNBS + GlcNac
medium.

-Salt medium (4.5 g/L NaCl, 0.85 g/L yeast nitrogen base, 2.5 g/L ammonium sulfate, pH 7.4)
supplemented with 2.5 mM GlcNac (Yin, 2008). This medium will be named as Salt + GlcNac

medium.
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-Lee medium pH 6.7 (MgS04 0.2 g/L; K,HPO, 2.5g/L; (NH,),SO, 5 g/L; NaCl 5 g/L; L-alanine 0.5 g/L;
L-leucine 1.3 g/L; L-lysine 1 g/L; L-methionine 0.1 g/L; L-ornithine 0.07 g/L; L-phenylalanine 0.5
g/L; L-proline 0.5 g/L; L-threonine 0.5 g/L; glucose (50%) 25 ml/L; biotin (0.01%) 10 ml/L) (Lee et

al., 1975). This medium will be named as Lee medium (pH 6.7).

1.2 Isolation of secreted proteins

After optimizing the best conditions ten secretome extractions, each one using 2.5 L of Lee
medium, were performed. For that, cells were grown as previously explained. After 18 h
incubation at 372C, at 100 rpm, to reduce cell breakage, cells were centrifuged at 5000 rpm for 40
min (no break used in the centrifugation) at 42C and the supernatant recovered. From this
moment forward all steps were performed on ice. Hypha morphology was confirmed by
microscopy and cell lysis by propidium iodide (Pl) staining. The supernatant was double filtered
(0.45 um low protein binding, Millipore) to eliminate cells that were not removed by
centrifugation. One tablet of proteases inhibitors dissolved in MiliQ water and 0.1 M
phenylmethanesulfonyl fluoride (PMSF) were added to the filtrate. One ml of the filtrate was
plated and when more than one colony grew on YPD plates the supernatant was discarded.
Supernatant containing the secreted proteins was concentrated approximately 100 times using
centrifugal filter devices (Centricon Plus-70 10 kDa pore, Millipore). The supernatant was frozen
until precipitation. Precipitation was performed by incubation of the sample with a fourth part of
trichloroacetic acid (100% w/v) during 1 h in ice. Then, it was centrifuged at 10 000 g for 30 min at
49C. Supernatant was discarded and ultrapure water was added to the pellet and vortexed. After
this, chilled washing buffer from the 2D Clean Up kit (GE Healthcare) was added with 5 pl of wash
additive, vortexed and left at -20 9C overnight. In the next day, the sample was centrifuged, and
the supernatant discarded. The pellet was dried, no longer than 5 minutes, and resuspended in
rehydration buffer (urea 7 M; thiourea 2 M; 2% 3-[(3-Cholamidopropyl) dimethylammonio]-1-
propanesulfonate hydrate (CHAPS)). A summary of the secretome extraction procedure is

represented in Figure C2.1
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Figure C2.1 Schematic overview of secretome extraction procedure. C .albicans cells were grown during
18 h, at 100 rpm and at 37 2C. The supernatant recovered, filtered and concentrated using centrifugal
filter devices. Proteins were precipitated by TCA and quantified.
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2 Protein analysis by SDS-PAGE

2.1 One-Dimensional Gel Electrophoresis

The protein pattern of the different secretomes extracted was compared by SDS-PAGE in a 10%
polyacrylamide gel. Gel was stained using the Coomassie blue method. Briefly, gel was fixed with
a fixing solution (50% methanol and 10% glacial acetic acid). Then, it was stained 1 h at room
temperature with agitation with a staining solution (0.1% Coomassie brilliant blue R-250, 50%
methanol, 10% glacial acetic acid) and destained with a destaining solution (40% methanol and
10% acetic glacial solution). Silver staining was used after Coomassie blue destaining. For that, a
kit was used (BioRad). Briefly, gel was incubated in oxidizer solution for 20 min. Then, washed
three times in MiliQ water (10 min each washing). After this, the gel was incubated in silver
reagent for 20 min and washed once with MiliQ water. The developer solution was used several

times until bands were developed. Different secretomes were pooled in two batches (S1 and S2).

2.2 Two-Dimensional Gel Electrophoresis (2-DE) and Immunoblot Analysis

2-DE was carried out adapting the protocol from previous works (Pitarch et al., 2006, Luo et al.,
2016). The amount of 100 pg of protein was actively rehydrated in 7 cm IPG strips (Immobiline
DryStrip, GE Healthcare) that covered a pH range of 3-11 (NL). Isoelectric focusing was performed
using IPGphor device (Amersham Biosciences) and the following program was used for analytical
gels: (i) 30V, 3.5 h, step and hold (ii) 60 V, 3.5 h, step and hold; (iii) 300 V, 3 h, gradient; (iv) 600 V,
4 h, gradient; (v) 1000 V, 4 h, gradient; (vi) 8000 V, 4 h, gradient; (vii) 8000 V, 6 h, step and hold
and (viii) 500 V, step and hold. 190 pg of protein were used for preparative gels. A similar
program was selected for the isoelectric focusing for the preparative gels. The only modification

was at step (vi) where the proteins were at 8000 V for 9.5 h, step and hold. IPG strips were
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reduced and alkylated. For that, strips were incubating first in balancing solution (Tris-HCI 50 mM,
pH 6.5; urea 6 M, glycerol 30%; SDS 2%) with DTT 20 mg/ml during 30 min in agitation and then
with iodoacetamide 25 mg/ml during 30 min with agitation. The second dimension was carried
out using a 10% polyacrylamide gel and in an electrophoresis unit (Bio Rad). The electrophoresis
was carried out at 50 V. For protein spot identification by MALDI-TOF MS the preparative gel was
stained with colloidal Coomassie blue (Dyballa & Metzger, 2009). Briefly, proteins were fixed to
the gel with a fixing solution (50% methanol, 2% phosphoric acid) during 30 min, then, the gel was
washed with distilled water twice during 10 min each, and the gel was equilibrated using an
equilibrating solution (33% methanol, 3% phosphoric acid, 17% ammonium sulfate) during 40
min. Then, a Coomassie brilliant blue G-250 6.6% solution in methanol was added to reach
0.066% of dye. After an overnight incubation, the dye excess was eliminated with successive
washes with distillate water.

For Western blotting, after electrophoresis, proteins were transferred to a nitrocellulose
membrane (GE Healthcare) at 100 V for 1 h. Blots were then stained with Sypro™ Ruby Protein
Blot Stain, following manufacturer instructions. Membranes were scanned using Typhon scanner
(GE Healthcare) for Sypro Ruby staining (488 nm, 610 BP30, PMT between 400 and 600,
sensitivity normal). After staining, membranes were blocked overnight in PBS with 5% of skin milk
at 4 °C with agitation. Membranes were incubated with the different human serum pools
(detailed below) at three dilutions 1:500, 1:250 and 1:100 (in TPBS - PBS with 0.1% Tween) for 2 h
at room temperature with gentle agitation. After 4 washing steps (20 min each) with TPBS,
membranes were incubated with IRDye 800 W conjugated goat (polyclonal) anti-human IgG
antibody (LI-COR Biosciences) at a dilution of 1:5000 during 1 h at room temperature with gentle
agitation. After 4 washing steps with TPBS (15 min each) Odyssey system was used to detect the

fluorescence signals.

2.3 Serum samples

Sera were obtained through a collaboration with Professor Uwe Grol3, Oliver Bader and Emilia
Gomez from the Institute for Medical Microbiology, University Medical Center Gottingen in
Germany. Serum samples were classified and pooled in three groups:

(i) Group 1-12 sera from patients with non-catheter associated IC

(i) Group 2-11 sera from patients with catheter associated IC

(iii) Group 3-11 patients without IC from similar hospital wards as the infected ones.

Although lacking the exact source where the patients acquired the infection, C. albicans isolation

site was known. In this way, if it was from blood, a sterile liquid or organ, the serum was pooled in

158



CHAPTER 2

the first group. In case it was isolated from catheter it was pooled in the second group. Regarding
the control group an effort was made to have patients from the same hospital ward as the other
two groups. The use of these sera in diagnostic research areas has ethical clearance and was
approved by the University Ethics Committee (Evaluierung serologischer Marker fir die
Diagnostik invasiver Mykosen“.UMG-17/9/08). Sera were stored at -80°C until use. Detailed

clinical information is shown in Table C2.1.

Table C2.1 Characteristics of the subjects included in this study.

Age Sex Hospital Ward C. albicans isolation site
44 female anaesthesiology swab intraperitoneal
76 male anaesthesiology swab abdominal zone
41 male anaesthesiology blood culture
68 female general surgery pleura
61 male general surgery swab thorax
Group 1 29 male general surgery blood culture
Non-catheter
associated IC 19 female neurology abdomen
63 male neurology blood culture
87 female oral and maxillofacial surgery tissue peritoneum
74 female oral and maxillofacial surgery blood culture
80 female thoracic and cardiovascular surgery blood culture
72 male thoracic and cardiovascular surgery swab pleura
Age Sex Hospital Ward C. albicansisolation site
73 female anaesthesiology venous catheter
57 male anaesthesiology central venous catheter
42 male anaesthesiology central venous catheter
33 male anaesthesiology central venous catheter
Group 2 71 male general surgery venous catheter
Catheter 27 male general surgery urine catheter
associated IC 76 female neurology venous catheter
46 female neurology central venous catheter
82 male neurology catheter
70 male neurology venous catheter
70 male neurology venous catheter tip
Age Sex Hospital Ward
78 male anaesthesiology
54 female neurology
42 female neurology
67 male neurology
Group 3 29 male neurology
Control 58 female trauma surgery
Patients 46 female trauma surgery
43 female trauma surgery
69 male trauma surgery
33 male trauma surgery
21 male trauma surgery

159



CHAPTER 2

3 ELISA for IgG antibody quantification against the hyphal C. albicans secretome

Indirect ELISA was performed as described previously (Pitarch et al., 2008, Huertas et al., 2017)
for measuring the serum IgG antibodies against hyphal C. albicans secretome. For the coating
step, 5 pg/ml of hyphal C. albicans secretome in 0.1 M carbonate/sodium bicarbonate pH 9.6
buffer was incubated overnight at 49C, and then washed three times with washing buffer (PBS
with 0.05% Tween - 20). Wells were then blocked with blocking buffer (PBS with BSA 1%) for 2 h
at 37 9C. After this step, wells were washed three times with washing buffer and incubated with
serial dilutions (from 1:250 until 1:1024000) of the different serum pools for 2 h at 37 2C. Sera
serial dilutions were performed in assay buffer (PBS with 0.05% Tween and 0.1% BSA). After this,
wells were thoroughly washed six times with washing buffer. Wells were then incubated with a
secondary horseradish peroxidase (HRP)-labelled anti-human IgG antibody (GE Healthcare) at a
dilution of 1:3000 in assay buffer at 37 2C for 1 h and rinsed again three times. Then, wells were
washed once with PBS and developed with o-phenylenediamine dihydrochloride tablets
(SIGMAFAST™ OPD, Sigma) at a final concentration of 0.4 mg/ml OPD, 0.4 mg/ml urea hydrogen
peroxide, and 0.05 M phosphate-citrate, pH 5.0. These tablets are substrates of the horseradish
peroxidase that was used to label the antihuman IgG antibodies. The reaction was stopped by the
addition of 50 pl of 3 N sulfuric acid and read on a microplate reader at 490 nm (Bio-Rad).
Background was defined in wells coated with C. albicans hyphal secretome to which the
secondary antibody was added but the primary antibody not. The IgG reactive titer was defined as
the inverse of the greatest dilution at which the optical density was twofold greater than the
background (Clancy et al., 2008). Antibody titers were log, transformed to approximate normal
distribution prior to data analysis. The differences in the mean log, IgG titers were assessed using
one-way ANOVA with Tukey’s multiple comparison correction and p-value < 0.05 was considered

significant.

4 Protein analysis by mass spectrometry (MS)

4.1 MALDI-TOF MS for protein spot identification

Protein spots of interest were manually excised from a preparative gel. Proteins selected for
analysis were in-gel reduced, alkylated and digested with trypsin as previously described (Sechi &
Chait, 2000). Briefly, samples were reduced with 10 mM dithioerytritol (DTE) in 25 mM
ammonium bicarbonate for 30 min at 56 2C and subsequently alkylated with 25 mM
iodoacetamide in 25 mM ammonium bicarbonate for 15 min in the dark. Finally, samples were
digested with 12.5 ng/ul sequencing grade trypsin (Roche) in 25 mM ammonium bicarbonate (pH

8.5) overnight at 37 2C. After digestion, the supernatant was collected and 1 pl was spotted onto
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a MALDI target plate and allowed to air-dry at room temperature. Then, 0.6 ul of a 3 mg/ml of a-
cyano-4-hydroxycinnamic acid matrix (Sigma) in 50% acetonitrile were added to the dried peptide
digest spots and allowed again to air-dry at room temperature. MALDI-TOF MS analyses were
performed in a 4800 Plus Proteomics Analyzer MALDI-TOF mass spectrometer (Applied
Biosystems) at the Proteomics Center from the Complutense University of Madrid. The MALDI-
TOF operated in positive reflector mode with an accelerating voltage of 20000 V. All mass spectra
were calibrated internally using peptides from the auto digestion of trypsin.

For protein identification Candida Genome Database (CGD) Assembly 22 (12421 sequences;
6015970 residues) was carried out using MASCOT 2.3 (www.matrixscience.com) through the
software Global Protein Server v 3.6 (ABSciex). Search parameters were carbamidomethyl
cysteine as fixed modification and oxidized methionine as variable modification; peptide mass
tolerance, 100 ppm (PMF) and 1 missed trypsin cleavage site. In all protein identification, the

probability scores were greater than the score fixed by Mascot as significant with a p-value < 0.05.

4.2 LC-MS/MS for secretome analysis

4.2.1 Protein digestion

Firstly, 20 pug of both secretome pools, S1 and S2, were in-gel digested. This digestion is
performed by doing a one dimensional SDS-PAGE with a larger stacking gel. Protein bands were
cut from the interface between stacking and resolving gel to carry out in gel trypsin digestion.
Briefly, protein bands with the proteins were reduced with DTT, alkylated with iodoacetamide and
digested with a 1/20 (w/w) ratio of recombinant trypsin (Roche) overnight at 372C, according to
Sechi and Chait (Sechi & Chait, 2000). Finally, samples were freeze-dried in Speed-vac and
resuspended in 2% ACN, 0.1% formic acid before the nano LC-MS/MS analysis. Samples were
stored at -20 2C until further analysis.

For the identification of the proteins from the upper left zone of the preparative 2-DE gel, four

bands were cut and in-gel digested with trypsin, as detailed above.

4.2.2 MS analysis

Peptides were analyzed by reversed-phase liquid chromatography-electrospray ionization tandem
mass spectrometry (RP-LC-ESI-MS/MS) in an EASY-nLC 1000 System coupled to the Q-Exactive HF
mass spectrometer through the nano-Easy spray source (Thermo Scientific). Peptides were loaded
first onto a Acclaim PepMap 100 Trapping column (Thermo Scientific, 20mm x 75 um ID, 3 um
C18 resin with 100 A pore size) using buffer A (mobile phase A: 2% acetonitrile and 0.1% formic

acid) and then were separated and eluted on a C18 resin analytical column NTCC (Nikkyo Technos
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Co., Ltd. de 150 mm x 75 um ID, 3 pum C18 resin with 100 A pore size) with an integrated spray tip.
A 150 min gradient of 5% to 35% buffer B (100% acetonitrile, 0.1% formic acid) in buffer A at a
constant flow rate of 250 nl/min was used. Data acquisition was performed with a Q-Exactive HF.
Data were acquired using an ion spray voltage 1.8 KV and ion transfer temperature of 250 2C. All
data were acquired using data-dependent acquisition (DDA) and in positive mode with Xcalibur
4.0 software. For MS2 scan, the top 15 most abundant precursors with charges of 2 to 4+ in MS 1
scans were selected for higher energy collisional dissociation (HCD) fragmentation with a dynamic
exclusion of 20 s. The MS1 scans were acquired at m/z range of 350-1600 Da with mass
resolution of 60,000 and automatic gain control (AGC) target of 3E6 at a maximum ion time
(ITmax) of 60 ms. The threshold to trigger MS2 scans was 2E3; the normalized collision energy
(NCE) was 27%,; the resolved fragments were scanned at mass resolution of 30,000 and AGC
target value of 1E5 in a ITmax of 100 ms. This analysis was performed in the Proteomic Facility

from the Complutense University of Madrid.

4.2.2 LC-MS/MS protein identification and database searches

Peptide identification from raw data was carried out using Mascot v.2.6.1 search engine through
the Protein Discoverer 2.2 software (Thermo Scientific). A database search was performed against
CGD Assembly 21 (6221 sequences). The following parameters were used for the searches: tryptic
cleavage after Arg and Lys, up to two missed cleavage sites allowed, and tolerances of 10 ppm for
precursor ions and 0.02 Da for MS/MS fragment ion. The searches were performed allowing
optional methionine oxidation and methionine loss plus acetyl protein N-terminal and fixed
carbamidomethylation of cysteine. Search against decoy database (integrated decoy approach)
was used to FDR calculate. The Mascot scores were adjusted by the Mascot percolator algorithm.
The acceptance criteria for protein identification were a FDR < 1% and at least one peptide
identified with high confidence (CI>95%). Moreover, only proteins present in both replicates (S1
and S2) and identified with at least two peptides were selected for further analysis. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD013933 and
10.6019/PXD013933.

4.2.3 Bioinformatic analysis of identified proteins
NSAF (normalized spectral abundance factor) was calculated for each protein (Zybailov et al.,
2006). CGD was the main database used for the functional classification. Signal peptide was

predicted using SignalP4.1 (http://www.cbs.dtu.dk/services/SignalP/). For the prediction the
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software bases on its prediction on a combination of several artificial neural networks. The
presence of signal peptide was confirmed in CGD database. Venn diagrams were performed using

the Venny 2.1 tool (http://bioinfogp.cnb.csic.es/tools/venny/). Glycosylation sites were predicted

using NetNGlyc 1.0 Server Prediction (examines the sequence context of Asn-Xaa-Ser/Thr) and

NetNGlyc 4.0 Server Prediction (produces predictions of the type GalNac O-glycosylation).

Results

1 Optimization of the conditions for C. a/bicans hyphal secretome extraction

To setup the best conditions for the isolation of C. albicans hyphal secretome, C. albicans was
grown during 18 h in distinct mediums: YNBS + GlcNac, Salt medium+ GlcNac and Lee medium
(pH 6.7). Two criteria were taken into account to choose the best medium: cell integrity
measured by propidium iodide and the protein recovered after protein precipitation.

Regarding cell integrity, representative figures of propidium iodide measurements are shown in
Figure C2.2. Propidium iodide is a fluorescent red probe that does no enter in live cells but when
the cell membrane loses its integrity, it enters the cell and binds to the DNA. Due to the difficulty
to calculate an accurate percentage of cell lysis, caused by the long filaments after 18 h of
C. albicans growth, several photos were taken and cells counted when possible. Percentages were
calculated based on that. After cell growth during 18 h in the different media, they presented
around 5% of cell lysis in YNBS + GlcNac, around 3% in Salt medium +GlcNac and around 7% in Lee

medium (pH 6.7).

YNBS + GlcNac medium Salt + GlcNac medium Lee medium (pH 6.7)

Phase
Contrast

Fluorescence
PI

Figure C2.2 Optimization of the best conditions for extraction of secreted proteins from hyphal
C. albicans. Morphology and cell lysis evaluation by Pl measurement (red fluorescence) in the three
different cell growth media used in this study: YNBS + GlcNac, Salt +GlcNac and Lee (pH 6.7).

Cell morphology was also evaluated. As demonstrated in Figure C2.2, in the three media hypha
morphology was observed. After cell integrity measurements, secreted proteins were obtained
from 500 ml of the different media, concentrated and quantified. In samples from the YNBS +

GlcNac, a sediment appeared after supernatant concentration using the centrifugal filter units.
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This did not allow protein recovery. Due to this problem this medium was excluded. Regarding the
protein amount obtained from cells grown in the other media (Lee medium pH 6.7 and Salt
medium + GlcNac) similar amounts of protein yield, 16.8 pg and 17.1 ug respectively, were
obtained and the protein patterns are depicted in Figure C2.3A. In order to analyse the secreted
proteins from these two media, proteins were digested with trypsin into peptides and analysed by
MS. Q-TRAP was the mass spectrometer used and only one sample of each media was performed
during this set up experiment. When analysing the proteins identified, a slightly higher number of
proteins from Lee medium (pH 6.7) (115 proteins) was identified when compared with Salt
medium + GlcNac (100 proteins). A total of 43 proteins were common to both media (Figure
C2.3B). Although in Lee medium (pH 6.7) there was a slightly higher percentage of cell lysis,
analysis in SignalP 4.1 showed a higher percentage of secreted proteins with signal peptide
(23.4%) than in Salt medium + GlcNac (2%) (Table C2.2). The identified proteins in each medium
are indicated in Table C2.2. Due to the higher number of proteins with signal peptide, Lee

medium (pH 6.7) was used for secretome extraction.

A B
«\“‘&“«\
Aot e
W e® o C
oW \e® Tt

«\“d‘om

Protein Unique SalthGIcNac ::dgs'l.-lnEJ)
Medium Yield (from Proteins medium
500ml) Identified
Lee 16.8 ug 72 57
(pH6.7)
Salt + 17.1pg 57
GlcNac

Figure C2.3 Analysis of secreted proteins after concentration and precipitation in Salt +GlcNac and Lee
(pH 6.7) media. (A) Protein Pattern of the proteins extracted from Salt +GlcNac and Lee (pH 6.7) media.
PM means protein marker. (B) Comparison of the protein yield and proteins identified in Salt + GlcNac
and Lee (pH 6.7) medium and respective Venn diagram showing unique and shared proteins among
both media. Gel was firstly stained with Coomassie blue then destained and Silver stained.

Table C2.2 Preliminary analysis of the secreted proteins identified after cell growth in Lee medium (pH 6.7)
and Salt + GlcNac medium.
Lee Medium (pH 6.7) Salt + GlcNac Medium
23.4% of Proteins with signal peptide 2% of proteins with signal peptide
Aatl, Acbl, Ado1,Als3, Ams1, Ape2, Argl, Ascl, Acb1, Acol, Adel2, Adh1, Ahp1l, Ald5, Anb1, Ape2,
Bgl2, Bmh1, Catl, Cdc19, Cip1, Citl, Cofl, Coil, Aro3, Aro4, Asnl, Asr2, Asr3, Atp2, Bat22, Catl,
Crd2, Crh11, Csa2, Csh1, Cycl, Cypl, Cyp5, Dag7, | Cdcl9, Cef3, Cipl, Cmd1, Cofl, Csh1, Cycl, Cypl,
Ecel, Ecm33, Enol, Erg20, Fbal, Fum11, Gev3, Dak2, Eft2, Egd1, Egd2, Enol, Ergl0, Fbal, Fum12,
Geyl, GIrl, GIx3, Gnd1, Gpm1, Gre3, Grp2, Hbr2, | Gev3, Gdh3, Glk1, GIrl, GIx3, Gnd1, Gpm1, Grp2,
Hex1, Hom2, Hptl, Hsp70, Hxk2, Hyrd, Idi1, Inol, | Hem13, His1, Hom2, Hpt1, Hsp60, Hsp70, Hxk2,
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lppl, Kar2, Lpd1, Mal2, Mbf1, Mcrl, Met6, Idp1, llv5, Imh3, Ippl, Kar2, Krs1, Mdg1, Mdh1-1,
Mmd1, Mp65, Ntf2, Orf19.1239, Orf19.1738.1, Met6, Nhp6a, Orf19.2244, 0rf19.3475, Orf19.4216,
0Orf19.1862, Orf19.2269, 0rf19.2769, 0rf19.4609, Orf19.6147, Orf19.7215.3, Orf19.7263,
0rf19.3053, Orf19.3226, Orf19.3475, Osm1, Pdcl11, Pdil, Pgi1, Pgkl, Pmal, Pmil, Pmm1,
0rf19.3499, 0rf19.4609, Orf19.5078, Pst3, Rpl10a, Rpl12, Rpl82, Rpp2a, Rpp2b, Rps19a,
Orf19.6701, Orf19.715, Orf19.7214 Sah1, Serl, Sod1, Ssa2, Sscl, Stil, Tall, Tdh3, Thr4,
0rf19.7322, Orf19.7578, Osm1, Pbrl, Pdc11, Tif3, Tkl1, Tmal9, Tpil, Tom2, Trrl

Pfy1, Pga4, Pga45, Pgil, Pgkl, Pgm2, Phrl Tsalb, Wh11, Xyl2, Ynk1, Yst1, Zwf1l

Pmm1, Pral, Rbp1, Rbt4, Rdil, Rpl10a, Sah1,
Sam?2, Sap5, Sim1, Smt3, Snz1, Sod3, Sod5
Sol3, Ssa2, Sun4l, Tall, Tdh3, Tfs1, Tkl1, Tmal9,
Tosd, Tpil, Tom2, Trrl, Ttrl, Ubi3, Xogd, Ynk1,
Yrbl, Zwfl
Highlighted in yellow are proteins that presented signal peptide in both SignalP 4.1 and in Candida Genome
Database (CGD).

2 Gel free LC-MS/MS analysis of the C. albicans hyphal secretome in Lee medium

After medium selection, the protocol was further optimized by reducing shaking conditions of cell
growth and removing the centrifugation break in order to obtain minimal cell lysis.

Ten fluorescence images were taken before each secretome secretion to have an idea of the cell
lysis percentage, which was lower than previously. Some representative fluorescence images are
depicted in Figure C2.4A. Nevertheless, it is important to emphasize that the major objective of
this work was not to do a thorough analysis of the C. albicans hyphal secretome but to have an
enriched fraction of secreted proteins and study their immunogenicity. A Coomassie blue-stained
gel with all secretome samples is presented in Figure C2.4B. Secretome protein patterns were
very similar among the different replicates. The upper smear indicates the presence of

glycosylated proteins. Secretomes were batched in two distinct samples (S1 and S2) and used for
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the different analysis.
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Phase
Contrast

Fluorescence
Pl

Figure C2.4 Secretome in Lee (pH 6.7) medium. (A) Representative fluorescence images from cell lysis
measured using Pl in secretome extraction performed in this study. (B) Coommassie blue stained gel
with the different secretomes extracted. An ammount of 10ug of protein from each extraction was
loaded in a 10% acrylamide/bis acrylamide gel. Lane 1 was loaded with the protein marker and Lane 2 to
Lane 11 were loaded with the different secretomes extracted from 18 h culture of C. albicans in Lee
medium (pH 6.7).
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Secreted proteins from S1 and S2 were in-gel digested and further analysed by LC-MS/MS. With
this analysis, 301 proteins were identified in both replicates and with at least 2 peptides
(Supplementary Table C2.1). NSAF was used to rank proteins regarding their relative abundance
within a particular run being its values between 0 and 1. The closer to 1 indicates the higher
protein levels. Figure C2.5A represents the NSAF correlation between the proteins identified in

both replicates and Figure C2.5B the protein ranking of the 50 more abundant proteins.

A 01 +
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y =0.9491x+ 0.0002
0.02 R2=0.9391
0 T T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
51
B
Systematic Standard Assembly 19/21 Signal Systematic Standard  Assembly 19/21 Signal
Rank vsl‘:ame Name Iden:i{ﬁer NSAF peﬁtide Rank vivltame Name Idegﬁer NSAF peitide
1 C1_08500C_A Enol orf19.395 - 26 C5_00370W_A Cofl orfl19.953.1 0.009
2 C6_00750C_A Pgkl orf19.3651 0.045 27 (C1_01350C_A Tif orf19.3324 0.009
3  C6_03030W_A Sap5 orf19.5585 0.035 X 28 C4_07180W_A Ubi3 orf19.3087 0.009
4 C7_02380C_A Cypl orfl9.6472 0.034 29 (4_06570C_A Pdcll orf19.2877 0.009
5 C4_01750C_A Fbal orf19.4618 0.031 30 (5_04270C_A Sah1 orf19.3911 0.009
6 C2_10030C_A Mp65 orfl9.1779 0.026 X 31 (5_02860C_A Grp2 orf19.4309 0.009
7 C1_13860C_A Gndl orfl9.5024 0.022 32  (6_02240C_A Rpl10a orf19.3465 0.009
8 (C3_07440W_A Tpil orfl9.6745 0.019 33 (C1_02430W_A Pmm1 orf19.2937 0.008
S (C3_06870W_A Tdh3 orfl9.6814 0.019 34 (2_08810C_ A Ippl orf19.3590 0.008
10 C3_06180C_A Tsal orf19.7417 0.019 35 (C1_04300C_A Ssaz orf19.1065 0.008
11 C4_03470C_A Ecel orfl9.3374 0.016 36 (C1_02550C_ A Snzl orf19.2947 0.007
12 C4_06580W_A Pral orfl9.3111 0.014 X 37 (C7_02570C_A Rbpl orf19.6452 0.007
13 CR_03720W_A Tall orf19.4371 0.014 38 (C1_13480W_A Hsp70 orf19.4980 0.007
14 C2_05460W_A Cdc19 orfl9.3575 0.013 39 (CZ2_10110W_A Cycl orf19.1770 0.007
15 CR_10350C_A Trxl orfl9.7611 0.013 40 C7_00750W_A Acbl orf19.7043.1 |0.007
16 C1_07S00W_A Coil orfl9.5063 0.013 X 41 (C1_03510C_A orfl9.3053 orf19.3053 0.007
17 C1_08030W_A Pfyl orfl9.5076 0.012 42 (C4_02410C_A Ahpl orf19.2762 0.007
18 (C3_06360C_A Cyp5 orf19.7421 0.012 X 43  (C3_05000W_A Rdil orf19.5968 0.006
19 CR_056340C_A Pgil orfl9.3838 0.011 44 (CR_10100C_A Inol orf19.7585 0.006
20 C1 03220C A Bmhl orfl9.3014 0.011 45 (C1_13540W_A Sim1 orf19.5032 0.006
21 C2_03270W_A Gpm1 orf19.903 0.011 46 (C1_02550C_A Xogl orf19.2990 0.006
22 CR_01620C_A Met6 orfl9.2551 0.010 47 C7_01250W_A Ascl orf19.6906 0.006
23  CR_0D4510W_A Hxk2 orf19.542 0.010 48 (C1_03150C_A Ecm33 orf19.3010.1 [0.005 X
24 (5 _02850W_A Ykl orfl9.4311 0.010 49 (C2_03100W_A Eft2 orf19.5788 0.005
25 (C7_00110W_A Sod3 orfl9.7111.1 0.010 50 (3_05130C_ A Thi4 orf19.5986 0.005

Figure C2.5 Proteins identified in both samples (S1 and S2) with at least two peptides in the gel-free LC-
MS/MS analysis. (A) Correlation of NSAFs from the proteins from both samples. (B) Protein ranking of
the 50 most abundant proteins according to the NSAFs average of the two samples.
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GO analysis of the identified proteins was also performed. The most significant biological process
represented were carbohydrate metabolic process that includes both proteins involved in the
glycolytic process such as Tdh3, Enol and Fbal and proteins involved in cell wall polymers
metabolism such as Cht3, Bgl2 and Kre9. Some of the other important processes in which the
identified proteins were enriched are depicted in Figure C2.6A, such as:

- interaction with the host (Acol, Als1, Catl, Cdc19, Ecel, Enol, Fbal, Gpm1, Hsp70, Kex1, Met6,
Mp65, Pgkl, Pral, Sap4, Ssa2, Ssb1, Tdh3, Tpil, Tsal, Tupl and Yhb1);

- cellular response to oxidative stress (Ahp1l, Catl, Cipl, Crm1, Geyl, Gndl, Grx3, Mcrl, Mxrl,
0Orf19.2262, Orf19.3319, Orf19.4150, Orf19.518, Orf19.6816, Orf19.86, Pet9, Prx1, Pst2, Pst3,
Sod1, Sod2, Sod3, Svfl, Tmal9, Trrl, Trx1, Tsal, Ttrl, Yhbl and Ynk1);

- pathogenesis (Als1, Ascl, Bgl2, Bmh1, Catl, Ecel, Ecm33, Hetl, Hex1, Hsp90, Kex1, Leu2, Mbf1,
Mnn2, Mnt1, Mp65, Msi3, Phr2, Pst2, Pst3, Rbel, Rhd3, Sap4, Sap5, SIk19, Sod1, Tupl, Ttrl, Utr2,
Vps21 and Yhb1l).

Regarding their location in the cell, GO analysis showed an enrichment in proteins from the

extracellular part of the cell (Figure C2.6B).
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There were also proteins annotated in intracellular region or in both locations. Thus, a
comparison between the proteins that were annotated in the extracellular and intracellular part
of the cell was performed. As shown in the Venn diagram in Figure C2.6C and in Table C2.3, 37
proteins were annotated as present only in the extracellular region, 93 proteins were annotated

in both localizations, and 107 proteins were annotated only in the inside of the cell.

Table C2.3 List of the identified proteins in both samples (S1 and S2) with at least two peptides classified
regarding their localization: present in the extracellular regions (extracellular region, cell surface, cell wall and
cell periphery), in the intracellular region, or present in both locations.

Proteins in: No of Protein Names
Proteins

Extracellular Ades, Als1, Bgl2, Chtl, Cht3, Cip1, Coil, Ecel, Ecm33, Geyl, Grp2, Hexd, Kre9,

Srjrgf'aocl' ccil||| ,;  Mal2, Mdgl, Metl5, Mp65, Nit3, Ofr1, Orf19.1394, Orf19.3053, Orf19.6809,
wall &lcell 0rf19.6867, Orf19.7322, Pgal2, Pga4, Pral, Pst2, Rbel, Rbp1, Rhd3, Sahl,
oeriphery Sap10, Sap8, Slk19, Sol3, XyI2

Adel7, Ahal, Amsl, Anb1, Arf2, Argl, Arg3, Arg4, Aro2, Ascl, Bfrl, Bud7, Citl,
Cmd1, Cpr6, Crm1, Cycl, Dtd2, Ecm4, Egd1, Eifde, Ergl0, Erg20, Etrl, Fbpl,
Fum11, Gev3, Grsl, Grx3, Het1, Hisl, Hom2, Hta3, Hxk2, Idh1, Kex1, Krs1,
Latl, Lscl, Lys21, Mcal, Mcr1, Mdhl, Mmd1, Mrfl, Mxr1, Npt1, Ntf2,
Orf19.1355, Orf19.1448.1, Orf19.1738.1, Orf19.1815, Orf19.2930,
0rf19.3319, Orf19.3681, Orf19.3932, Orf19.4150, Orf19.4382, Orf19.4898,

Intracellular 107

0Orf19.518, Orf19.5322, Orf19.5943.1, Orf19.5961, Orf19.6559, Orf19.6596,
0Orf19.6701, Orf19.6872, Orf19.7152, Orf19.7196, Orf19.7214, 0rf19.7297,
0rf19.7330, Orf19.7368, Orf19.7404, Orf19.7531, Orf19.7578, Orf19.86,
0Orf19.904, Pol30, Rdi1, Rnr21, Rpl10a, Rpl12, Rpl30, RppO, Rps12, Rps19a,
Rps21b, Rps22a, Sbpl, Secl4, Skp1, Snol, Snzl, Sod2, Sod3, Sub2, Suil, Tfs1,
Thi4, Tif1, Tubl, Tub2, Tupl, Ubal, Yhb1, Ykt6
Aat21, Abp1l, Acb1, Acol, Ahpl, Ape3, Atpl, Atp2, Bmh1, Cam1, Catl, Cdc19,
Cdc3, Cofl, Cyp1, Cyp5, Eft2, Egd2, Emp24, Engl, Enol, Fbal, Fdh1, Gdh3,
Gnd1, Gpd2, Gph1l, Gpm1, Gsp1, Hem13, Hsp12, Hsp70, Hsp90, Inol, Ipp1,
Kell, Leu2, Lpd1, Lsp1, Mdh1-1, Met6, Mirl, Mlcl, Mnt1, Orf19.1085,
Shared 93 0Orf19.1862, Orf19.1946, Orf19.3915, Orf19.4395, Orf19.4597, Orf19.5342,
Pdcll, Pet9, Pfy1, Pgil, Pgkl, Phr2, Pin3, Pmm1, Porl, Prx1, Pst3, Rho1l, Rib3,
Rpl14, Rpl6, Rps20, Sam2, Sap4, Sap5, Sec4, Sim1, Smt3, Sod1, Spe3, Ssa2,
Ssb1, Tall, Tdh3, Tmal9, Tpil, Tom2, Trrl, Trx1, Tsal, Ttrl, Ubi3, Ugp1, Utr2,
Vps21, Xogl, Ynk1, Yptl
CGD and its GO tool were used for this analysis. In bold proteins that were previously described as
immunogenic (Torosantucci et al., 1993, Gil-Navarro et al., 1997, Martinez et al., 1998, Pardo et al., 2000,
Pitarch et al., 1999, 2004, 2006, 2008, 2011, 2014, 2016, Mochon et al., 2010, Luo et al., 2016, (Giraldo,
2013). Highlighted in yellow are the proteins with signal peptide.

As expected, in the group of proteins classified as present in the extracellular region, 43% of the
proteins presented signal peptide while in the group of proteins annotated as present in both
locations 11% of the proteins present signal peptide. Unsurprisingly, only 4 proteins annotated as
intracellular presented prediction of signal peptide and all of them corresponded to

uncharacterized ORFs. Moreover, both proteins classified as present in the extracellular region
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and in both location presented higher percentage of immunogenic proteins (27% and 31%,

respectively) comparing to the ones located intracellularly (6.5%).

3 Antibody responses against C. albicans hyphal secretome in sera from patients with and without
IC

Making an attempt to characterize the different anti-Candida hyphal secretome IgG antibody
patterns, three different pools of sera from patients were compared. Twelve sera from patients
with non-catheter associated IC (Group 1) were pooled whereas 11 sera from patients with
catheter associated IC were pooled in another group. A third group of 11 sera from control
patients, without IC, was also used. Clinical details of the patients or shown in Table C2.1 (in
Materials and Methods section). Serum IgG antibody levels against hyphal C. albicans secretome
(both S1 and S2) were measured by indirect ELISA. As expected, both groups of patients with IC
(associated and non-associated with catheters) presented higher IgG antibody levels against the
C. albicans hyphal secretome than the group of control patients (Figure C2.7A). Interestingly, the
group of sera from patients with catheter associated IC showed higher levels of serum IgG
antibody, but not statistically significant, against hyphal C. albicans secreted proteins than the
group of sera from patients with non-catheter associated IC. IgG titers were measured for the
three groups (Figure C2.7B). The mean log, 1gG titers were significantly higher in both groups with

IC (14.5 for group 1 and 16.5 for group 2) than in group control (11.5) against C. albicans hyphal

secretome.
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Figure C2.7 ELISA measurements of IgG antibodies against

C. albicans hyphal secretome. Serum pools from the three
x groups of patients were used: Group 1: patients with IC non-
associated with catheter. Group 2: Patients with IC
associated with catheter. Group 3: patients control. This was
performed against both samples of secretome S1 and S2. (A)
IgG levels against S1 and S2 from the different pools at
different dilutions. (B) Total serum titers of IgG antibodies
against C. albicans hyphal secretome in groups 1, 2 and 3 of
Group 1 Group 2 Group 3 patients. * p-value < 0.05.
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This prompted us to further analyze the serological response from different patient groups, using
immunoproteomics. After separating the secreted proteins by 2-DE gels, they were blotted into a
nitrocellulose membrane and stained using Sypro staining. After confirming protein blotting,
membranes were incubated with the three different serum pools in 3 sequential dilutions (1:500,
1:250 and 1:100). Representative immunoblots with the different sera groups are shown in Figure

C2.8 (A, Band C).

A Sypro Stained Membranes Immunoblots (sera dilution 1:100)

Group 1 - Patients with non-
catheter associated IC

Group 2 - Patients with
catheter associated IC

GIx3 % dilution 1:500
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Figure C2.8 Comparison of serum IgG antibody reactivity profiles by 2-DE followed by Western blotting.
Sypro stained membranes and immunoblots at a dilution of 1:100 are represented with (A) Group 1:
patients with non-catheter associated IC (B) Group 2: patients with catheter associated IC and (C)
Group 3: control patients. In (B) it is also depicted a part of the membrane with a lower dilution of sera
(1:500) where defined spots of reactivity instead of the smear are possible to observe (the smear
appears due to high reactivity in the upper left zone). In the left side representative Sypro-stained
membranes are depicted and in the right side membranes after incubation with the sera. Lines in red
position the immunoreactive proteins identified by MALDI-TOF.
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In this figure it is possible to observe (i) Sypro stained membranes of the proteins, showing a
similar protein pattern in all the membranes and on the right side (ii) immunoblots after
incubation with different serum groups, showing the different patterns of immunoreactivity. The
overall comparison of the immunoblots showed a higher pattern of immunoreactivity of the
C. albicans hyphal secreted proteins to both groups of patients with IC when compared to the
group of control patients. This finding was expectable due to the significantly higher titers
obtained in the ELISA measurements.

To further analyze the protein spots that were immunoreactive, C. albicans hyphal secretome was
separated in a 2-DE preparative gel, i.e. with more protein load, and the spots were identified by
MALDI-TOF-MS. A total of seven immunoreactive C. albicans proteins involved in interaction with

the host and metabolism were identified on 2-DE gel (Figure C2.9).

i
47.2 kDa N -
Pral | -y
33.7 kDa Enol Pkl \J
‘ ‘ Sap 5
25.8 kDa Bglz s

\ Glx3

e e———

Figure C2.9 Coomassie blue stained 2-DE preparative gel. Preparative gel used for MALDI-TOF-MS
identification. The seven immunoreactive proteins are represented here. The upper-left zone that was
cut for protein identification is inside the rectangle depicted here.

Unfortunately, several spots presented high levels of immunoreactivity but were not possible to
be identified due to their low amount of protein. This is clearly depicted in Figure C2.8B, where
C. albicans hyphal proteins were exposed to serum pool from Group 2 and several spots were
highly immunoreactive, but no proteins were detectable in the preparative gel. Regarding the
identification by MALDI-TOF-MS, Table C2.4 shows the identified proteins and their respective
antigenicity patterns, and they are also represented in Figure C2.9. The identified proteins can be

divided in cell wall proteins (Bgl2), metabolic enzymes localized in the cell surface (Enol, GIx3,
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Pgkl and Tdh3) and proteins involved in the interaction with the host (Pral and Sap5). As it is
possible to observe, GIx3 together with Bgl2 presented high levels of immunoreactivity against
C. albicans hyphal secretome in both group of patients with IC but not in group control. Eno1,
Pgkl, Pral were proteins that presented high levels of immunoreactivity in both group of patients
with IC and lower levels of reactivity group control. Sap5 presented similar levels of
immunoreactivity in Group 1 and 3 of patients and higher in Group 2. Interestingly, some of the
proteins, Pral and Sap5 were identified in different spots, indicating possible different species of
the same protein. Additionally, Pral was the identified protein that presented the highest
immunoreactivity, especially in Group 2. Interestingly, in this study Tdh3 was immunoreactive in

Group 2 but not in Group 1 and 3.
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Table C2.4 Recognition patterns of hyphal C a/bicans secreted proteins by sera from patients: with non - catheter associated IC (Group 1); with catheter associated IC (Group 2)
and control patients (Group 3).

Immunoreactive proteins® 1gG antibody reactivity levels® LC-MS/MS MALDI-TOF-MS
No. of
i 0,
Standard Systematic . Group Group  Group No. of Ranklr.1g matched/ Mascot % of
Description . according  NSAF sequence
name name 1 2 3 peptides unmatched score
to NSAF . coverage
peptides
Bgl2 C4_02250C_A Cell wall 1,3-beta- -t . - 8 55 0.0045 10/58 213 20
glucosyltransferase
Enol C1_08500C_A Enolase ++++ +++ + 30 1 0.0786 9/61 157 32
Glx3 3 02610 A Clutathione-independent . - - NI NI NI 12/56 276 61
glyoxalase
Pgkl C6_00750C_A Phosphoglycerate kinase +++ ++ + 38 2 0.0446 21/47 460 48
11/57 240 29
9/59 218 16
Pra1’ C4_06980W_A pH Regulated Antigen ND FRRIAFNTR +++ 10 12 0.0141 17(;/6518 27259 280
7/60 115 11
5/63 96 7
14/54 272 39
d . 28/43 815 60
Sap5 C6_03030W_A Secreted aspartyl proteinase ++ +++ ++ 26 3 0.0354 39/38 1220 67
6/62 60 18
Tdh3  C3 oes7ow A VAD-linked glyceraldehyde-3- - 4 ; 27 9 0.0186 16/53 140 51
phosphate

®Standard name, systematic name and description of the protein according to CGD.

® Levels of reactivity were given to the spots. From less to more reactivity: +; ++; +++;+++++. When no reactivity was observed: - and ND in case it was not
possible to determine.

“ This proteins has a higher level of immunogenicity thatn the represented by the symbol +++++.

Proteins that were identified in different spots of the preparative gel. NI means that this protein was identified by LC-MS/MS but did not pass the statistical
filters
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As shown in Figure C2.8, the upper-left corner of the membranes presented high levels of
immunoreactivity mainly when C. albicans hypha secretome was incubated with sera from both
groups of patients with IC. This is mainly attributed to heavy glycosylated proteins (Chaffin, 2008,
Luo et al., 2016). In an endeavor to identify the mixture of the proteins that was in this corner of
the gel (Figure C2.9), proteins from this zone of the gel were digested and identified by LC-
MS/MS. The list of identified proteins and respective MS data is shown in Supplementary Table
C2.2. The more abundant proteins (NSAF higher than 0.01) identified in the upper-left corner are
shown in Table C2.5. The majority of these proteins are described to be in the cell wall (Tos1,
Ecm33, Sim1, Sun41, Cht3 and Mp65) and in the cell surface or extracellular medium (Rbt4 and
Pral). According to two tools used to predict glycosylation sites, all of the proteins present in the
table had at least one predicted glycosylation site. Ecm33, Pral, Scwl, Sim1 and Sun41 were
predicted by both servers to have glycosylation sites. With exception of Cht3 and Scw11 that have
high molecular weight (60 kDa and 54.4 kDa, respectively) all of the other proteins presented
molecular weights that are lower than the zone in-gel digested for protein identification. This also

indicates that these proteins might be glycosylated.

Table C2.5 Proteins identified by LC-MS/MS from the left upper corner of the 2-DE gel of C a/bicans hyphal
secretome.

NetNGlyc 1.0 NetNGlyc

Systematic Standard Nr

Name Name Description Server 4.0 Server NSAF Peptides MW
Prediction  Prediction
C1_07030C_A Rbt4 Pry family protein no yes 0.19 11 37.4
C2 10030C_ A  Mp65 Cell surface no yes 0.5 13 39.3
mannoprotein
C6_00820W A  Sun4l cell wall ves yes  0.12 11 43.7
glycosidase
Protein similar to
C3_01550C_A Tosl alpha agglutinin no yes 0.10 15 49.4
anchor subunit
C1 03190C A Ecm3z CPianchored cell yes yes 0.3 6 435
wall protein
CR_10110W_A Cht3 Major chitinase no yes 0.03 7 60
Cell surface

protein that

C4_06980W_A Pral . yes yes 0.02 7 33.1
sequesters zinc
from host tissue
Glutathione-
C3_02610C_A GIx3 independent yes no 0.02 12 25.8
glyoxalase
C1_13940W_A  Sim1l Adnesin-like yes yes 001 9 39.4
protein
C5_04110W_A  Scwill Cell wall protein yes yes 0.01 10 54.4

Here are presented only the more abundant proteins (NSAF higher than 0.01).
Proteins in bold were previously described as immunogenic (Torosantucci et al., 1993, Pitarch et al., 2004,
2008, 2011, 2014,2016, Mochon et al., 2010 and Luo et al., 2016, (Giraldo, 2013)).
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Discussion

Invasive candidiasis (IC) is a common fungal infection in ICU patients that have their immune
defences reduced due to underlying diseases (Quindos, 2014). This pathogen is known to be a
polymorphic microorganism that depending on the surrounding conditions can grow in the form
of yeast, pseudohyphae and hypha (Gow & Hube, 2012), being the hyphal form more correlated
with the state of epithelial and endothelial cell invasion (Gow & Hube, 2012). Previous works
shown that this pathogen can secrete different proteins which have important roles such as
degrading host proteins, lipids and glycogen or to acquire zinc or other ions and to provide
protection against microbial peptides (Klis & Brul, 2015, Gil-Bona et al., 2018). Proteins can be
secreted by the classical secretory pathway or by alternative routes of exportation, such as
extracellular vesicles. A recent work showed that biofilms with C. albicans defective mutants in
the endosomal sorting complexes produced less EVs and these biofilms presented more
sensitivity to antifungal drugs, which helped to understand the role in EVs in cell-cell signalling
(Zarnowski et al., 2018).

Taking into account the important role of secreted proteins and their role during interaction with
the host, we decided to characterize the serological response to C. albicans hyphal secretome in
patients with IC, associated and non-associated with catheters. To approach this, Lee medium
was selected for C. albicans cell growth mainly due to identification of more proteins with signal
peptide than in other media. This medium was previously used to induce hyphal morphology in

C. albicans (Lee et al., 1975, Nantel et al., 2002, Pitarch et al., 2002).

1 C albicans hyphal secretome analysis revealed proteins involved in interaction with host and
antigenic proteins

Using MS-based proteomics, we decided to analyse C. albicans hyphal secreted proteins. This
strategy rendered the identification of 301 proteins. The NSAF, which ranks protein spectral
abundance inside each sample, was calculated for each protein of both S1 and S2 and showed
that the secretome samples were very similar to each other in terms of protein relative
abundance (see Figure C2.5 in results section). GO enrichment analysis showed that the identified
extracellular proteins were implicated in different processes involved in interaction with the host,
such as pathogenesis, cellular response to oxidative stress, induction by symbiont of host defence
response and adhesion to the host. In fact, in this secretome proteins from Sap family (Sap5,
Sap4, Sapl10 and Sap8) which is a well-known protein family known to be implicated in
degradation of human proteins were detected (Naglik et al., 2003). Different proteins from the

cell wall were also identified in this secretome, such as some GPl-anchored cell wall proteins
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(Ecm33, Pga4, Rhd3, Utr2) and some non-covalent cell wall proteins (Kre9, Bgl2, Engl, Mp65,
Cht1, Cht2). The presence of cell wall proteins in secretome was previously noticed in other works
(Sorgo et al., 2010, Luo et al., 2016) and it is congruent with the fact that some of them may be
detached from the cell wall during cell growth. Another proteins were identified such as Als1 and
Xogl which are involved in cell adherence and biofilm formation (Chaffin, 2008). Our group was
previously interested in the protein cell-wall protein Ecm33. This protein was suggested to be
required for cell wall integrity, morphogenesis and virulence in C. albicans (Martinez-Lopez et al.,
2004). Our group described that ecm33/ecm33 mutant was found to be unable to regenerate the
cell wall from protoplasts and to activate cell wall integrity pathway. The mutant was also found
to be hypersensitive to temperature, osmotic and oxidative stress (Gil-Bona et al., 2016).

Only 12% of the identified proteins had signal peptide. However, as it is shown in Table C2.3 (in
results section) several proteins were described as located both intra- and extracellular regions
suggesting that a great number of proteins were secreted by non-canonical mechanisms. As
previously proposed by our group, these proteins can be secreted inside EVs (Nombela et al,,
2006, Gil-Bona et al., 2015). In fact, when comparing the proteins identified in this study with the
proteins identified in both EVs and EVs free secretome from C. albicans (Gil-Bona et al., 2015), we
observe that 16 proteins were common to all conditions (Bgl2, Chtl, Cht3, Coil, Cyp5, Ecm33,
Engl, Mp65, orf19.4952.1, Pga4, Phr2, Rbel, Rhd3, Sim1, Utr2, Xogl). Only 4 proteins were
common between our secretome and the EVs free secretome described (Ascl, Hex1, Sap10,
Sap8). Interestingly, other 16 proteins were common only between EVs secretome and our
secretome (Cypl, Eft2, Enol, Gpm1, Hsp70, Met6, Mntl1, Pdc11, Pgkl, Porl, Rhol, Sah1, Ssa2,
Tall, Tdh3, Ykt6). Some of these proteins are moonlighting, such as Tdh3, which is a well-known
housekeeping enzyme, named glyceraldehyde-3 phosphate dehydrogenase that is important in
glycolysis. This protein was also found to be present in the cell surface of C. albicans and was
found to be immunogenic (Gil-Navarro et al., 1997). Furthermore, it was also shown in different
works that serum proteins bind to the C. albicans cell surface through several moonlighting
proteins, such as enolase (Enol) and the elongation factor 2 (Eft2) (reviewed in (Karkowska-
Kuleta & Kozik, 2014)).

It is possible that the proteins typically classified as intracellular were present in the supernatant
due to some cell lysis that could occur during cell incubation and growth. Nevertheless, this does
not constitute an important problem in this work once the main objective of this work was to
identify immunoreactive proteins in samples enriched in secreted proteins.

To our knowledge, there are three studies on hyphal C. albicans secretome (Sorgo et al., 2010,

Heilmann et al., 2013, Luo et al., 2016) and a recent review from our group compiles the proteins
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identified in these and in others studies on whole secretome from yeast forms as well as EVs free
secretome (Gil-Bona et al., 2018). Comparing the 301 proteins identified in this study with the
previous ones, we observed that 192 proteins were already described in at least one of the
studies and 111 were newly identified as present in the supernatant of C. albicans hyphal cells
(Figure C2.10A and Supplementary Table C2.3). A recent study compared the proteomic
composition of planktonic and biofilm EVs from C. albicans, where the planktonic cells were in the
hyphal form (Zarnowski et al., 2018). As the present study was performed with whole secretome,
it comprises secreted proteins by the classical secretory pathway and by non-conventional
pathways. We compared the proteins from this study that were not found in the previous studies
of hyphal secretome, and out of the 111, 48 proteins were common to Zarnwoski study and 63

were only present in our study (Figure C2.10B).

A B
Secreted proteins described Secreted proteins Secreted proteins Secreted proteins described
in Sorgo 2010, Heilmann described here described here in Zarnowski 2018

2013, Luo 2016

63 48
282 192 | 111 Bl

Figure C2.10 Venn Diagrams comparing secreted proteins described here and in other studies. In (A) a
comparison between proteins identified in hyphal secretomes here and in previously studies (Sorgo et
al., 2010, Heilmann et al., 2013 and Luo et al., 2016). In (B) a comparison between proteins identified
here and not in the previous studies (111 proteins) with proteins in EVs from hyphal cells (Zarnowski et
al., 2018).

It is noteworthy that 4 out of these 63 secreted proteins were already identified in gel-based
proteomics (Dutl, orf19.6596, orf.7196, and Pbrl) by Luo and co-workers (Luo et al., 2016). The
comparison with Zarnowski work may give us an indication that a part of the proteins identified in
this study were secreted by non-conventional pathways of secretion (Nombela et al., 2006, Gil-
Bona et al., 2015, Zarnowski et al., 2018). There are several explanations that can elucidate the
differences in the protein composition of the secretome, such as cell growth media, time of
incubation, temperature of incubation, differences in the extraction protocol and type of mass
spectrometers used for protein identification. With the MS technology evolving so quickly there is
increasing detection sensitivity and more proteins can be identified in fungal secretomes.

Surfome analysis, by trypsin cell surface shaving, is another type of study that can give us
important information about proteins that interact with the host, once they are localized in the

cell surface (Gil-Bona et al., 2015, Marin et al., 2015, Gil-Bona et al., 2018).Interestingly, some of
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the proteins identified in this secretome were previously identified in C. albicans surfome, such as
Cipl, Cmd1, Egdl, Hntl, Hsp12, Mdgl, orf19.5943.1, orf19.7196 and orf19.7368 (Martinez-
Gomariz et al., 2009, Hernaez et al., 2010, Vialas et al., 2012, Gil-Bona et al., 2015, Marin et al.,

2015) (Supplementary Table C2.4). As these proteins are non-covalently attached to the cell

surface, they may have detached during the incubation time.

Additionally, the global proteomic analysis performed on the C. albicans secreted proteins
enabled the identification of 47 proteins previously characterized as immunogenic (Table C2.6). As

observable in Table C2.6 the majority of the proteins that were antigenic did not present signal

peptide but were observed in both the extra- and intracellular part of the cell.

Table C2.6 Proteins identified by LC-MS/MS and previously found to be immunogenic.

Standard

Cell

Systemaltlc 1 Description1 .. 2 Slgr.1al 1 References®
name name localization”  peptide
Pardo 2000,
Pitarch 2004,
Pitarch 2008,
CR_08210C_A Acol Aconitase Shared No Pitarch 2011,
Pitarch 2014,
Pitarch 2016,
Luo 2016
5-Aminoimidazole-4- E::z:zg ;882’
CR_04090C_A Adel7 carboxamide ribotide Intracellular No . ’
transformylase Pftarch 2011,
Pitarch 2016
C6_03700W_A Alsl Cell-surface adhesin Extracellular yes Mochon 2010
Pitarch 2004,
Pitarch 2008,
40S ribosomal subunit Pitarch 2011,
C7_01250W_A Ascl similar to G-beta subunits Intracellular No Pitarch 2014,
Pitarch 2016,
Luo 2016
C1_04610W_A Atpl ATP synthase alpha Shared No  Pitarch 2004
subunit
C4_00270W_A Atp2 F1 beta subunit of F1FQ Shared No  Pitarch 2004
ATPase complex
C4_02250C_A Bgl2 cell wall 1,3-beta- Extracellular ~ Yes  Pitarch 2006
glucosyltransferase
Pardo 2000,
Pitarch 2004,
Pyruvate kinase at yeast Mochon, 2010,
C2_05460W_A Cdc19 cell surface Shared No Pitarch 2011,
Pitarch 2014,
Pitarch 2016,
Luo 2016
C4_03470C_A Ecel Extent of Cell Flongatlon Extracellular yes Mochon
Protein
C1_03190C_A Ecm33 GPl-anchored cell wall Extracellular yes Parra 2013
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protein

C2_03100W_A

Eft2

Elongation Factor 2 (eEF2)

Shared

No

Pitarch 2004,
Pitarch 2011,
Pitarch 2016,
Luo 2016

C1_08500C_A

Enol

Enolase

Shared

No

Martinez 1998,
Pitarch 1999,
Pitarch 2004,
Pitarch 2006,
Pitarch 2008,
Pitarch 2011,
Pitarch 2014,
Pitarch 2016,
Luo 2016

C4_01750C_A

Fbal

Fructose-bisphosphate
aldolase

Shared

No

Pitarch 2004,
Pitarch 2006,
Pitarch 2008,
Pitarch 2011,
Pitarch 2014,
Pitarch 2016,
Luo 2016

C1_13860C_A

Gnd1l

6-phosphogluconate
dehydrogenase

Shared

No

Pitarch 2016

C2_03270W_A

Gpm1l

Phosphoglycerate mutase

Shared

No

Pardo 2000,

Pitarch 2004,
Pitarch 2011,
Pitarch 2016

C5_02860C_A

Grp2

NAD(H)-linked
methylglyoxal
oxidoreductase involved in
regulation of
methylglyoxal and
pyruvate levels

Extracellular

No

Pitarch 2004,
Pitarch 2008,
Pitarch 2011,
Pitarch 2014,
Pitarch 2016

C3_04060C_A

Hem13

Coproporphyrinogen |l
oxidase

Shared

No

Pitarch 2004,
Pitarch 2011

C1_13480W_A

Hsp70

Putative Hsp70 chaperone

Shared

No

Pitarch 2011,
Pitarch 2016

C7_02030W_A

Hsp90

Essential chaperone

Shared

No

Pitarch 2004,
Pitarch 2011,
Pitarch 2014,
Pitarch 2016

CR_04510W_A

Hxk2

Hexokinase Il

Intracellular

No

Pitarch 2004,
Pitarch 2016

CR_10100C_A

Inol

Inositol-1-phosphate
synthase

Shared

No

Pitarch 2004,
Pitarch 2016

C2_08810C_A

lppl

Putative inorganic
pyrophosphatase

Shared

No

Pitarch 2004,
Pitarch 2014,
Pitarch 2016

CR_00540C_A

Mdh1

Mitochondrial malate
dehydrogenase

Intracellular

Yes

Pitarch 2014,
Pitarch 2016

C4_01900C_A

Mdh1-1

Predicted malate
dehydrogenase precursor

Shared

No

Pitarch 2004,
Pitarch 2008,
Pitarch 2011
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Pardo 2000,
Pitarch 2004,

Essential 5- Pitarch 2006,
CR_01620C_A Met6 methyltetrahydropteroyltr Shared No Pftarch 2008,
iglutamate-homocysteine Pitarch 2011,
methyltransferase Pitarch 2014,
Pitarch 2016,
Luo 2016
. Torosantucci
C2_10030C_A Mp65 Cell surface mannoprotein  Extracellular Yes 1993
Pitarch 2004,
C1_06100C_A Msi3 Essential HSP7Ofamily o outar No  Pitarch 2011,
protein Pitarch 2014,
Pitarch 2016
C7_03860W_A  0rf19.7196 Putative vacuolar protease Intracellular Yes Luo 2016
Glucan 1,3-beta-
C1_14060W A orf19.7214 glucosidase Intracellular No Mochon 2010
Pitarch 2004.
Pitarch 2008,
C4_06570C_A Pdcl1 Pyruvate decarboxylase Shared No Pitarch 2011,
Pitarch 2014,
Pitarch 2016
C5_05390C_A pgag  Orianchoredcellsurface o ilar Yes  Mochon 2010
protein
Pitarch 2004,
CR_06340C_A Pgil Glucoissf)'ri';:zzphate Shared No  Pitarch 2011,
Pitarch 2016
Martinez 1998,
Pitarch 1999,
Pitarch 2004,
. Pitarch 2006,
C6_00750C_A Pgkl Phosphoglycerate kinase Shared No Pitarch 2008,
Pitarch 2011,
Pitarch 2014,
Pitarch 2016
C1_04100C_A Porl Mitochondrial outer Shared No  Pitarch 2004
membrane porin
C4_06980W_A Pral pH regulated antigen Extracellular Yes Viudes 2004
C7_02810W_A Prx1 Thioredoxin peroxidase Shared No Luo 2016
S-adenosvl-L- Pitarch 2004,
C5_04270C_A Sah1l homoc steine:/w drolase Extracellular No Pitarch 2014,
Y Y Pitarch 2016
C3.07310C_A sIk19 Alkaline-induced protein ¢\, iilar no Mochon 2010
of plasma membrane
. Pitarch 2004,
C1_04300C_A Ssa2 HSP70 family chaperone Shared No Pitarch 2008
Pitarch 2004,
CR_08090W A Seb1 HSP70 family heat shock Shared No Pftarch 2011,
protein Pitarch 2014,
Pitarch 2016
CR_03720W_A Tall Transaldolase Shared No Luo 2016
A
C3_06870W_A Tdh3 glyceraldehyde-3- Shared No ’

phosphate dehydrogenase

Pitarch 2011,
Pitarch 2014,
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Pitarch 2016
C1_01350C_A Tif Translation initiation Intracellular No Pitarch 2004
factor
Pitarch 2004,
Pitarch 2006,
) Triose-phosphate Pitarch 2011,
C3_07440W_A Tpil isomerase Shared No Pitarch 2014,
Pitarch 2016,
Luo 2016
TSA/alkyl hydroperoxide Pitarch 2011,
C3_06180C_A Tsal peroxidase C (AhPC) Shared No Pitarch 2016,
family protein Luo 2016
C3_01730C_A Utr2 Putative GPI an;hored cell Extracellular yes Mochon
wall glycosidase
C1_02990C_A Xogl Exo-1,3-beta-glucanase Shared Yes Luo 2016

! Names, description and prediction of signal peptide according to CGD

? Localization according to GO enrichment performed in CGD. "Shared" means the protein was described
intra- and extracellularly. "Extracellular" embraces extracellular region, cell surface, cell wall and cell
periphery.

3 . . . . ..
Previous studies where these proteins were shown to be antigenic in humans

2 Different serum profiles of IgG antibodies were detected against the C. albicans hyphal secretome
Catheter-related bloodstream infections are among the most frequent infections acquired in
hospitals (Chaves et al., 2018). Due to this we pooled the serum from patients according to
C. albicans isolation site: if they were isolated from catheter they were pooled in Group 2 and if
they were isolated from other sites, such as abdominal zone, blood they were pooled in Group 1.
After this, we were interested in evaluating the IgG antibody levels against C. albicans hyphal
secretome in the different serum pools. As expected, IgG measurements showed that anti-
C. albicans antibody levels were higher in both groups of patients with IC (Group 1 and 2)
compared with control one (Group 3), showing that the patients with IC presented a stronger
antibody response to this infection. Interestingly, in this study, the antibody response was higher
in the pool of patients with catheter associated IC (Group 2) than the group of patients with non -
catheter associated IC (Group 1). C. albicans in the catheter can enter directly in blood and this
could explain why we observed stronger 1gG response. Group 1 is composed by C. albicans
isolation sites corresponding to blood and deep-seated candidiasis and this means the amount of
C. albicans cells in blood might be lower resulting in lower antibody levels against them. Due to
the lack of information regarding patient history, more studies are needed to prove this
hypothesis. Moreover, it is important to remark that the interest behind pooling the patients in
this way was to discover new proteins that could be more immunogenic in one group than the

other, and with this, find new possible biomarkers for the diagnosis of IC.
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3 A group of seven C. albicans immunogenic proteins: Bgl2, Enol, Glx3, Pgkl, Pral, Sap5 and Tdh3
were identified by immunoproteomics

An immunoproteomic approach was performed where C. albicans hyphal secreted proteins were
separated by 2-DE gel and electroblotted. After this, immunoblotting with three different serum
pools was done. Congruently with the IgG antibody levels measured by ELISA, the group of
patients with catheter associated IC showed higher antibody levels against the C. albicans hyphal
secretome than the group of patients with non-catheter associated IC.

With this approach, we were able to identify 7 immunoreactive proteins: Bgl2, Enol, GIx3, Sap5,
Pgkl, Pral and Tdh3 (see Table C2.4 in results section). From this protein set Bgl2, Enol, GIx3 and
Pgkl were immunoreactive proteins that enabled the discrimination of patients with IC,
associated and non-associated with catheter, from patients without IC. From this group, Bgl2 and
GIx3 did not present reactivity in the control group whereas Enol and Pgk2 presented low levels
of reactivity in the control group. The other three immunoreactive proteins, Sap5, Pral and Tdh3,
enabled the discrimination of patients with catheter associated IC from control patients, but not
patients with non-catheter associated IC from control patients. Sap5 and Pral proteins presented
some reactivity levels in control group. It is important to mention that in our work we observed in
same cases low levels of immunoreactivity when incubating C. albicans hyphal secreted proteins
with control sera. This is maybe due to the fact that C. albicans is commensal in most humans,
which means that there is a basal level of antibodies against these proteins.

Interestingly, Bgl2 brought our attention because it was identified in LC-MS/MS in a much lower
ranking position that the others (Nr 55, NSAF 0.0045) and it produced high levels of IgG
antibodies in both groups with IC and no immunoreactivity in control group. In the preparative gel
it is also possible to see that this protein has lower abundance that others identified (see Figure
C2.9 in results section). Bgl2 is a protein localized in the cell wall. It is a 1,3-beta-
glucosyltransferase that splits and links B-1,3 glucan molecules, resulting in a B-1,3-glucan chain
elongated with a B-1,6 glucan at the transfer site (Sarthy et al., 1997). This protein was also
described to function in the delivery and accumulation of glucan for biofilm matrix building (Taff
et al., 2012). It was previously observed in the secretome of both yeast and hyphal secretomes
(Sorgo et al., 2010, Ene et al., 2012, Heilmann et al., 2013, Gil-Bona et al., 2015, Luo et al., 2016).
Bgl2 was also described as an immunogenic protein in other works (Pitarch et al., 2006, Mochon
et al., 2010). Furthermore, anti-Bgl2 antibodies were previously proposed as potential diagnostic
biomarker of IC (Pitarch et al., 2006).

Both Enol and Pgkl were identified in upper ranking positions (1 and 2 respectively; NSAF 0.0786

and 0.0446, respectively) indicating that they are abundant proteins. They also appeared as very
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abundant proteins in the preparative gel (see Figure C2.9 in results section). These proteins also
enabled the differentiation from patients with IC from the control patients. Enol is known to be
one of the most abundant cytosolic enzymes with a known role in the glycolytic pathway.
Currently, it is also known to be a multifunctional protein and to be secreted to the extracellular
medium. It was suggested to have a role in the colonization of mammalian intestinal epithelium
(Silva et al., 2014). Enol was also found to bind to human plasminogen (Jong et al., 2003).
Plasminogen is abundant in human plasma and extracellular fluids and its active form, plasmin, is
important for the degradation of extracellular matrix proteins, blood clot dissociation and cellular
migration. Pathogens recruit the host plasminogen resulting in an increased invasive capacity for
the microorganisms (Jong et al., 2003). This protein was also found to be immunogenic (Martinez
et al., 1998, Pitarch et al., 1999, Pitarch et al., 2006, Pitarch et al., 2008, Luo et al., 2016). Pgk1 is
a phosphoglycerate kinase involved in the glycolysis. As Enol, it was found both in the cytoplasm
and in the cell wall (Alloush et al., 1997). Furthermore, this protein was shown to bind to
plasminogen (Crowe et al., 2003) and to be immunogenic (Martinez et al., 1998, Pitarch et al.,
1999, Pitarch et al., 2004, Pitarch et al., 2016).

GIx3 was detected by LC-MS/MS but it was not included in the list of identified proteins due to
the statistical filters applied. However, it was detected and abundant in the preparative gel (see
Figure C2.9 in results section). Interestingly, it was found to be highly immunoreactive in the
groups with IC and it did not present immunoreactivity in control patients. GIx3 is a glyoxalase
that converts methylglyoxal to D-lactate (Hasim et al., 2014). Most significantly, it is a very
abundant protein in the biofilm extracellular matrix. C. albicans g/x3A mutant showed impaired
growth on media with glycerol. The mutant has impaired filamentation and biofilm formation
(Cabello et al., 2019). In addition to being present in biofilm matrix it was also observed in yeast
and hyphal secretomes (Luo et al, 2016). Regarding data from its antigenicity, GIx3 was
previously described as an immunogenic protein (Pitarch et al., 2004, Pitarch et al., 2011, Pitarch
et al., 2016).

Sap5 is part of large family of secreted aspartyl proteases which are known to be associated with
C. albicans virulence. This protein was ranked as third in LC-MS/MS identification and it was also
found to be abundant in the preparative gel (see Figure C2.9 in results section). The main function
of Saps is to degrade proteins. It was also shown that they may play a role in biofilm associated
bloodstream infections caused by C. albicans (Joo et al., 2013). This protein was found in the
C. albicans hyphal secretome (Sorgo et al., 2010, Luo et al., 2016). It was previously found to be
an immunogenic protein. As it was observed here when comparing reactivity levels of this protein

in patients with non-catheter associated IC and control, also previously no statistical differences

183



CHAPTER 2

between patients with IC and controls were found (Mochon et al., 2010). Nevertheless, it is worth
to reference that Mochon and co-workers expressed C. albicans proteins in E.coli, and this means
they lack post-translational modifications (Mochon et al., 2010).

Pral is a cell-wall associated protein. In this work, we observed that this protein was more
immunoreactive in patients with catheter associated IC when compared to control ones. However
it did not enabled the clear differentiation between non-catheter associated IC with control
patients. It was ranked in twelfth according to its NSAF and it was found to be abundant in the
preparative gel with characteristics of glycosylation (see Figure C2.9 in results section). This
protein elicits a strong immune response in infected patients. Moreover, a monoclonal antibody
directed towards this protein was shown to confer protection (Viudes et al., 2004). A previous
study shows that C. albicans secretes Pral to sequester zinc from host cells and the protein re-
associates with the fungus through a co-expressed zinc transporter, Zrt1 (Citiulo et al., 2012).
Recently, it was shown that Pral binds and complexes the complement molecules C3 and blocks
C3 conversion by the host C3 convertases. It was further proved that Pral block the C3a
antifungal activity (Luo et al., 2018). Tdh3 is a glyceraldehyde 3-phosphate dehydrogenase
involved in the glycolysis pathway that was also found in the C. albicans cell wall (Gil-Navarro et
al., 1997). This protein allowed the differentiation of patients with catheter-associated IC from
control but not between non-catheter associated IC from control. The reactivity levels were low.
This protein was ranked in the ninth position of abundance and it was also detectable in the
preparative gel (see Figure C2.9 in results section). This protein was also previously found in both
yeast and hyphal secretomes (Luo et al., 2016). Likewise, it was found to be immunogenic (Gil-
Navarro et al., 1997, Pitarch et al., 1999, Pitarch et al., 2004, Pitarch et al., 2016).

In order to prove the validity of these immunoreactive proteins as biomarkers of IC further
studies analyzing the antibody response in unpooled sera are needed.

In addition to the immunoreactive proteins that were identified by MALDI-TOF-MS, the upper-left
corner of the immunoblots presented much higher levels of reactivity than in the rest of the blot.
This area corresponds to the more acidic part and higher molecular mass of the gel where the
more glycosylated proteins are often present. In spite of being difficult to correlate the
antigenicity levels to a specific identifiable protein due to the high background, the group of
proteins in Table C2.5 was predicted by at least one tool to have one glycosylation site.
Furthermore, Mp65, Sun41 and Cht3, which are proteins known to be in the cell surface, were
previously described to be glycosylated (McCreath et al., 1995, Gomez et al., 1996, Hiller et al.,
2007). Particularly, Mp65 was found to be highly released in mycelial forms of C. albicans and to

stimulate cell-mediated immune response (Bromuro et al., 1994).
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C. albicans glycosylated cell wall proteins are covalently attached to structural polysaccharides in
two ways: GPl anchored proteins, which are linked to [-1,6 glucan through a
glycophosphatidylinositol remnant, and Pir proteins, which are directly linked to B-1,3 glucan
(Chaffin, 2008). Glycosylated proteins can carry different types of antigenic epitopes. Some
oligosaccharides can also be antigenic. Another type are glycopeptide epitopes defined by
antibodies which recognize specific oligosaccharide structures and adjacent amino acid residues.
There are peptidic epitopes which represent either relatively short sequences of the polypeptide
chains or include amino acid residues brought into proximity due to the secondary structure of
the proteins (Lisowska, 2002). Recently, the role of glycosylation in the recognition of protein
antigens by antibodies was studied. For that, Luo and co-workers studied the immunoreactivity of
Sap6 on the glycosylation status and they found that anti-Sap6 antibody signal was drastically
reduced after deglycosylation. Furthermore, they observed that Mp65 and other cell wall proteins
in the upper-left corner of 2-DE gels showed reduced antibody recognition by sera of candidemia
patients after deglycosylation (Luo et al., 2016).

Overall, this study gave new insights in the serological response of patients with IC associated and
non-associated with catheters. Furthermore, it led to the identification of immunogenic proteins.

An overview of the main findings obtained in this work is presented in Figure C2.10.
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MS-based Proteomic Analysis
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Figure C2.10 Schematic representation of the main findings regarding the MS-based proteomic
immunoproteomic approaches. The 20 more abundant proteins identified in the MS-based proteomic
approach are represented. They are orange if they have and blue if they lack signal peptide. In case
proteins were previously described as present in EVs (reviewed in Gil-bona et al. 2018), they were
depicted here in EVs. The immunoproteomics approach is also schematically represented with the
group of proteins found to be immunogenic (Bgl2, Enol, GIx3, Pgkl, Pral, Sap5 and Tdh3).

Immunogenic Proteins

Nevertheless, it is important to highlight the need of multicentric studies with larger patient
cohorts to determine the diagnostic performance of these assays in cases of deep-seated
candidiasis. Furthermore, it is important to evaluate their diagnostic utility combined with other

assays or with clinical prediction algorithms (reviewed in (Pitarch et al., 2018)).
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Host-pathogen interactions stand as a complex interplay between the host defence mechanisms
and the infecting microorganisms. The human body has evolved with different strategies of
immune tolerance to the commensal microbiota as well as different immune defense
mechanisms to eliminate pathogens. Yet, the incidence of fungal infections is rising and becoming
a serious threat to the public health (Swidergall, 2019). Therefore, new, holistic and innovative
approaches are needed to improve the knowledge of how the immune system interacts and
responds to these pathogens. Currently, we are witnessing the increasing application of
proteomic approaches for the study of host-pathogen interactions. Figure GD.1 represents some

of the different proteomic approaches that are currently being used to increase this knowledge.

Figure GD.1 Proteomic approaches
usually used for the study of host -

Host — pathogen
protein Complexes pathogen interactions. The

proteomic  study of  host-

Post-translational modifications of Immunoproteomics ) )
host and pathogen proteins pathogen interactions can be
performed at different levels and
Organelle Whole cell using distinct proteomic
proteomics proteomics .
strategies.

Proteomic approaches can be used to evaluate the level of protein expression in different
conditions of interaction, as well as the post-translational modifications that occur during these
interactions. They also stand as important methods to build host-pathogen protein—protein
interaction networks. Together with specific enrichments, they can enlighten the function and
role of specific organelles in this interaction. Besides, they can bring important insights in the
characterization of the serological response to a specificimmunome.

During this general discussion, an attempt to integrate the distinct proteomic approaches carried
out to study the different levels of host and pathogen interactions will be made. On the one hand,
the proteomic and phosphoproteomic approaches, one centered on the enrichment in
macrophage ATP binding proteins and the other focused on the analysis of the global proteome,
for a better understanding of macrophages and C. albicans interactions. On the other hand, the

MS-based analysis of C. albicans hypha secretome together with the immunoproteomic approach
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used for the characterization of the serological response to this secretome in patients with IC

(Figure GD.2).

Enrichment in macrophage ATP
binding proteins

Global Proteomics and
Phosphoproteomics of
macrophages

Secretome MS-based analysis 2 Study of the serological
response for the
discovery of biomarker

Immunoproteomics candidates of IC

Figure GD.2 Specific proteomic strategies used in this thesis. Different proteomic approaches were
carried out to characterize the macrophage role in their interaction with C. albicans and to characterize
the serological response to the C. albicans hyphal secretome.

1 Macrophage and C albicansinteraction

Previous works of our group used the murine cell line RAW 264.7 for the study of macrophage
interaction with C. albicans. They used 2-DE for the study of macrophage proteins after
interacting 45 min with C. albicans (Martinez-Solano et al., 2006). They found changes in proteins
of cytoskeletal organization, oxidative stress and protein biosynthesis. Furthermore, they found
that the elongation factor Eef2p was modified in some of its different protein species. Another
work studying macrophage interaction with heat inactivated C. albicans showed an overall
activation of an anti-inflammatory response (Martinez-Solano et al., 2009). Moreover, another
study with sub-cellular fractionation identified new proteins involved in this interaction such as
Galectin-3, and some ER related proteins (Reales-Calderon et al., 2012). With the development of
LC-MS approaches, our group then used SILAC and SIMAC methodology for the study of protein
and phosphopeptide alterations. An increase in both the pro-inflammatory response and in anti-
apoptotic signals was observed in murine macrophages after interacting with C. albicans (Reales-
Calderon et al., 2013).

In Chapter 1 of this thesis, the major proteomic and phosphoproteomic alterations together with
their biological significance were addressed during the intricate interplay between human

macrophages and the pathogenic fungus C. albicans. The main purpose of developing the present
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approaches is to continue developing a comprehensive understanding of the cellular remodelling

that occurs in C. albicans infected macrophages from a human cell line.

1.1 Application of an ATP affinity probe for the proteomic study of human macrophage interaction
with C. albicans

ATP-binding proteins, among them kinases, are essential in several cellular processes including
cell signaling, differentiation, apoptosis and others (Patricelli et al., 2007). They are also highly
involved in complex cellular functions and pathways, ranging from metabolic regulation to
tumorigenesis or immune response. The study of these proteins can be performed by using
immunoblot; however, the global study of their abundance levels can hardly be achieved with the
use of conventional methods. This limitation can be partially overcome by combining MS with
powerful separation techniques or by selective enrichment of these proteins from cellular
extracts (Xiao & Wang, 2014). There are different methods for the enrichment in ATP-binding
proteins. Activity-based protein profiling uses chemically reactive affinity probes to study a
specific family of subproteome based on their unique structural or functional similarities.
Generally, the entire proteome is treated with a chemical affinity probe, which incorporates an
enrichment tag that facilitates downstream purification (Xiao & Wang, 2014). Hanoulle and co-
workers made use of an ATP analogue: 5-p-fluorosulfonylbenzoyladenosine (FSBA) that binds
proteins by affinity in their nucleotide-binding site and then reacts covalently with side chains of
proximate nucleophilic amino acids. They report a global functional and chemical technique,
FSBA-combined fractional diagonal chromatography that allows the identification of nucleotide-
binding proteins while characterizing the sequences neighbouring their binding sites (Hanoulle et
al., 2006). Patricelli group presented a probe-based technology that uses biotinylated acyl
phosphates of ATP that covalently label the active site of ATPases, including chaperones, kinases
and metabolic enzymes, to enable their selective enrichment using a desthiobiotin tag (Patricelli
et al., 2007). This ATP-probe based technology was used to develop a kinase enrichment kit
commercialized by Thermo Scientific Pierce that utilizes ActivX™ ATP or ADP Probes. In 2013, Xiao
group introduced another isotope-coded ATP-affinity probe as an acylating agent to
simultaneously enrich and incorporate isotope label to ATP binding proteins. This method can be
applied with any biological samples, including clinical samples (Xiao et al., 2013). Recently, the
same group introduced an MRM-based kinome profiling assay that fights some of the low

sensitivity and reproducibility problems of shot-gun approaches (Guo et al., 2014).
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We took advantage of ActivX™ ATP probe and enriched cytoplasmic extracts of macrophages
control and macrophages after interacting with C. albicans. In this study, we found that the
overall ratio abundances of the proteins quantified after this enrichment was very homogeneous.
With this approach, 547 non-redundant macrophage proteins were quantified and 137 were
annotated in Uniprot as “ATP-binding proteins” (around 25%). Proteins that were quantified and
not annotated as ATP binding proteins could be either proteins that were interacting with the ATP
binding proteins or proteins that resulted from unspecific binding with the probe. The protein
family with more quantified ATP-binding proteins was the protein kinase superfamily (with 24
guantified protein kinases). Out of these 24 protein kinases, 13 proteins were included in the
Ser/Thr (STE) protein kinase family. The preference to this protein kinase family was previously
observed by Lemeer and co-workers (Lemeer et al., 2013). They performed a comparison
between two enrichment methods (ATP-affinity probe and kinobeads). They found a higher
number of tyrosine kinases enriched with kinobeads, while more kinases from the STE kinase
group were enriched with the ATP affinity probe. They detailed that small molecules inhibitors
immobilized in kinobeads were originally developed to target tyrosine kinases, whereas the
reaction mechanism of the ATP probe was distinct (Lemeer et al., 2013).

From the quantified proteins, 59 were differentially abundant. From the differentially abundant
ATP-binding proteins 6 were kinases (MAP2K2, SYK, STK3, MAP3K2, NDKA and SRPK1), most of
them involved in signaling pathways. Macrophage proteomic alterations included an increase of
protein synthesis. Besides, macrophages showed changes in mitochondrial proteins involved in
the response to oxidative stress. Regarding cell death mechanisms an increase of antiapoptotic
signals was suggested. Furthermore, a high pro-inflammatory response together with no up-
regulation of key mi-RNAs involved in the regulation of this response was observed. Besides, we
analyzed the phosphopeptides of this sub-proteome because ATP-binding proteins represent one
superfamily of proteins, including kinases, which are known to be highly phosphorylated when
signaling cascades are activated after interaction with the pathogens. This enrichment could allow
us getting more information, other than protein abundance. The method used for the
phosphopeptide enrichment was SIMAC. This method is based on an initial enrichment and
separation of mono- and multi-phosphorylated peptides using IMAC and a subsequent
enrichment of the mono-phosphorylated peptides using TiO, chromatography (Thingholm et al.,
2008). It combines the advantages of IMAC and TiO,. This was the main reason for using this
methodology instead of only TiO,. Moreover, a comparison between SIMAC and TiO, was
performed and they were able to identify more than double of phosphorylation sites and to

recover 3-fold more of multiple phosphorylated peptides than using TiO, alone (Thingholm et al.,
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2008). With SIMAC, we were able to quantify 85 phosphopeptides and 5 were differentially
abundant. The reason we believe we did not obtain a higher number of identifications was due to
the fact that we did the phosphopeptide enrichment on the ATP binding proteins sub-proteome

which could have decreased it.

1.2 Global proteomic and phosphoproteomic approaches to study macrophage remodeling after
interaction with C. albicans

We were also interested in understanding the global changes in C. albicans infected macrophages
and to know if these changes were specific for the pathogen or resulted from a general
phagocytic event. To achieve this, a proteomic and phosphoproteomic TMT based approach was
carried out. A condition where macrophages were co-incubated with inert latex beads in the
same conditions as C. albicans was included. We also performed some optimization in order to try
to diminish the inter-replicate variability observed in the ATP binding enrichment approach.
C. albicans was used from a liquid culture at OD of 1 (beginning of exponential phase) instead
from a plate were the cells can be at different growth phases. IL-1B was checked to evaluate
macrophage activation for samples used in the proteomic analysis. Moreover, cell
homogenization was performed with a mild process to further avoid C. albicans cell lysis. Due to
the higher number of conditions, TMT was the peptide labelling method used once it has higher
capability of multiplexing than SILAC. With this approach we were able to quantify 6166 human
proteins and 9615 phosphopeptides. First statistical analysis showed that the condition of
macrophages co-incubated with beads did not give statistically significant changes. This may be
due to the fact the ratio 1 macrophage to 1 bead is too low for significant proteomic changes.
This correlates with the IL-1f measurements, where also no statistically significant differences
were observed when comparing the secretion of this cytokine in macrophages after interacting
with beads and macrophages control; and also, when comparing in macrophages after interacting
with beads and macrophages after interacting with C. albicans. In any case, this suggested that
the proteomic changes observed after macrophage interaction with C. albicans were due to the
pathogen and not only due to the process phagocytosis. Future works could be performed with
higher ratios of beads in order to try to better distinguish between general and C. albicans specific
effects.

With this shot-gun approach, from the 6166 proteins quantified 89 proteins were found to be
differentially abundant. The protein fold-change values were not very high also in this work.

As observed in the approach of ATP binding enrichment, also here proteins differentially

abundant from the mitochondria were quantified. Furthermore, GO analysis showed an
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enrichment in more abundant proteins from the mitochondrial matrix. A higher proportion of
cells with higher mitochondrial membrane potential was suggested. This is important once higher
mitochondrial potential is highly correlated with ROS production (Suski et al., 2018). Although a
high variability in this assay was observed and more studies are needed to confirm these results.
This TMT-based approach revealed that the more abundant proteins after macrophage
interaction with C. albicans were involved in different biological processes such as cell
proliferation and phosphatidylinositol biosynthetic process. Interestingly, less abundant proteins
were highly interacting with each other and involved in RNA splicing and processing. For the
phosphopeptide enrichment Fe-IMAC was used. This methodology is more reproducible than the
enrichments that use stage tips or batch incubations like TiO, or Ti-IMAC beads. These formats
suffer from a high degree of variability due to the manual handling steps which increase
variability. Moreover, the enrichment efficiency and selectivity is largely dependent on the bead-
to-sample ratio (Ruprecht et al., 2017). This methodology uses Fe-IMAC columns and it was
showed that column enrichment did not suffered from bead-to-sample ratio issues and scaled
linearly from 100 pg to 5 mg of digest. Furthermore, Fe-IMAC columns were shown to enable the
identification of more phosphopeptide than Ti-IMAC and TiO, (Ruprecht et al., 2015). With this
phosphopeptide enrichment, a total of 134 phosphopeptides were found to be differentially
abundant. Furthermore, an interesting network of the phosphoproteins was presented, depicting
proteins involved in RNA splicing, RNA transcription as well as cytoskeleton rearrangement and
cell signaling.

Overall, both proteomic approaches brought us relevant and complementary biological
information. These strategies can help to better understand these host-pathogen dynamics and
lead to the development of new antifungal therapies or to modulate the immune response in
response to fungal infections. Over the past years, MS-based proteomics used data-dependent
acquisition (DDA) strategies, such as the shotgun approaches. The main drawback of DDA is that it
stochastically samples the most abundant peptides and misses the rest. Besides this, DDA was
until now the preferred method due to its flexibility, breadth of detection and the simplicity of its
setup and analysis. DIA is an emerging method that samples all peptides within the selected mass
ranges, allowing identification of all sufficiently abundant peptides and this constitutes the main
advantage over DDA (reviewed in (Aebersold & Mann, 2016)). The use of this methodology for
the study of host-pathogen interactions can bring new and valuable information.

Increasing the knowledge in the dynamic mechanisms that happen during this interaction is, from
our point of view, crucial to open doors for the development of novel and more efficient

antifungal therapies. The current therapies are mainly focused on the pathogen, nevertheless
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new approaches are arising. Administration of cytokines was shown to enhance protection
against Candida infections (Polak-Wyss, 1991). Although controversial, it also being studied if host
receptors blockage can be beneficial to treat these infections (Filler, 2013). Zwolanek and co-
workers suggested the inhibition of the Tec kinase to combat invasive microbial infections
(Zwolanek et al., 2014). It is our belief that although being yet elusive, holistic approaches, using
proteomics and other omic techniques can give us valuable insights to approach treatment by
targeting the host. The results obtained here, made us look into the possible clinical uses of
miRNAs and RNA splicing. Interestingly, new experimental treatments targeting host miRNA are
being investigated (Drury et al., 2017). Furthermore, defects in RNA splicing can have pathological
consequences and many human genetic diseases are associated with splicing defects. Currently

there are several tools being developed to target and alter splicing (Havens et al., 2013).

2 Study of the serological response for the discovery of biomarker candidates of IC

Besides treating fungal infections, also its early diagnosis is of highly importance. These bring us
to the second important interaction studied here that entailed the characterization of the host
serological response to hyphal C: albicans secreted proteins. Adaptive immune responses to
C. albicans are crucial for the successful eradication of the fungal infection. The role of Thl and
Th17 cellular response is considered of great importance for protection against these infections.
On the other hand, the importance of antibody response to C. albicans has been neglected in the
past. This happened because different experiments gave different degrees of importance to
antibody-mediated immune response (reviewed in (Richardson & Moyes, 2015)). For example,
some works showed that depletion of B cells did not increase susceptibility to C. albicans
infections (Carrow et al.,, 1984). Nowadays, more importance has been given to antibody
response. For instance, it was shown that antibodies against C. albicans mannan could protect
mice against Candida infections (Zhang et al., 2006). This importance is reflected mainly in the
study of several different anti-Candida vaccines (reviewed in (Tso et al, 2018)) and in the
development of diagnostic methods that are based on the antibody response to C. albicans
antigens, such as the commercially available CAGTA® (Vircell) assays that detect IgG antibodies to
C. albicans cell surface antigens from germ tubes (Parra-Sanchez et al., 2017). Our group and
others have been making a great effort in the discovery of specific antigenic C. albicans proteins
that could be used in the future as immunoassays that evaluate serum antibody response directly
to these proteins and aid in IC diagnosis. Swoboda and co-workers performed a C. albicans cDNA
library and found that alcohol dehydrogenase and pyruvate kinase sequences, together with

other cDNA sequences with unknown function at that time, were recognized as being among the
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strongest antigens (Swoboda et al., 1993). Ardizzoni and co-workers performed an antibody array
with 10 well-known immunogenic proteins (Bgl2, Enol, Pgkl, Fbal, Adh1, Als3, Hwp1, Hsp90 and
Grp2) and found that Bgl2, Enol, Pgkl and Grp2 presented higher IgG levels in IC than in non-IC
patients (Ardizzoni et al., 2014). Mochon and co-workers performed a C. albicans cell surface
protein microarray and evaluated the antibody profile of patients with candidemia and controls.
For that, they used sera from patients with candidemia and negative controls and they were able
to identify 13 cell surface antigens capable of distinguish acute candidemia from healthy
individuals and uninfected hospital patients with commensal colonization (Cdr1, Cfl91, Cdr4, Als9,
Cdc19, Nik1, Chs8, Rta4, SIn1, Trk1, Yorl, Csc25 and Ras2) (Mochon et al., 2010). These are some
examples of the effort that is being made towards the discovery of new biomarkers that do not
need to culture the microorganism to diagnose IC. Our group has been widely using the
combination of two-dimensional gel electrophoresis along with immunoblot analysis and further
identification by MALDI-TOF-MS for the identification of antigenic C. albicans cytoplasmic and
cell-wall proteins (Pitarch et al., 2006, Pitarch et al., 2011, Pitarch et al., 2016).

In Chapter 2, we carried out an MS-based proteomic approach for the overall analysis of the
C. albicans hyphal secretome in Lee medium (pH 6.7) and an immunoproteomic approach for the
study of the serological response to C. albicans secreted proteins in patients with catheter and

non-catheter associated IC.

2.1 Analysis of the C. albicans hyphal secretome and immunoproteomic study for the identification
of potential diagnostic biomarkers of IC

MS-based proteomics can analyze peptide mixtures by digesting (usually with trypsin) complex
protein samples in a much easier way than by a gel dependent manner. As explained in Chapter 2,
the analysis of the whole secretome entails the concentration of cultured medium without the
cells followed by protein analysis. Taking advantage of this approach we were able to identify 301
proteins present in the secretome of hyphal C. albicans. Among them, we were able to identify
proteins implicated in interaction with the host, cellular response to oxidative stress and
pathogenesis. Moreover, some of them were previously described as immunogenic. The global
view of the proteins in C. albicans secretome is highly relevant once extracellular proteins are
involved in biofilm formation, cell nutrient acquisition and cell wall integrity maintenance. These
proteins interact with the host and include virulence factors (Gil-Bona et al., 2018) and can give us
important insights on proteins that can be used for IC diagnosis.

Despite the clear returns that MS-based proteomics bring, several advantages are still attributed
to gel-based proteomics. Among them, the fact that densitometric analysis of the protein spots

provides more direct quantitative results than peptide intensity-based calculation and it is also a
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more appropriate technique for the study of protein species (Kim & Cho, 2019). Gel-based
immunoproteomics is a widely used methodology for serological screenings of several microbial
infections, in particular IC. The combination of 2-DE with Western blot assays using specific
antibodies raised against C. albicans antigens was reported as a very sensitive methodology for
the detection of immunoreactive C. albicans proteins (Pitarch et al., 1999) and was used in this
work. Moreover, its importance was previously proved for the discovery of possible biomarkers of
infection (Pitarch et al., 2006, Luo et al., 2016).

With this work, new insights were given in the serological response to hyphal secreted C. albicans
proteins. We observed higher serological response in the group of patients with catheter
associated IC. Nevertheless, more studies are needed, using the sera separately, to corroborate
that the entrance of C. albicans directly to the bloodstream, producing a scenario of candidemia
instead of deep-seated candidiasis, may result in higher levels of antibody response. Interestingly,
7 proteins were found to be highly immunoreactive (Bgl2, Enol, GIx3, Sap5, Pral, Pgkl and Tdh3).
Specially promising are GIx3 and Bgl2 which were the proteins that, with our sera pools,
presented high immunogenicity in the groups of patients with IC and no immunogenicity in the
pool of control patients. High levels of anti Bgl2p antibody levels in sera from patients with IC
were previously observed and were significantly different from patients control and suggested as
an independent biomarker to diagnose IC (Pitarch et al., 2006). Our group had previously showed
that serum anti-Bgl2, anti-Enol, anti-GIx3, anti-Pgk1 and anti-Tdh31 antibodies were biomarker
candidates of IC (Pitarch et al., 2004, Pitarch et al., 2006). This brings us to one limitation of this
approach: only the soluble and more abundant proteins can be resolved on the immunoblot.
Specifically, one of the limitations observed during this work was the observation of highly
immunogenic proteins that were not possible to identify by MALDI-TOF-MS due to its low
abundance in the gel. This culminates with the identification of several proteins that were
previously found to be immunogenic, once they are abundant and soluble. Nevertheless, this
method provides a robust way of screening the antibody reactivity profiles of serum (Fulton &
Twine, 2013). An alternative methodology is the use of protein microarray-based methodology to
profile antibody response. Mochon and co-workers developed a cell surface protein microarray
and profile the serological response on the protein array with sera from different patients
(Mochon et al., 2010). The chip-based technology has the advantage of using the entire
theoretical proteome of the organism and reduced volume of serum (Fulton & Twine, 2013).
Nevertheless, constraints on recombinant protein expression could arise (Kudva et al., 2008).
Another possible strategy are immuno-affinity capture technologies, where antibodies from

patient sera are immobilized on protein A- or protein G-coupled columns and then immunogenic
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proteins from fungal cell lysates or from secretome are captured and effectively enriched on the
columns. After eluting the immunocaptured antigens, these proteins are digested and identified
by MS/MS (Kniemeyer et al., 2016). This technique overcomes the problem of the 2-DE where
only some proteins are effectively resolved in the gel. On the other hand, it also has some
drawbacks such as unspecific binding and the fact that MS analysis is more complex than from 2-
DE (reviewed in (Tjalsma et al., 2008)). However, to our knowledge this technique was not yet

used with C. albicans.

All of these results highlight the fact that the use of breakthrough technologies such as
proteomics and their diverse and different approaches may help in the basic study of the
mechanisms of host immunity and fungal pathogenesis. Figure GD.3 schematically represents our

contribution with these works.

i GIx3 and Pgkl are biomarker candidates of
IC.

RNA splicing \ A 301 hyphal C. albicans secreted

Mitochendrial proteins " T protelns

Antiapoptotic signals 'T‘ Bgl2 Enol GIx3 Pgkl H
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secreted proteins, and of immunoreactive
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E treatment accurate diagnosis ]

These studies can be translated in the future to the clinical practice and aid in the three more
important fields when dealing with a disease: effective prevention, early and accurate diagnosis

and appropriate treatment.
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Both proteomic and phosphoproteomic approaches, the one focused on the ATP binding
proteins and the other based on the analysis of the global proteome, enabled the study of the
important proteomic remodelling in human PMA-activated THP-1 macrophages after 3 h of
interaction with C. albicans with a MOl of 1. Both proteomic and phosphoproteomic
approaches showed generally homogenous ratios in protein abundance when comparing
macrophages control with C. albicans infected macrophages, suggesting that pre-activation

with PMA may overwhelm this specific stimulus.

The ATP-binding enrichment approach was developed successfully and revealed that 25% of
all quantified proteins were annotated as ATP binding proteins. From the 12 ATP-binding
proteins differentially abundant, 6 were kinases (MAP2K2, SYK, STK3, MAP3K2, NDKA and

SRPK1), most of them involved in signaling pathways.

Antiapoptotic sighals were more abundant than proapoptotic signals, in line with the lack of

cleaved caspase-3, in human macrophages after interaction with C. albicans.

Macrophages presented a high pro-inflammatory response after interacting with C. albicans,
by an increase in the secretion of IL-1B, TNF-a and IL-12 cytokines. Furthermore, there was a
lack of activation of mi-RNAs that could be involved in the regulation of the inflammatory

response in immune cells.

The global proteomic and phosphoproteomic approach unveiled that C albicans induced
important macrophage proteomic alterations that were not detected when macrophages
interacted with latex beads. A group of 89 proteins and 135 phosphopeptides were

differentially abundant in C. albicans infected macrophages.

RNA splicing was found altered at both proteomic and phosphoproteomic levels in
macrophages after interaction with C. albicans. Less abundant proteins were enriched in RNA
processing and RNA splicing, suggesting a different regulation of this process during

macrophage interaction with C. albicans.

Phosphoproteomic analysis of C. albicans infected macrophages showed an increase in the
abundance of phosphopeptides from several proteins implicated in biologically relevant
processes such as cytoskeleton rearrangement and proteins important in cell survival, cell

proliferation and cell cycle regulation.
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10.

11.

12.

Both proteomic approaches, the one focused on the ATP binding proteins sub-proteome and
the other focused on the global proteome, performed in macrophages after interacting with
C. albicans unveiled differentially more and less abundant proteins from the mitochondria,
suggesting that this organelle, highly important in ROS production, could be implicated in

macrophage response to Candida albicans.

MS-based proteomic analysis of C. albicans hyphal secretome lead to the identification of 301
proteins, 47 of them previously described as immunogenic proteins in humans. This sub-
proteome was unsurprisingly enriched in proteins previously described in the extracellular
region and 59 proteins were, to our knowledge, newly identified in C. albicans hyphae

secretome.

Higher 1gG antibody levels together with significantly higher 1gG titers against C. albicans
hyphal secretome were detected in the pool of patients with IC than in control group, as
expected. Interestingly, higher IgG antibody levels were found in the pool of patients with

catheter associated IC than in the pool of patients with non-catheter associated IC.

The study of the serological response to C. albicans hyphal secretome in patients with IC
rendered the identification of C. albicans Bgl2, Enol, GIx3, Sap5, Pgkl, Pral and Tdh3 as
immunoreactive proteins. Highly immunogenic proteins detected mainly in the immunoblots
from the pool of patients with catheter associated IC were not possible to identify, due to

their low abundance in the gel.

This immunoproteomic study reinforces that serum IgG antibodies to C. albicans Bgl2, Enol,
GIx3 and Pgk1 are biomarker candidates for IC diagnosis, with special interest in Bgl2 and GIx3

that did not show any immunoreactivity in immunoblots from control patients.
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Supplementary Figure C1.1 GO analysis of proteins quantified after ATP-binding proteins enrichment.
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Supplementary Figure C1.2 Histogram showing log2-transformed mean of THP-1 macrophage protein abundance
ratios upon C. albicans interaction. WB means the proteins were validated by Western-blotting and SRM means the
protein was validated by Selected Reaction Monitoring.

Appendix 1



Supplementary Figure C1.3
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Supplementary Figure C1.3 Histogram showing log2-transformed mean of THP-1 macrophage phosphopeptide
abundance ratios upon C. albicans interaction. The corresponding phosphoproteins are depicted in the present
figure.
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Supplementary Figure C1.4
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Supplementary Figure C1.4
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Supplementary Figure C1.4
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Supplementary Figure C1.4
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Supplementary Figure C1.4

Protein: Protein kinase C delta type
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Supplementary Figure C1.4 Mass spectra of the differentially abundant phosphopeptides.
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Supplementary Figure C1.5
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Supplementary Figure C1.5Quantification of P-ERK1/ERK2 by Western blot

Supplementary Figure C1.6
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Supplementary Figure C1.6 Calibration curve of the peptide FMQASEDLLK from NDKA protein.
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Supplementary Figure C1.7

PPI enrichment p-value: < 1.0e-16 (retrieved in15 .02.19)
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Supplementary Figure C1.7 Predicted Protein-Protein interaction network using String (v10.0) among the differentially
abundant proteins from the second approach developed. The network protein-protein interaction p-value is 1.0 x 10 16
(retrieved on 15/02/19)
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O Supporting Information

ABSTRACT: Macrophages are involved in the primary
human response to Candida albicans. After pathogen
recognition, signaling pathways are activated, leading to the
production of cytokines, chemokines, and antimicrobial
peptides. ATP binding proteins are crucial for this regulation.
Here, a quantitative proteomic and phosphoproteomic
approach was carried out for the study of human macrophage
ATP-binding proteins after interaction with C. albicans. From
a total of 547 nonredundant quantified proteins, 137 were
ATP binding proteins and 59 were detected as differentially
abundant. From the differentially abundant ATP-binding
proteins, 6 were kinases (MAP2K2, SYK, STK3, MAP3K2,
NDKA, and SRPK1), most of them involved in signaling

SILAC Mg + C. albicans

;+/

MOI 1 and 3 h
interaction

lIMitochondriaI proteins
lEndocytic Traffic

Anti-apoptotic signalsl
Protein Synthesis'

Proteolysisl
ATP binding proteins
enrichment
Phosphopeptide
Enrichment
LC-MS/MS and Functional
Analysis

IPro-ianammatory response

pathways. Furthermore, 85 phosphopeptides were quantified. Macrophage proteomic alterations including an increase of
protein synthesis with a consistent decrease in proteolysis were observed. Besides, macrophages showed changes in proteins of
endosomal trafficking together with mitochondrial proteins, including some involved in the response to oxidative stress.
Regarding cell death mechanisms, an increase of antiapoptotic over pro-apoptotic signals is suggested. Furthermore, a high pro-
inflammatory response was detected, together with no upregulation of key mi-RNAs involved in the negative feedback of this
response. These findings illustrate a strategy to deepen the knowledge of the complex interactions between the host and the

clinically important pathogen C. albicans.

KEYWORDS: macrophages, Candida albicans, proteomics, SILAC, ATP binding proteins

B INTRODUCTION

Candida albicans is a human opportunistic pathogen and a
common commensal fungus of the mucosa from many healthy
individuals. Most potentially lethal invasive infections occur in
immunocompromised patients, such as those infected with
HIV or individuals with neutropenia owing to immunosup-
pressive treatments for cancer or organ transplantation.'
Infections caused by Candida spp. have high levels of
morbidity and mortality particularly in critically ill patients
that may be attributed to the difficulty in the early diagnosis of
Candida infections and a limited antifungal therapy.” A recent
epidemiologic study in Spain described a 30% of global
mortality in the 705 documented cases of invasive candidiasis,
and C. albicans was the most frequently isolated species,
although an increase in non-C. albicans species has been
observed.””

-4 ACS Publications  © xxxx American Chemical Society

Macrophages, which are derived from monocytes circulating
in the blood, are constantly patrolling tissues and nonsterile
interfaces at the surfaces of epithelia, and are one of the key
cells in the immune recognition and innate immune response
to C. albicans." These cells recognize and phagocyte C. albicans,
eliciting innate immune responses through engagement of
different pattern recognition receptors (PRRs) in an infection-
stage specific manner.* Mainly, PRRs are composed of three
groups: Toll-like receptors (TLRs), C-type lectin receptors
(CLRs), and nod-like receptors (NODs). These PRRs, which
include multiple cell-bound receptors (such as TLR2 and 4,
Dectin-1, or Mannan Receptor), soluble receptors (like
galectin-3), and intracellular receptors (like TLR 9), activate
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several signal transduction pathways, which finally lead to the
upregulation of costimulatory molecules and the production of
inflammatory cytokines, chemokines, antimicrobial peptides,
and type I interferons (IFNs).” Our research group identified
new differentially abundant proteins in C. albicans-stimulated
RAW 264.7 macrophages using proteomic approaches.6’7
Differentially abundant proteins were su%gested to have pro-
inflammatory and antiapoptotic effects.”” Another study on
human M1 (classically activated, pro-inflammatory subtype)
and M2 (alternatively activated, anti-inflammatory subtype)
macrophages showed that the biggest differences between
them were related to cytoskeletal rearrangement and metabolic
routes.” Other studies analyzed the interaction between
macrophage and Candida using proteomic approaches, and
found proteins involved in energy metabolism, cell survival,
and candidates for interaction-specific molecules.”"’

Adenosine triphosphate (ATP) can bind to a group of
proteins known as ATP-binding proteins. These proteins were
previously studied to elucidate molecular mechanisms in
cancer, identify proteins that can be therapeutic targets for
the develoIpment of novel antibiotics, and profile plant
proteomes.'' ~'* However, their role is still poorly understood
during different infection scenarios. This group of proteins
include kinases, heat shock proteins, as well as ATPases, and
are crucial in several cellular processes, such as cell signaling,
protein synthesis, and metabolism."® Despite the importance of
these proteins in those pivotal cellular functions, proteomic
studies of ATP-binding proteins by MS are still a challenge
mainly due to the fact that some ATP-binding proteins are
present at very low cellular concentrations.'® The combination
of MS instrumentation with powerful separation techniques or
selective enrichment of these proteins and bioinformatics tools
can help in the identification and quantification of low
abundant proteins in complex samples.'' Several procedures
for selective enrichment of ATP binding proteins and kinases
have been developed,'”'”~*° including a probe-based technol-
ogy that uses biotinylated acyl phosphates of ATP or
adenosine diphosphate (ADP) that irreversibly react with
protein kinases on conserved lysine residues in the ATP
binding pocket.”' These probes covalently label the active site
of ATPases, including chaperones and metabolic enzymes, to
enable their selective enrichment using a desthiobiotin tag. The
combination of metabolic labeling, such as stable isotope
labeling by amino acids in cell culture (SILAC), with affinity
enrichment was proven previously to be useful for
quantification of subproteomes of interest.””>’ Moreover,
protein post-translational modifications (PTMs) play a crucial
role in the regulation of several biological processes, such as
cell signaling, immune response, recognition of pathogens,
among others. More than 300 types of protein PTMs are
known to occur physiologically within living organisms. From
these PTMs, the phosphorylation is highly important during
signal transduction and it is believed that more than 30% of the
proteins can be phosphorylated.**

A Detter understanding of the immune response during
fungal infection may help in the development of new improved
therapies in the future. We are particularly interested in
unravelling new regulatory mechanisms activated by macro-
phages after interaction with C. albicans. Here, we study the
abundances and phosphorylation levels of ATP-binding
proteins in human macrophage cells after interacting with
C. albicans. For that, SILAC was used to differentially label
proteomes obtained from control macrophages and macro-

phages after interaction with C. albicans. The combined cell
lysates were subjected to ATP-binding protein enrichment, and
a quantitative proteomic and phosphoproteomic approaches
were used to analyze the enriched extracts.

B MATERIALS AND METHODS

C. albicans Strain

The C. albicans SC5314 strain was used in this study. This
strain was grown in YPD plates (2% glucose, 1% yeast extract,
2% peptone, and 2% agar) at 30 °C.

THP-1 Cell Culture and Macrophage Differentiation

The human acute monocytic leukemia cell line (THP-1) was
cultured in Dulbecco’s modified eagle’s medium (DMEM)
supplemented with antibiotics (penicillin 10000 U/mL—
streptomycin 10000 U/mL), 2 mM L-glutamine, and 10%
heat-inactivated fetal bovine serum (FBS) at 37 °C in a
humidified atmosphere containing 5% CO,. THP-1 cells were
seeded in 24-well plastic plates at a density of 1 X 10° cells/
well in complete medium and treated with a final
concentration of 30 ng/mL phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich) for 48 h to induce maturation toward
adherent macrophage-like cells. After 48 h cultures, the
medium containing PMA was replaced with fresh medium
without PMA to remove unattached cells.

C. albicans—Macrophage Coculture

For interaction studies, THP-1 macrophages were incubated
with C. albicans cells that were grown in YPD plates the day
before, at multiplicity of infection (MOIs) of 1 and 5, and for
different time points depending on the assays.

Environmental Scanning Electron Microscopy (ESEM)

ESEM was performed as previously detailed.”® After macro-
phage interaction with C. albicans, cells were washed in PBS
containing 2.5% paraformaldehyde for 1 h at room temper-
ature. They were incubated in 2% osmium tetroxide for 1 h
and then in 2% tannic acid for 1 h. Cells were dehydrated in
ethanol. They were examined at the FEI INSPECT microscope
at the Museo Nacional de Ciencias Naturales (Madrid, Spain).

Cytokine Determination

For cytokines measurements, macrophages from the THP-1
cell line were incubated with or without C. albicans cells at an
MOI of 1 for 3, 6, and 8 h. As a positive control, macrophages
were treated with lipopolysaccharide (LPS; 100 ng/mL).
Supernatants from untreated, LPS- or Candida-treated THP-1
macrophages were tested for cytokine production by ELISA
using matched paired antibodies against different interleukins:
IL-1p, IL-6, IL-12p40, and TNF-a (Immunotools), according
to manufacturer’s instructions. Cytokine production was
measured in three independent macrophage preparations.

C. albicans Phagocytosis Assay

C. albicans yeast cells were prelabeled with 1 uM Oregon green
488 (Molecular Probes) in the dark with gentle shaking at 30
°C for 1 h. THP-1 macrophages were differentiated in 18 mm
glass sterile coverslips placed into 24-well plates and
confronted with the yeast cells at a MOI of 1, at 37 °C and
5% CO,. Interaction was stopped after 45 min, 1.5 h, and 3 h,
and cells were then washed with ice-cold PBS and fixed with
4% paraformaldehyde for 30 min. To distinguish between
internalized and attached/noningested yeasts, C. albicans cells
were counterstained with 2.5 M Calcofluor white (Sigma) for
1S min in the dark. After several washes, coverslips were
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mounted with specific mounting medium (Southern Biotech).
The number of ingested cells (green fluorescence) and
adhered/noningested (blue fluorescence) were calculated by
fluorescence microscopy.”® Three different replicates with two
different slides were prepared for each time point. At least 500
C. albicans cells were scored per slide, and results were
expressed as the percentage of yeast cells internalized by
macrophages.

Macrophage Cell Damage Assay

In order to evaluate the C. albicans damage in the THP-1 cell
line macrophages, the cytotoxicity detection kit (Roche) was
used. This assay is based on the measurement of lactate
dehydrogenase (LDH) activity released from the cytosol of
damaged cells. Macrophages were cultured in 24-well plates as
stated above, and C. albicans cells were incubated with them at
a MOI of 1 and S at 37 °C and 5% CO,. The selected time
points of measurements were 3 and 6 h. After these time
points, the supernatants of the cells were removed for LDH
measurement. The assay was performed according to
manufacturer’s instructions.

Macrophage Cell Line Culture and SILAC Labeling

THP-1 monocytes were grown in DMEM containing 10%
dialyzed fetal bovine serum (FBS): i.e., either in light DMEM,
containing 100 mg/L unlabeled L-arginine (Arg0) and SO mg/
L r-lysine (Lys0), or in heavy DMEM, containing 100 mg/L
Arg6 (Silantes, 1*C labeled Arginine: HCI) and 50 mg/L Lys6
(Silantes, '*C6 labeled L-Lysine-HCI). After 5 cell doublings,
protein lysates of the macrophage cells were analyzed by MS to
ensure that all proteins were labeled. Differentiation of
monocytes into macrophages was triggered by the addition
of PMA. Approximately, 20 X 10° cells were plated in 150 mm
culture dishes and 30 ng/mL PMA was added, cells were
incubated for 2 days to achieve complete differentiation. PMA
was removed by washing the cells with light and heavyy DMEM
medium, respectively.

Fungal Infection for Shotgun Quantitative Proteomics

C. albicans cells were counted using the Neubauer chamber,
and 20 X 10° cells were incubated with the macrophages (MOI
of 1) for 3 h. In order to diminish the possible effect of the
labeling procedure, in two biological replicates control
macrophages were labeled with light DMEM and macrophages
upon interaction were labeled with heavy DMEM, while in the
other two biological replicates this labeling was switched over.
The extracted proteins came from the same number of
macrophage cells in control and interaction conditions. In each
experiment, both labeled and unlabeled lysates were mixed in
protein concentration ratios of 1:1.

Preparation of the Protein Samples for Shotgun
Proteomics

Cell Lysis. After the incubation time, cells were washed
twice with ice-cold PBS, and 1 mL of cold modified
radioimmunoprecipitation assay (RIPA) lysis buffer (150
mM sodium chloride; 50 mM Tris-HCl pH 7.5; 1% NP40;
0.25% sodium deoxycholate; proteases inhibitors (1/1000,
Pierce); 1 mM sodium orthovanadate; 5 mM sodium fluoride;
S mM f-glycerolphosphate and 5 mM sodium pyrophosphate)
was added. Cells were scrapped thoroughly. Then, the cell
lysate was placed on ice for S min, vortexed for another 5 min,
and centrifuged at 15000 rpm for 10 min and 4 °C. The
supernatant, containing the macrophage protein extract, was

removed and transferred to a new tube. Protein concentration
was measured using the Bradford assay.

Kinase Enrichment with ATP Probes. Protein lysates
were enriched in kinases using ActivX desthiobiotin ATP
probes (Thermo Scientific), according to manufacturer
instructions with some alterations. Briefly, protein lysates
were desalted using Zeba spin desalting columns to remove
endogenous ATP. Then, lysates were eluted in reaction buffer
and supplemented with protease inhibitors. Protein concen-
tration was determined again by the Bradford assay. For
labeling with the ATP probes, 2 mM MgCl was added to 2 mg
of protein lysate and incubated with 20 M of ActivX probe in
a final volume of 500 uL for 30 min at room temperature with
constant mixing. Then, 500 uL of 12 M urea in lysis buffer
were added to the lysate to stop the reaction. Samples were
then incubated with 125 uL of high-capacity streptavidin
agarose resin for 1.5 h at room temperature with constant
mixing. Beads were collected by centrifugation at 1000g for 1
min and washed twice with 4 M urea in lysis buffer. Finally,
proteins were eluted by adding Laemmli reducing sample
buffer and boiling for 5 min.

In-Gel Digestion. Samples in Laemmli sample buffer were
loaded into a 1.5 mm thick SDS-PAGE gel with a 4% stacking
gel casted over a 10% resolving gel. The run was stopped as
soon as the front entered 3 mm into the resolving gel so that
the whole proteome became concentrated in the stacking/
resolving gel interface. Bands were stained with colloidal
Coomassie Brilliant Blue staining. Gels were cut into 12 to 15
slices for protein digestion.”” In-gel digestion was carried out as
described.”® Briefly, gel slices were cut into pieces of 1 mm? in
size and washed with water. Proteins were reduced with 10
mM DTT in 25 mM ammonium bicarbonate for 30 min at 56
°C and then alkylated with 55 mM iodoacetamide in 25 mM
ammonium bicarbonate for 15 min at 30 °C. Acetonitrile
(ACN) and vacuum centrifugation were applied to dry the gel
pieces. They were then rehydrated with 60 ng/uL trypsin
(proteomics grade; Roche Applied Science) in 25 mM
ammonium bicarbonate for 45 min at 4 °C. The trypsin
solution was removed, and the rehydrated gel pieces were
overlaid with 25 mM ammonium bicarbonate. The digestion
was performed overnight at 37 °C. After digestion, the
supernatant was recovered. Peptides were extracted from the
gel pieces with 30% ACN and 0.1% trifluoroacetic acid (TFA)
for 30 min at room temperature. Peptides were desalted onto
C18 OMIX cartridges and dried-down.

Sequential Elution from Immobilized Metal Affinity
Chromatography (SIMAC) for Phosphopeptide Enrich-
ment. A total of 300 pg of the protein lysate enriched in ATP-
binding proteins was used for phosphopeptide enrichment.
Both immobilized metal affinity chromatography (IMAC) and
titanium dioxide (TiO,) chromatography were performed as
previously described” and summarized below.

For each 100 ug of peptides, 40 uL of iron-coated PHOS-
select metal chelate beads (Sigma-Aldrich) were used. Beads
were washed twice in loading buffer (0.1% TFA and 50%
ACN), and incubated with 500 ug of peptide mixture in
loading buffer for 30 min at room temperature in vibrating
shaker. Then, beads were packed in the constricted end of a
200 puL GELoader tip by application of air pressure with a
syringe, forming an IMAC column. The flow-through was
collected for further analysis by TiO, chromatography. The
IMAC was then washed with loading buffer, which was added
to the flow-through. Both monophosphorylated peptides and
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contaminating nonphosphorylated peptides were eluted using
acidic elution solution (1% TFA and 20% ACN) and the
multiply phosphorylated peptides were eluted using basic
elution solution (0.5% ammonia). The IMAC flow-through
and both eluents were dried in a vacuum concentrator. A TiO,
microcolumn was prepared by stamping out a small plug of
C18 material from a C18 extraction disk and placing the plug
in the constricted end of a 200 yL GELoader tip. The TiO,
beads were first suspended in loading buffer (1 M glycolic acid
in 5% TFA and 80% ACN) and then mixed with the sample
and incubated for 15 min with constant mixing. This mixture
was centrifuged and 90% of the supernatant was removed to
minimize the volume introduced in the microcolumn. The
sample was applied to the tip and the TiO, column was packed
by the application of air pressure with a syringe. The column
was washed with loading buffer and subsequently with washing
buffer (80% ACN and 5% TFA). The phosphopeptides bound
to the TiO, microcolumn were eluted using 30 uL of 0.5%
ammonia followed by elution using 1 uL of 30% ACN to elute
phosphopeptides bound to the C18 disk. Then, the eluent was
acidified by adding S uL of 100% formic acid and dried in the
vacuum concentrator.

MS Analysis

Peptides were trapped onto a C18 SC001 2 cm precolumn
(Thermo-Scientific), and then eluted onto a NS-AC-11 dp3
BioSphere C18 column (75 ym inner diameter, 15 cm long, 3
um particle size; NanoSeparations) and separated using a 140
min gradient (0—40% buffer B for 120 min; 40%—95% buffer
B for 15 min, and 95% buffer B for S min; buffer A: 0.1%
formic acid/2% ACN; buffer B: 0.1% formic acid in ACN) at a
flow-rate of 250 nL/min on a nanoBasy HPLC (Proxeon)
coupled to a nanoelectrospray ion source (Proxeon). Mass
spectra were acquired on a LTQ-Orbitrap Velos mass
spectrometer (Thermo-Scientific) in the positive ion mode.
Full-scan MS spectra (m/z 300—1900) were acquired in an
Orbitrap at a resolution of 60 000 at 400 m/z and the 15 most
intense ions were selected for collision induced dissociation
(CID) fragmentation in the linear ion trap with a normalized
collision energy of 35%. Singly charged ions and unassigned
charge states were rejected. Dynamic exclusion was enabled
with exclusion duration of 30 s.

Protein/Peptide Identification and Quantification

Mass spectra raw data files were searched against the SwissProt
human database version 57.15 (20266 protein entries) using
MASCOT search engine (version 2.3, Matrix Science) through
Proteome Discoverer (version 1.4.1.14; Thermo Fisher).
Search parameters included a maximum of two missed
cleavages allowed, carbamidomethylation of cysteines as a
fixed modification, and oxidation of methionine, desthiobioti-
nylation of lysine, '*C-arginine, and '*C-lysine as variable
modifications. Precursor and fragment mass tolerance were set
to 10 ppm and 0.8 Da, respectively. Identified peptides were
validated using Percolator algorithm with a g-value threshold
of 0.01. Peptide quantification from SILAC labels was
performed with Proteome Discoverer v1.4 using node
precursor ion quantification. For each SILAC pair, the area
of the extracted ion chromatogram was determined and the
“heavy/light” ratio computed. Ratios were normalized by the
median of all peptides ratios in each biological replicate. Media
and standard deviation were calculated for each peptide.
Protein ratios were then determined as the median of all the
quantified peptides belonging to a certain protein. The

quantification was analyzed at the peptide level, and peptide
ratios were manually evaluated. Peptides that presented
discrepant values inside each protein were discarded as soon
as this elimination did not change the trend of the ratio
presented, and the standard deviation was improved. By this
way, an increase in the coverage of the quantified proteins was
achieved.

Regarding phosphorylation, the variable modification of
phosphorylation (STY) was added for peptide identification.
The PhosphoRS node was used to provide a confidence
measure for the localization of phosphorylation in the peptide
sequences identified with this modification. The phosphor-
ylation sites were manually corrected based on the PhosphoRS
localization probability for a given residue. The phosphor-
ylation sites assigned with a localization percentage <75% were
considered ambiguous. In addition, if the percentage was >75%
but different in the biological replicates were also considered
ambiguous. The phosphopeptides were treated similarly as in
quantitative analysis with the exception that the quantification
was performed only at peptide level.

To make our findings publicly available and accessible to the
community, we have deposited our data set in the
ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD009938.

Western Blotting

Protein lysates were obtained as stated above but without cell
labeling, and used for the proteomic validation assays. Forty ug
of protein lysate were loaded in each well of a 10% SDS-PAGE
gel and electrophoretically separated. After this, the proteins
were transferred onto nitrocellulose membranes (Hybond-
ECL; GE Healthcare). The membranes were blocked with 5%
skinny milk in PBS for 2 h, and incubated with primary
antibodies, including anti-PRDXS (Abcam) (1/125), anti-
MEK2 (Cell Signaling Technology) (1/500), anticleaved
caspase-3 (Cell Signaling Technology) (1/1000), anti Erk-1/
2 (Cell Signaling Technology) (1/1000), or anti-Tubulin-a
(Serotec) (1/1000), anti P-Erk1/2 (Cell Signaling Technol-
ogy) (1:1000) for 18 h at 4 °C. The membranes were washed
4 times with PBS containing 0.1% Tween-20 and incubated
with IRDye secondary antibodies for 1 h (1/4000 IRDye
800CW goat antimouse IgG, IRDye 680LT goat antimouse
IgG, IRDye 800CW goat antirabbit IgG, or IRDye 680LT goat
antirabbit IgG, as appropriate). Membranes were then washed
four times with PBS containing 0.1% Tween-20. Odyssey
system (LI-COR ) was used to detect the fluorescence signals.
Protein abundance was compared between control and
infected macrophages and values were given as arbitrary
fluorescence units. Detection of tubulin-a was used as a
loading control.

Selected Reaction Monitoring (SRM)

The abundance of the protein NDKA was quantified using
SRM. A proteotypic peptide, which is a peptide unique to the
target protein and easily detectable by mass spectrometry was
selected for protein quantification.”” The selected peptide was
FMQASEDLLK because it was quantified in the shotgun
approach and reached several criteria necessary for SRM.
These criteria were as follows: be proteotypic and easy to
synthesize and have moderate hydrophobicity. Unpurified
isotopic labeled peptide was obtained from JPT Peptide
Technologies GmbH. Skyline software (Seattle Proteome
Center) was used for the optimization of SRM methodology
and for the analysis of the resulting MS data. Protein lysates
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Figure 1. THP1 macrophage interaction with C. albicans cells. (A) Lactate dehydrogenase cytotoxicity assay to measure the damage in THP1
macrophages after 3 h and 8 h of interaction with C. albicans cells and at a MOI of 1 and S. (B) Fluorescence microscopy images of THP1
macrophages exposed to labeled C. albicans strain SC5314 (Oregon green 488) in green, for 3 h. Intracellular and external/adhered C. albicans cells
were distinguished based on fluorescence after costaining with Calcofluor white in blue, which does not enter or stain macrophages. (C) Phagocytic
activity of macrophages at different times of interaction. (D) Environmental scanning electronic microscopy (ESEM) of macrophage and

C. albicans coculture after 3 h of interaction.

were obtained as stated above, but without labeling the cells,
enriched using ATP-probe and digested as previously shown.
These SRM experiments were performed on a Q-TRAP 5500
LC—MS/MS system (AB Sciex). Both peaks from the
endogenous and heavy peptides were evaluated manually.
The area ratio (endogenous peptide area divided by heavy
peptide area) was compared in both conditions (control and
interaction). Three biological replicates and at least 2 technical
replicates were performed.

Bioinformatic Analysis of the Differentially Abundant
Proteins

Gene ontology (GO) enrichment analysis was performed using
Genecodis (http://genecodis.cnb.csic.es/)3’0_32 and Panther
(http://pantherdb.org/) web tools. For GO analysis, statistical
significance was set at p-value < 0.0S. STRING software
version 10.0 (http://string-db.org) was used for the study of
the protein—protein interactions.” Ingenuity Pathway Analysis
(IPA) (QIAGEN Bioinformatics) was used both for the
prediction of possible upstream regulators and for network
analysis.

Quantitative RT-PCR

RNA was isolated using the microRNeasy mini kit (QIAGEN)
according to the manufacturer’s protocol. Samples were
quantified by Nanodrop 2000C (Thermo Fisher Scientific)
and the presence of small RNA was confirmed using the
Bioanalyzer 2100 (Agilent). Total RNA was reverse tran-
scribed using Tagman microRNA reverse transcription kit
(Thermo Fisher Scientific) and 10 ng of total RNA from each
sample. Quantitative real time polymerase chain reaction (RT-
PCR) for miRNA was performed using TagMan microRNA
assays (Thermo Fisher Scientific) following the manufacturer’s

instructions. U6 snRINA was used as an endogenous control,
and the microRNAs (miRNAs) analyzed were mmu-miR-124a,
hsa-miR-146a, hsa-miR-155, and hsa-miR-21.

Statistical Analysis

In the SILAC experiment, the protein abundance ratio was the
amount of protein in the macrophages upon interaction with
C. albicans divided by the amount of protein in the control
macrophages (without interaction with C. albicans). The log,-
transformed mean macrophage protein abundance ratios upon
C. albicans interaction were stratified into seven quantiles
according to their distribution in the sample: Q, (the lower
extreme values), Q, (the lower outlier values), Q; (the smaller
values that extended to 1.5 times the lower quartile or 25th
percentile), Q, (the interquartile range, ie., 25th to 75th
percentiles), Qs (the larger values that extended to 1.5 times
the upper quartile or 75th percentile), Q4 (the upper outlier
values), and Q, (the upper extreme values). The first and
seventh quantiles comprised those macrophage proteins that
had the lowest and highest relative abundance ratios,
respectively, upon interaction with C. albicans. The same
analysis was performed for phosphorylated peptides. All
quantitative data were presented as mean =+ standard deviation
(SD).

For Western blotting, cytokines and SRM assays, compar-
isons between two groups were performed by the Student’s ¢
test. Statistical significance was defined as * for p-value < 0.05,
** for p-value < 0.001 and *** for p-value < 0.0001. Three
biological replicates were performed for Western blotting and
SRM-based validation assays, with exception of cleaved-caspase
Western blotting that was performed with two biological
replicates.
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Table 1. Proteins Differentially Abundant 3 h after Macrophage—C. albicans Interaction®

UniProt
code”

entry

names gene names

RNA processing

060812 HNRC1 HNRNPCL1
P14678 RSMB SNRPB
Q99733 NP1L4 NAPI1L4
Q01081 U2AF1 U2AF1
P09661 RU2A SNRPA1
Q9NR30 DDX21 DDX21
Structural components of ribosome
P32969 RL9 RPL9
P62854 RS26 RPS26
P39023 RL3 RPL3
Oxidative stress

P30044 PRDXS* PRDXS
Q6NUK1 SCMC1 SLC25A24
ATP production and transport

075964 ATPSL ATPSL
P05141 ADT2 SLC25AS
Immune response and cell signaling
P36507 MP2K2°¢ MAP2K2
P43405 KSYK SYK
Metabolism

QI9NRN7 ADPPT AASDHPPT
Q8NBXO0 SCPDL SCCPDH
Q9Y617 SERC PSAT1
Others”

B2RPKO HGBI1A HMGBI1P1
P49589 SYCC CARS
QY6QRS PURB PURB
QIY6CY MTCH2  MTCH2

] b
UniProt code” entry names gene names

Proteolysis and peptide degradation

QOUHL4 DPP2 DPP7
P14780 MMP9 MMP9
P28838 AMPL LAP3
Q96KP4 CNDP2 CNDP2
P09960 LKHA4 LTA4H
P09622 DLDH DLD
Transport

Q8NSM9 JAGN1 JAGN1
P51149 RAB7A RAB7A
P84085S ARFS ARFS
Proteasome components and protein fate
P62333 PRS10 PSMC6
P2806S PSB9 PSMB9
094874 UFL1 UFL1
PS1572 BAP31 BCAP31

Immune response and cell signaling

Proteins more abundant after macrophage interaction with C. albicans

q b
protein names

Heterogeneous nuclear ribonucleoprotein C-like 1

Small nuclear ribonucleoprotein-associated proteins B and B’
Nucleosome assembly protein 1-like 4

Splicing factor U2AF 35 kDa subunit

U2 small nuclear ribonucleoprotein A’

Nucleolar RNA helicase 2

60S ribosomal protein L9
40S ribosomal protein S26
60S ribosomal protein L3

Peroxiredoxin-5

Calcium-binding mitochondrial carrier protein SCaMC-1

ATP synthase subunit g
ADP/ATP translocase 2

Dual specificity mitogen-activated protein kinase kinase 2

Tyrosine-protein kinase SYK

L-aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl
transferase

Saccharopine dehydrogenase-like oxidoreductase

Phosphoserine aminotransferase

Putative high mobility group protein Bl-like 1
Cysteine—tRNA ligase

Transcriptional activator protein Pur-beta
Mitochondrial carrier homologue 2

Proteins less abundant after macrophage interaction with C. albicans

] b
protein names

Dipeptidyl peptidase 2

Matrix metalloproteinase-9
Cytosol aminopeptidase
Cytosolic nonspecific dipeptidase
Leukotriene A-4 hydrolase
Dihydrolipoyl dehydrogenase

Protein jagunal homologue 1
Ras-related protein Rab-7a
ADP-ribosylation factor S

268 protease regulatory subunit 10B
Proteasome subunit beta type-9
E3 UFMI-protein ligase 1

B-cell receptor-associated protein 31

Serine/threonine-protein kinase 3

Mitogen-activated protein kinase kinase kinase 2
Serine/threonine-protein phosphatase PP1-gamma catalytic subunit
Interferon-induced protein with tetratricopeptide repeats 1

2/-5'-oligoadenylate synthase 3

Septin-2
Ras GTPase-activating-like protein IQGAP1
Lamin-B1

Q13188 STK3 STK3

QIY2US M3K2 MAP3K2

P36873 PP1G PPP1CC

P09914 IFIT1 IFIT1

QIY6KS OAS3 OAS3

Cytoskeleton components/interactors and regulators
Q15019 SEPT2 SEPT2

P46940 IQGAI1 IQGAP1

P20700 LMNBI1 LMNBI1

043707 ACTN4 ACTN4

Alpha-actinin-4

ratio”

1.8
1.5
14
13
12
12

14
13
1.3

1.3
15

1.3
12

13
1.2

14

13
1.3

13
12
12
12

standard
deviation®

0.218
0.045
0.169
0.289
0.205
0.293

0.29
0.166
0.272

0.171
0.175

0.236
0.227

0.067
0.187

0.075

0.066
0.275

0.251
0.274
0.285
0.237

nr
. d
replicates

[SSINN ST S R S TSI S

~

N

AN W

ratio® standard deviation® nr replicates?

0.8
0.8
0.8
0.8
0.8
0.8

0.8
0.8
0.8

0.9
0.8
0.8
0.8

0.8
0.8
0.8
0.8
0.8

0.8
0.8
0.7
0.6

0.213
0.22

0.237
0.076
0.284
0.163

0.074
0.223
0.162

0.104
0.276
0.281
0.127

0.061
0.2

0.238
0.238
0.233

0.003
0.168
0.101
0.096

ENE S SN N [SINOVR S NN [Vl SN [ I A
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Table 1. continued

Proteins less abundant after macrophage interaction with C. albicans

; b
UniProt code” entry names gene names

q b
protein names

ratio® standard deviation® nr replicates?

Q68CZ2 TENS3 TNS3 Tensin-3 0.1 0.137 2
Ion transport and uptake

Q13303 KCAB2 KCNAB2  Voltage-gated potassium channel subunit beta-2 0.8 0.093 2
P2710S STOM STOM Erythrocyte band 7 integral membrane protein 0.8 0.253 4
P02786 TFR1 TFRC Transferrin receptor protein 1 0.5 0.115 2
RNA processing

Q9Y3I0 RTCB RTCB tRNA-splicing ligase RtcB homologue 0.8 0.087 2
P29692 EF1D EEFID Elongation factor 1-delta 0.8 0.057 2
Q965B4 SRPK1 SRPK1 SRSF protein kinase 1 0.7 0.249 2
043865 SAHH2 AHCYL1 Adenosylhomocysteinase 2 0.7 0.274 2
Nucleoside triphosphates synthesis

P15531 NDKA® NME1 Nucleoside diphosphate kinase A 0.8 0.228 2
P48047 ATPO ATPSO ATP synthase subunit O 0.7 0.098 3
Others”

QINSE4 SYIM IARS2 Isoleucine—tRNA ligase 0.9 0.14 3
Qo61J6 GMPPA GMPPA Mannose-1-phosphate guanyltransferase alpha 0.8 0.073 2
QINVJ2 ARLSB ARLSB ADP-ribosylation factor-like protein 8B 0.8 0.215 3
Q6S88J3 POTEE POTEE POTE ankyrin domain family member E 0.6 0.089 2
Q01432 AMPD3 AMPD3 AMP deaminase 3 0.5 0.278 4

“Proteins are ordered by ratio average inside each category. bProtein name and Uniprot Code according to Uniprot Knowledge base. “Average
abundance ratio from macrophages + C. albicans versus control macrophages and respective inter-replicate standard deviation (cutoff in 0.3).
¥Proteins present in at least two biological replicates were considered and with a standard deviation lower than 30%. “Proteins from this study that
were validated by Western blot or SRM. Tn this category were included proteins with unknown or putative function and proteins that were not

possible to include in the other categories.

The mi-RNA expression level was calculated using 2744

formula.’* The results were represented using the relative fold-
change expression compared to the control, where the control
values were considered a value of 1. Four biological replicates
were used in this assay.

For all the assays, conditions were tested with Student’s ¢
test. A p-value lower than 0.05 was considered statistically
significant.

B RESULTS

THP-1 Macrophages and C. albicans Coculture

The optimal conditions were set up to characterize differ-
entially abundant proteins from human macrophages upon
C. albicans infection. The damage of C. albicans in the THP-1
macrophages was evaluated by lactate dehydrogenase measure-
ments in two MOIs (Figure 1A). C. albicans produced more
damage to THP-1 cells in a MOI of 5 than in a MOI of 1, as
expected. Damage increased over time of incubation at both
MOIs. A MOI of 1 was selected due to the lowest observed
damage. After MOI selection, phagocytic activity was
measured. C. albicans cells ingested or associated with
macrophages were discriminated using differential staining
with Oregon green and Calcofluor white. THP-1 macrophages
showed an increase in their phagocytic activity over time (from
45 min to 3 h), almost 70% of Candida cells being engulfed
after 3 h of interaction (Figures 1B,C). Taking into account
these results and some studies performed before by our
laboratory,”***** a MOI of 1 and the time point of 3 h were
the conditions used for the quantitative proteomic assay. With
these conditions, it was assured that 70% of C. albicans cells
were engulfed and most macrophages were viable. Macro-
phage—C. albicans coculture in the selected conditions was
visualized by ESEM (Figure 1D). As shown, after 3 h of

interaction C. albicans cells were already in hypha form and at
different stages of interaction with the macrophage.

Quantitative Proteomic Analysis of Macrophage Proteins
after Interaction with C. albicans

A quantitative shotgun proteomic approach using SILAC and
LC—MS/MS was used to study the changes in the abundance
of macrophage proteins enriched after using the ActivX
desthiobiotin ATP probes upon interaction with C. albicans
cells during 3 h at a MOI of 1. Protein lysate was enriched in
ATP-binding proteins and samples were analyzed by LC—MS/
MS. Four biological replicates and two technical replicates of
each were analyzed by MS and a schematic workflow of the
experimental procedure is reflected in Figure SI. A total of
1043 proteins were identified, corresponding to 710, 664, 664,
and 709 proteins in each replicate, respectively (Table S1 and
Figure S2). A total of 547 nonredundant proteins were
quantified in at least two biological replicates with a SD < 0.3
(Table S2). The molecular functions enriched on the 547
quantified proteins were mainly protein binding (271
proteins), nucleotide binding (203 proteins), and ATP binding
(136 proteins). Furthermore, the total number of quantified
proteins was enriched in 10 major biological processes, such as
gene expression (87 proteins), cellular protein metabolic
process (76 proteins), and translation (65 proteins). Regarding
the cellular component, most of the proteins were located in
cytoplasm (341 proteins), followed by nucleus (205 proteins),
and mitochondria (105 proteins) (Figure S3).

The macrophage proteins extracted using the ActivX
desthiobiotin ATP probes showed a very homogeneous
abundance ratio. After stratification of protein abundance
ratios into quantiles according to their distribution upon
interaction with C. albicans, we found that 4 and 9 proteins had
the higher and lower extreme abundance ratios, whereas 18
and 28 proteins had the higher and lower outlier abundance
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Figure 2. Gene Ontology (GO) analysis of the proteins considered differentially abundant after macrophage interaction with C. albicans. GO
analysis of (A) molecular function, (B) biological process, and (C) cellular component.

ratios, respectively (Figure S4 and Table 1). Out of these 59
differentially abundant proteins, 12 were annotated as ATP
binding proteins. GO term enrichment analysis showed that
the more abundant proteins were involved in gene expression
and RNA metabolic process, whereas the less abundant
proteins were associated with proteolysis, apoptotic processes
and endocytosis, among others. Both, the more and less
abundant macrophage proteins, were related to the same
molecular functions, such as protein binding and nucleotide
binding. Furthermore, the more abundant proteins were
associated with RNA binding or peroxiredoxin activities,
while the less abundant proteins were related to ATP binding
or peptidase activities. Both the more and less abundant
proteins were enriched in the cytosol and mitochondrion GO
terms (Figure 2). The more abundant mitochondrial proteins
during interaction included SLC25A24 and PRDXS, which are
important in the response to oxidative stress.”*’

The analysis of known and predicted protein—protein
interactions was also performed with these 59 differentially
abundant macrophage proteins upon C. albicans interaction
(Figure 3). Forty-five protein—protein associations were found
on the basis of known or predicted interactions. Different
clusters of protein associations were observed. A cluster

enriched in proteins that were more abundant during
C. albicans interaction was involved in protein synthesis. The
group of proteins that were less abundant was very
heterogeneous in molecular function GO terms and included
a cluster of proteins involved in proteolysis and endocytic
traffic. Other clusters containing both the more and less
abundant proteins were related to RNA processing and
apoptosis.

Analysis of the Quantified Proteins Annotated as
ATP-Binding Proteins

A comparison between all the proteins annotated as ATP
binding in Uniprot database and the proteins quantified in this
study was performed. From the 1482 proteins annotated with
the ATP binding term, 137 were also present in the 547
proteins quantified in this study (Table S3). This means that
approximately 25% of all the quantified proteins were
annotated as “ATP-binding”. A list of all ATP binding proteins
quantified and grouped by protein family is represented in
Table 2. Among them, 4 proteins (MAP2K2, KSYK, DDX21,
and SYCC) were more abundant during the interaction, and 8
proteins (PRS10, SYIM, STK3, OAS3, MAP3K2, RTCB,
NDKA, and SRPK1) were less abundant after the interaction.
In this group of differentially abundant ATP-binding proteins,
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6 were kinases (MAP2K2, SYK, STK3, MAP3K2, NDKA, and
SRPK1). The group with more quantified proteins was the
protein kinase superfamily, with 24 quantified protein kinases
(Table 2). GO analysis on molecular function showed an over-
representation of terms related to ATP binding (like
nucleotide binding), ATPase activity and kinase activity
(Table S3). Regarding the GO analysis on cellular component,
in addition to cytosol that was already expected, an over-
representation on terms related to chaperonin-containing T
complex, proteasome, mitochondria or extracellular vesicles
was also observed. Concerning the GO analysis on the
biological processes, there was an over-representation in terms
such as regulation of protein localization to Cajal bodies
(which are implicated in mRNA processing),”® tRNA amino-
acylation for protein translation, protein folding, regulation of
protein stability, and positive regulation of cellular biosynthetic
process. There was also an over-representation on processes
related to immune response, such as regulation of cellular
response to stress and activation of innate immune response.

Phosphoproteomic Analysis of Macrophage Proteins after
Interaction with C. albicans

The fraction enriched in ATP-binding proteins from all 4
biological replicates was further subjected to phosphopeptide
enrichment. A total of 85 phosphopeptides were quantified in
at least two biological replicates and with a SD < 0.3 and are
listed in Table S4. In some cases two or more phosphopeptides
were quantified for the same phosphorylation site (phospho-
site). Therefore, 85 phosphopeptides corresponding to 70
phosphosites and 56 proteins were quantified. According to the
phosphorylation probabilities given by the Proteome Discov-
erer software, the phosphosites were considered ambiguous or
assigned to a specific amino acid (serine, threonine and
tyrosine). Sixty-one percent of the phosphosites were
phosphorylated in a serine and 33% were ambiguous, whereas

phosphothreonine and phosphotyrosine were less represented
(3% each). Out of the 56 phosphoproteins, 25 (approximately
36%) are from proteins that were annotated as ATP-binding
proteins in Uniprot database and 12 (21.4%) as kinases. Out of
the 85 quantified phosphopeptides, S phosphopeptides (each
one belonging to a single protein) were differentially abundant
during macrophage interaction with C. albicans (Table 3 and
Figure SS5). From this, 2 phosphopeptides belonging to
PRKAAI and CLN6 were more abundant during interaction,
whereas 3 phosphopeptides belonging to PI4K2A, SRC and
PRKCD were less abundant. Their mass spectra are shown in
Figure S6.

Protein Validation

To confirm the quantitative MS data, Western blot analysis
using antibodies to MAP2K2, PRDXS and ERK1/2, and SRM
of NDKA were performed. There was a significant increase in
MAP2K2 (ratio between interaction and macrophages control
of 1.6) and PRDXS (ratio of 2.1) abundance during
macrophage interaction with C. albicans cells in line with MS
data (Figures 4A and 4B). Because MAP2K2 is a kinase that
acts upstream ERK1/ERK?2 kinases and is important for several
cellular processes,” we also validated this protein by Western
blotting. No significant differences in ERK1/2 abundance
upon interaction were detected, confirming our proteomic data
(Figure 4C). In addition, phosphorylation of ERK1/2 was also
evaluated and no increase in phosphorylation was observed
(Figure S7). For SRM validation, the correspondent isotopic
labeled peptide was ordered, and a calibration curve was
performed (see Figure S8 and Table SS). The quantification of
this peptide confirmed the decrease in the amount of NDKA
(ratio of 0.24) (Figure 4D and Table SS).
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Table 2. ATP-Binding Proteins Quantified”

protein family
AAA ATPase family

ABC transporter superfamily

Actin family

Adenylate kinase family

ATPase alpha/beta chains family

Class-I aminoacyl-tRNA synthetase family

ClpA/ClpB family

DEAD box helicase family

Heat shock protein 70 family

Heat shock protein 90 family

UniProt
code”
P17980
P35998
P43686
P46459
P55072
P62191
P62195
P62333
Q03518
P61221
P60709
P68032
P61163
P61160
P61158
P00568
P30085
P06576
P25705
P38606
P23381
P26640
P47897
P49589
P5S4136
P54577
QINSE4
Q9P2J5
P07814
043776
P12081
P26639
P41250
P49588
QIY285
P14868
P49591
Q9HO078
014656
QINR30
000571
P17844
Qo8211
043143

Q13838
P38919
P60842
Q14240
P11021
P11142
P34932
P38646
Q92598
Q9Y4L1
P07900
P08238
P14625
Q12931
QS8FF6

entry
name

PRS6A
PRS7
PRS6B
NSF
TERA
PRS4
PRS8
PRS10
TAP1
ABCE1
ACTB
ACTC
ACTZ
ARP2
ARP3
KAD1
KCY
ATPB
ATPA
VATA

SYSC
CLPB
TORIA
DDX21
DDX3X
DDXS
DHX9
DHX1S

DX39B
IF4A3
IF4A1
IF4A2
BIP
HSP7C
HSP74
GRP7S
HS105
HYOU1
HS90A
HS90B
ENPL
TRAP1
H90B4

gene names

PSMC3
PSMC2
PSMC4
NSE
vCp
PSMC1
PSMC5
PSMC6
TAP1
ABCEL
ACTB
ACTC1
ACTRIA
ACTR2
ACTR3
AK1
CMPK1
ATPSF1B
ATPSFI1A
ATP6 VIA
WARS
VARS
QARS
CARS
RARS
YARS
IARS2
LARS
EPRS
NARS
HARS
TARS
GARS
AARS
FARSA
DARS
SARS
CLPB
TORIA
DDX21
DDX3X
DDX$
DHX9
DHXI5

DDX39B
EIF4A3
EIF4A1
EIF4A2
HSPAS
HSPAS8
HSPA4
HSPA9
HSPH1
HYOU1
HSP90AAL
HSP90AB1
HSP90B1
TRAP1
HSP90AB4P

protein name

268 protease regulatory subunit 6A

26S protease regulatory subunit 7

268 protease regulatory subunit 6B
Vesicle-fusing ATPase

Transitional endoplasmic reticulum ATPase
26S protease regulatory subunit 4

26S protease regulatory subunit 8

268 protease regulatory subunit 10B¢
Antigen peptide transporter 1
ATP-binding cassette subfamily E member 1
Actin. cytoplasmic 1

Actin. alpha cardiac muscle 1
Alpha-centractin

Actin-related protein 2

Actin-related protein 3

Adenylate kinase isoenzyme 1

UMP-CMP kinase

ATP synthase subunit beta

ATP synthase subunit alpha

V-type proton ATPase catalytic subunit A
Tryptophan-tRNA ligase

Valine-tRNA ligase

Glutamine-tRNA ligase

Cysteine-tRNA ligased

Arginine-tRNA ligase

Tyrosine-tRNA ligase

Isoleucine-tRNA ligase”

Leucine-tRNA ligase

Bifunctional glutamate/proline-tRNA ligase
Asparagine-tRNA ligase

Histidine-tRNA ligase

Threonine-tRNA ligase

Glycine-tRNA ligase

Alanine-tRNA ligase

Phenylalanine-tRNA ligase alpha subunit
Aspartate-tRNA ligase

Serine-tRNA ligase

Caseinolytic peptidase B protein homologue
Torsin-1A

Nucleolar RNA helicase 2
ATP-dependent RNA helicase DDX3X
Probable ATP-dependent RNA helicase DDXS
ATP-dependent RNA helicase A

Pre-mRNA-splicing factor ATP-dependent RNA
helicase DHX1S

Spliceosome RNA helicase DDX39B
Eukaryotic initiation factor 4A-IIT
Eukaryotic initiation factor 4A-1
Eukaryotic initiation factor 4A-II

78 kDa glucose-regulated protein
Heat shock cognate 71 kDa protein
Heat shock 70 kDa protein 4
Stress-70 protein

Heat shock protein 105 kDa
Hypoxia up-regulated protein 1
Heat shock protein HSP 90-alpha
Heat shock protein HSP 90-beta
Endoplasmin

Heat shock protein 75 kDa

Putative heat shock protein HSP 90-beta 4
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Table 2. continued

protein family
Phosphofructokinase type A (PFKA) family

Protein kinase
superfamily

AGC Ser/Thr protein kinase
family

BUD32 family

CMGC Ser/Thr protein kinase
family

Ser/Thr protein kinase family

STE Ser/Thr protein kinase family

TKL Ser/Thr protein kinase family

Tyr protein kinase family. CSK
subfamily

Ribose-phosphate pyrophosphokinase family

RtcB family

Succinate/malate CoA ligase beta subunit family

TCP-1 chaperonin family

Ubiquitin-activating E1 family

Proteins without Protein Family assigned

Other ATP-binding Proteins

UniProt
code”
P17858
Q01813
P17612

Ql5418
Q96544
Q96SB4

P49841
P28482
Q16539
P19784
P68400
P19525

Q9Y2US
P36507

094804
095747
Q13043
Q13177
Q13188
Q9H2G2
Q9H2KS
Q9Y6EO
Q13418
QINWZ3
P41240

P43405
P11908
P60891
QIY3I0
Q9Y230
Q9Y265
Q9P2R7
Q96199
P53396
P17987
P40227
P48643
P49368
P50990
P50991
P78371
Q99832
AOAVTI
P22314
Q9UBT?2
Q9GZZ9
P61088
P05165
P48426
P49915
Q02790
Q12905
Q14166
Q9UHDI

Q9Y6KS

entry
name

PFKAL
PFKAP
KAPCA

KS6A1
PRPK
SRPK1

GSK3B
MKO1
MK14
CSK22
CSK21
E2AK2

M3K2
MP2K2

STK10
OXSR1
STK4
PAK2
STK3
SLK
TAOK3
STK24
ILK
IRAK4
CSK

KSYK
PRPS2
PRPS1
RTCB
RUVB2
RUVB1
SUCBI
SUCB2
ACLY
TCPA
TCPZ
TCPE
TCPG
TCPQ
TCPD
TCPB
TCPH
UBA6
UBAI
SAE2
UBAS
UBE2N
PCCA
PI42A
GUAA
FKBP4
ILF2
TTLI12
CHRD1

OAS3

gene names

PFKL
PFKP
PRKACA

RPS6KA1
TPS3RK
SRPK1

GSK3B
MAPK1
MAPK14
CSNK2A2
CSNK2A1
EIF2AK2

MAP3K2
MAP2K2

STK10
OXSR1
STK4
PAK2
STK3
SLK
TAOK3
STK24
ILK
IRAK4
CSK

SYK
PRPS2
PRPS1
RTCB
RUVBL2
RUVBLI1
SUCLA2
SUCLG2
ACLY
TCP1
CCT6A
CCTS
CCT3
CCT8
CCT4
CCT2
CCT7
UBA6
UBA1
UBA2
UBAS
UBE2N
PCCA
PIP4K2A
GMPS
FKBP4
ILF2
TTLL12
CHORDCI1

OAS3

protein name

ATP-dependent 6-phosphofructokinase
ATP-dependent 6-phosphofructokinase
cAMP-dependent protein kinase catalytic subunit alpha

Ribosomal protein S6 kinase alpha-1
TPS3-regulating kinase
SRSF protein kinase 1°

Glycogen synthase kinase-3 beta
Mitogen-activated protein kinase 1
Mitogen-activated protein kinase 14
Casein kinase II subunit alpha’
Casein kinase II subunit alpha

Interferon-induced. double-stranded RNA-activated
protein kinase

Mitogen-activated protein kinase kinase kinase 2°

Dual specidﬁcity mitogen-activated protein kinase
kinase 2

Serine/threonine-protein kinase 10
Serine/threonine-protein kinase OSR1
Serine/threonine-protein kinase 4
Serine/threonine-protein kinase PAK 2
Serine/threonine-protein kinase 3°
STE20-like serine/threonine-protein kinase
Serine/threonine-protein kinase TAO3
Serine/threonine-protein kinase 24
Integrin-linked protein kinase

Interleukin-1 receptor-associated kinase 4

Tyrosine-protein kinase CSK

Tyrosine-protein kinase SYK?

Ribose-phosphate pyrophosphokinase 2
Ribose-phosphate pyrophosphokinase 1
tRNA-splicing ligase RtcB homologue®
RuvB-like 2

RuvB-like 1

Succinate-CoA ligase
Succinate-CoA ligase
ATP-citrate synthase
T-complex protein 1 subunit alpha
T-complex protein 1 subunit zeta

T-complex protein

1
1

T-complex protein 1 subunit epsilon
1 subunit gamma
1

T-complex protein 1 subunit theta
T-complex protein 1 subunit delta
T-complex protein 1 subunit beta
T-complex protein 1 subunit eta
Ubiquitin-like modifier-activating enzyme 6
Ubiquitin-like modifier-activating enzyme 1
SUMO-activating enzyme subunit 2
Ubiquitin-like modifier-activating enzyme 5
Ubiquitin-conjugating enzyme E2 N
Propionyl-CoA carboxylase alpha chain
Phosphatidylinositol S-phosphate 4-kinase type-2 alpha
GMP synthase

Peptidyl-prolyl cis—trans isomerase FKBP4
Interleukin enhancer-binding factor 2
Tubulin—tyrosine ligase-like protein 12

Cysteine and histidine-rich domain-containing
protein 1

2/-§'-oligoadenylate synthase 3°
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Table 2. continued

UniProt entry
protein family code” name gene names protein name
P00966 ASSY ASS1 Argininosuccinate synthase
043681 ASNA ASNAIL ATPase ASNAL1
060488 ACSL4 ACSL4 Long-chain-fatty-acid—CoA ligase 4
P1661S AT2A2 ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
P10809 CH60 HSPD1 60 kDa heat shock protein
P17812 PYRG1 CTPS1 CTP synthase 1
Q13057 COASY COASY Bifunctional coenzyme A synthase
P22102 PUR2 GART Trifunctional purine biosynthetic protein adenosine-3
P00367 DHE3 GLUD1 Glutamate dehydrogenase 1
P54886 P5CS ALDHI18A1  Delta-1-pyrroline-5-carboxylate synthase
P19367 HXK1 HK1 Hexokinase-1
P12956 XRCC6 XRCC6 X-ray repair cross-complementing protein 6
P13010 XRCC5 XRCCS X-ray repair cross-complementing protein $
P15531 NDKA NME1 Nucleoside diphosphate kinase A°
P36776 LONM LONP1 Lon protease homologue
QINSD9 SYFB FARSB Phenylalanine—tRNA ligase beta subunit
P00558 PGK1 PGK1 Phosphoglycerate kinase 1
P14618 KPYM PKM Pyruvate kinase PKM
P22234 PURG6 PAICS Multifunctional protein ADE2
P11586 CI1TC MTHEFD1 C-1-tetrahydrofolate synthase
043615 TIM44 TIMM44 Mitochondrial import inner membrane translocase
subunit TIM44
Q12965 MYOIE MYOIE Unconventional myosin-Ie
QINTKS OLA1 OLA1 Obg-like ATPase 1

“Proteins are ordered by alphabetical and by protein family. bUniprot Code according to Uniprot Knowledge base. Proteins only with a standard
deviation lower than 30% and quantified in at least 2 biological replicates. “Proteins annotated as ATP-binding proteins in Uniprot database that
were found in this study to be less abundant during macrophage interaction with C. albicans. “Proteins annotated as ATP-binding proteins in
Uniprot database that were found in this study to be more abundant during macrophage interaction with C. albicans.

Table 3. Phosphopeptides Differentially Abundant after 3 h of Macrophage—C. albicans Interaction

UniProt code”  gene names protein names” phosphopeptide phosphosite”  ratio® SD¢
Q13131 PRKAAIL S’-AMP-activated protein kinase catalytic subunit alpha-1 SGSVSNYR ambiguous 1.58 0.22
QINWWS CLN6 Ceroid-lipofuscinosis neuronal protein 6 HGs*VSADEAAR? Ser31 1.40 0.29
Q9BTU6 PI4K2A Phosphatidylinositol 4-kinase type 2-alpha SSSESYTQSFQSr ambiguous 0.70 0.22
P12931 SRC Proto-oncogene tyrosine-protein kinase Src LIEDNEy*TAR Tyr419 0.69 0.22
Q05655 PRKCD Protein kinase C delta type SDSASSEPVGIYQGFEK ambiguous 0.57 0.06

“Protein name and Uniprot Code according to Uniprot Knowledge base. bPhosphosites were considered ambiguous in case PhosphoRS algorithm
assigned a localization probability lower than 75% or if it was assigned in distinct sites in different biological replicates. “Average abundance ratio
from macrophages + C. albicans versus control macrophages and respective inter-replicate standard deviation (cutoff in 0.3). Only phosphopeptides
with a standard deviation lower than 30% and quantified in at least 2 biological replicates. Asterisk indicates the phosphorylation site, and the

corresponding amino acid is in lower case.

Macrophage Cell Death Mechanisms and
Pro-inflammatory Response

Apoptosis was one of the biological processes enriched in the
group of less abundant proteins. A closer look showed an
increase in PRDXS, SLC25A24, and ADT?2, which are
antiapoptotic proteins, and a decrease NDKA, ACTN4, and
STK3, which are pro-apoptotic or antisurvival proteins.*®**~**
In order to functionally validate these results, the apoptotic
status of THP-1 macrophages after interaction with C. albicans
was assayed by measuring caspase-3 activation by cleavage.
Cells were incubated with staurosporine (as a positive control
of apoptosis) and with C. albicans cells (at a MOI of 1 for 3 h).
Activated caspase-3 was assayed by Western blotting with cell
lysates and a band corresponding to the activated caspase 3
was observed in the positive control but not in macrophage—
C. albicans interaction at 3 h (Figure SA). As cleaved caspase 3
is a hallmark of apoptosis,* this result suggests that apoptosis

was not present in these conditions. In congruence with our
results, it was previously described by others that C. albicans
triggers pyroptosis during the first 6 to 8 h of interaction with
macrophages,46 we checked IL-18 secretion (which is secreted
after caspase-1 activation).”” IL-18 was significantly more
secreted in macrophages after interaction with C. albicans
(Figure SB). Furthermore, as pyroptosis is an inflammatory
mechanism of cell death,”” other pro-inflammatory cytokines
were evaluated. As depicted in Figures SC and SD, there was
more secretion of pro-inflammatory cytokines IL-12p40 and
TNEF-a upon interaction with C. albicans.

To further predict potential upstream regulators implicated
in the macrophage inflammatory response, the 59 differentially
abundant proteins were also analyzed using the IPA software.
Fifteen upstream regulators presented an activation z-score
between —2 and 2 and a p-value of overlap <0.05, which
included CD3 complex, cytokines (oncostatin M (OSM), ILS
and IL6), proteins (KRAS; VEGFA; MAPK1; ESR1), miRNAs
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Figure 4. Proteomic results validation in both conditions: Mg (control) and M@+ C. albicans (MOI 1 and 3 h of incubation). Quantification of
(A) MAP2K2, (B) PRDXS, and (C) ERK1/2 by Western blotting and (D) NDKA by selected reaction monitoring.

(miR-124-3p and miR-21), transcription regulators (MYCN,
MYC, and TPS3), transmembrane receptor CD28 and
rapamycin-insensitive companion of mTOR (RICTOR)
(Figure 6A). The higher or lower z-score showed the higher
probability of activation or inhibition of the upstream
regulator, respectively. The IL-6 gene was predicted to be
inhibited. This prompted us to assay the secretion of this
cytokine at different time points (3, 6, and 8 h) of THP-1
macrophage—C. albicans interaction. This cytokine was not
secreted after interaction with yeast cells (Figure 6B),
indicating that this gene may not be expressed under these
conditions. Due to the recent evidence in the implication of
miRNAs (miR) in the regulation of innate immune response,**
we also evaluated the possible activation miR-21 and miR-124
(two miRNAs that were predicted to be activated; Figure 6A).
The expression levels of miR-21 and miR-124 were evaluated
together with miR-146 and miR-15S (which are activated after
treatment with LPS in THP-1 cells** and also after interaction
with heat inactivated C. albicans cells**™>"). MiR-21 and miR-

124 were slightly, but not statistically significant, activated after
treatment with LPS, and showed no significant activation in
response to C. albicans (Figures 7A and 7B, respectively).
Regarding miR-146 and miR-155, they were activated in
response to LPS (Figures 7C and 7D, respectively), but also no
significant activation in response to live C. albicans cells after 3
and 6 h of interaction was observed.

B DISCUSSION

The current approaches to decrease fungal infections are still
limited and are mainly pathogen-directed therapeutics.”” In
this way, the study of the immune response may give us new
clues on how this pathogen can be killed, and consequently
improve the currently available therapeutic approaches.
Furthermore, increasing efforts are being done to develop
specific ways to modulate the immune system as new
therapeutic strategies.”””* Macrophages are cells from the
innate immune system that play an important role in the host
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response and elimination of pathogens.* ATP-binding proteins
are essential in several cellular processes including cell
signaling, differentiation apoptosis and others.”' Despite this
fact, proteomic studies of this group of proteins are generally
difficult because they are at low abundance in the cell. In this
way, we decided to perform a selective enrichment in ATP-
binding proteins with an ATP probe'® in order to get more
information on this subproteome. Taking advantage of this
approach, a quantitative proteomic study of human macro-
phage proteins after interaction with C. albicans cells was
carried out in this work and allowed the quantification of
proteins that could be involved in the response to this
pathogen. In this study, THP-1-derived macrophages were
incubated with C. albicans cells during 3 h and a MOI of 1.
PMA was used for the differentiation of THP-1 monocytes.
The up-regulation of specific genes during the differentiation
process might overwhelm mild effects of specific stimuli.
Nevertheless, this cell line was described to be very close to
primary human cells and used previously for the study
interaction with pathogens.ss_59 At 3 h of interaction, a
reduced damage was ensured, so 70% of the macrophages were
not impaired and around 70% of yeast cells were engulfed by
the macrophages. This evaluation of human macrophage
interaction with C. albicans is in agreement with our previous
studies with murine macrophage cell lines and was peremptory
to select the ratio and time of incubation.”*®

Enrichment in ATP Binding Macrophage Proteins

In this study, 547 nonredundant macrophage proteins were
quantified, approximately 25% of which were annotated in
Uniprot as “ATP-binding” proteins. Proteins that were
quantified and not annotated as ATP binding proteins could
be either proteins that were interacting with the ATP binding

proteins or proteins that resulted from unspecific binding with
the probe. The protein family with more quantified ATP-
binding proteins was the protein kinase superfamily (with 24
quantified protein kinases). Out of these 24 protein kinases, 13
proteins were included in the Ser/Thr (STE) protein kinase
family. The preference to this protein kinase family was
previously observed by Lemeer and co-workers.”” They
performed a comparison between two enrichment methods
(ATP-affinity probe and kinobeads). They found a higher
number of tyrosine kinases enriched with kinobeads, while
more kinases from the STE kinase group were enriched with
the ATP affinity probe. They detailed that small molecules
inhibitors immobilized in kinobeads were originally developed
to target tyrosine kinases, whereas the reaction mechanism of
the ATP probe was distinct.”’

Differentially Phosphorylated Macrophage Peptides after
Interaction with C. albicans

In addition to protein abundance, phosphorylation information
can significantly enhance our knowledge on the involvement of
macrophage ATP-binding proteins in different cellular
mechanisms during interaction with pathogens. Furthermore,
an important group of ATP binding proteins include kinases
which are known to be highly phosphorylated in cell signaling
processes where they are implicated.’ Although few
phosphorylation results were obtained, S differentially
abundant phosphopeptides were found and 4 of them were
key kinases in cell signaling pathways. This means that type of
enrichment in ATP binding proteins, coupled with the new
and more potent mass spectrometers, can be a useful tool for
the study of kinase phosphorylation sites. Regarding the more
abundant phosphopeptides during macrophage—C. albicans
interaction, they corresponded to CLN6 and PRKAAL
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Neuronal ceroid lipofuscinosis are lysosomal storage disorders
and mutation in CLN genes are the cause of this disease.
Among them, CLNG is involved in endocytosis of lysosomal

proteins.®” However, little is known about this protein in other
contexts. PRKAA1 presented the phosphopeptide that showed
the highest increase in abundance during macrophage
interaction. This protein is a sensor of energy status that
maintains cellular energy homeostasis.”> The phosphorylation
of Thr183 is known to activate this kinase.”"®® It was
previously shown that the activation of this kinase was
implicated in phagocytosis of both bacteria® and fungi (like
the pathogen Cryptococcus neoformans).”> Phosphorylation of
AMPKa in Ser487/491 was found to reduce AMPK activity.®®
In this study, the quantified AMPKa phosphopeptide had
several possible phosphosites assigned: Ser494, Ser496, and
TyrS00. A search in Phosphosite Plus showed that the
phosphorylation of Ser496 would be responsible for the
inhibition of the enzymatic activity. However, further studies
would be needed to know the cellular effects of this
phosphopeptide.

The less abundant phosphopeptides during macrophage
C. albicans interaction belonged to PRKCD, SRC and PI4K2.
PRKCD and SRC are known to be activated after macrophage
receptor recognition of C. albicans PAMPs.**” During this
study, both phosphopeptides were found to be less abundant
during interaction. SRC was found to be less phosphorylated in
the activation site (Tyr419) during interaction. Due to its
implication in several fundamental processes, includin% cell
differentiation, proliferation, migration and survival  in
addition to its involvement in the inflammatory process,’’
deeper analysis and time course experiment would be needed
to further explain these results. In any case, SRC is one of the
primary kinases to be activated after receptor engagement,” it is
plausible that after 3 h of incubation this kinase is no longer
phosphorylated, once the signaling cascades are already
activated. PI4K2A was previously described to be involved in
the correct endocytic traffic.”’ Interestingly, the quantitative
proteomic results showed that two proteins implicated in
endosomal trafficking, RAB7A and TFRI, were less abundant
during macrophage interaction with C. albicans.”'~"> These
data together with the fact that our group previously supported
the model where C. albicans evade trafficking to lytic
compartments in murine macrophages’’ make us hypothesize
that also during this experiment C. albicans may be modulating
phagosome maturation. This phenomenon was previously
observed during macrophage—Mycobacterium tuberculosis in-
teraction.”"”*

Mitochondrial Proteins and Oxidative Stress Response

In general, the overall quantification of the ATP binding
proteins subproteome enriched with this method presents
slight changes in its abundance upon interaction with Candida.
This may be due to the preactivation with PMA needed to
differentiate monocytes into macrophages. Macrophages are
phagocytic cells that produce and release reactive oxygen
species (ROS) in response to phagocy’tosis.74 Two mitochon-
drial proteins involved in response to oxidative stress (PRDXS
and SLC25A24) were found to be more abundant upon
interaction with C. albicans. PRDXS, a protein that protects
cells from DNA damage and inhibits stress-induced
apoptosis,*’ was previousl_}r shown to be more abundant in
LPS-treated macrophages.”> We validated the increase in its
abundance using Western blot. SLC25A24 may also play a role
in protecting cells against oxidative stress-induced cell death.*®
Another group previously observed significant changes in
redox-related proteins implicated in oxidative burst in order to
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kill intracellular mycobacteria. They observed an increase in
the abundance of several proteins that counteract the effect of
oxidative stress.”” We can hypothesize that the higher
abundance of proteins that neutralize the oxidative burst may
be a host-driving response to protect itself from the ROS
production because after 3 h of interaction Candida cells are
already producing hypha, which promotes phagolysosome
rupture. Nevertheless, we may not discard the possibility that it
can also be a pathogen-driven response (to reduce the
production of ROS and decrease the killing power of the
macrophages). In addition to being of highly importance to
ATP production and electron transport chain, mitochondria
were recently implicated in innate and adaptive immunity.””
Knowing this, we took a more careful look to the quantified
proteins located in the mitochondria. In general terms, we
observed an increase in the mechanisms that protect cell
against oxidative stress as well as transport of ATP to the
cytoplasm. This behavior is understandable once macrophages
increase the amount of ROS to kill C. albicans. So, the increase
in abundance of these proteins could play a role in the
phagocyte protection against the produced oxidative stress.
Furthermore, the higher demand of metabolites and proteins
could explain the need of the mitochondria to increase the
transport of ATP to the cytosol.

Host Proteins Involved in mRNA Processing and
Translation

HNRNPCLI, a heterogeneous nuclear ribonucleoprotein, was
the protein with the highest differential abundance in our
study. HNRNPs are operationally defined as proteins that bind
to RNA’® and are responsible for packing and stabilizing
them.”” Little is known about HNRNPCLI1. Nevertheless,
HNRNPC was one of the first HNRNPs found to be involved
in RNA splicing."” The depletion of these C proteins from
splicing extracts abolished splicing activity. Thus, we can
hypothesize that HNRNPCLI, which has a 90.8% identity with
HNRNPC, may have a similar role to HNRNPC. Interestingly,
an increase in the abundance of several HNRNPs was
previously observed in THP-1 cells infected with Leishmania
parasites.” String analysis showed a cluster of (more and less
abundant) proteins involved in RNA processing. Further
validation and functional studies are necessary to define the
role of splicing proteins in the macrophage response to
C. albicans.

Another group of differentially more abundant proteins were
ribosomal proteins (RPS26, RPL3, RPL9, and DDX21). A
higher abundance of these proteins may be a mechanism of the
host cells to meet the increasing need of proteins to fight the
fungal infection. In line with the upregulation of the protein
synthesis process, a decrease in the abundance of proteins
involved in proteolysis (MMP9, LAP3, DPP7, and DLD) was
observed.

Macrophage Cell Death and Inflammatory Response to
C. albicans

We also observed enrichment of proteins related to apoptosis.
We found that antiapoptotic signals were up-regulated in THP-
1 macrophages infected with C. albicans, as compared to pro-
apoptotic signals. Knowing that caspase-3 is one of the
executioners of apoptosis, we measured its cleavage by Western
blotting and no cleavage of this protein was observed after
THP-1 macrophage interaction with C. albicans.*’ A previous
work from our research group reported no apogtosis in RAW
264.7 macrophages incubated with C. albicans.” The way by

which macrophages activate cell death mechanisms as a
consequence of uptaking C. albicans cells has been studied
previously. Uwamahoro and co-workers showed that C. albicans
triggers pyroptosis during the first 6 to 8 h of interaction.” In
concordance to our results, they observed no evidence of
activation of caspase-3 by C. albicans early postinfection. More
recently, another group suggested that neutralization of the
phagosome by C. albicans is an important signal in activating
the macrophage inflammasome.”” The pro-inflammatory
cytokine IL-1/ is released as a result of C. albicans driven
NL3PR inflammasome activation and has been used as a
measurement of pyroptotic cell death in the immune cell in
response to microbial pathogens.*””** An increase of this
cytokine was observed after 3 h of interaction with C. albicans,
suggesting that pyroptosis could be activated in response to
C. albicans. However, further validation confirming caspase-1-
dependent IL-1/ release would be needed to confirm this
phenomenon in this cell line. We were also interested in
knowing whether other pro-inflammatory cytokines were
secreted. Both TNF-a and II-12 were significantly more
secreted after 3 h of interaction with C. albicans. This pathogen
is known to trigger a pro-inflammatory response of the
macrophages, including the release of these cytokines.*> The
IPA software was used to predict upstream regulators of the
pro-inflammatory response. This analysis is based on prior
knowledge of expected effects between transcriptional
regulators and their target genes that are stored in Ingenuity
Knowledge Base (taking into account previously published
data sets derived from different animal models).*® This analysis
suggested 15 potential regulators of gene expression for the
genes encoding the proteins identified in this. In order to
validate some of these predictions, we evaluated the secretion
of IL-6 and the activation of miR-21 and miR-124. The
analysis performed by IPA presented a negative activation z-
score of IL-6 and in accordance with this, no secretion of IL-6
was observed. IL-6 is a pro-inflammatory cytokine and was
previously observed not to be secreted after interaction with
C. albicans.*®” Recently, mi-RNAs have been implicated in
immune response, particularly as post-transcriptional regu-
lators of the inflammatory response. There are several mi-
RNAs that regulate TLR signaling pathways. Monk and co-
workers showed that miR-155, miR-146a, miR-146b, miR-125a
and miR-45S were upregulated after treatment with LPS and
after interaction with heat killed C. albicans cells.”’ Another
group was interested in the impact of C. albicans cell
morphology (heat killed yeast and hyphal cells) in the
differential regulation of host mi-RNAs.”® They suggested
that dectin-1 may be orchestrating miR-155 up-regulation in a
Syk-dependent manner. Since our proteomic approach was
performed with live C. albicans cells, we investigated the
differential mi-RNAs regulation upon interaction with live
Candida cells. The selected mi-RNAs were those predicted to
be up-regulated by IPA (miR-21 and miR —124) and those
found to be induced upon LPS activation and after interaction
with heat killed C. albicans cells (miR-146 and miR-155).*
Because we used live cells, our time points were shorter than
others. We found that miR-21 and miR-124 were slightly, but
not significantly, up-regulated after treatment with LPS. After
interaction with C. albicans, none of these mi-RNAs were
statistically significant upregulated. In our conditions and time
points, the results were different from the predicted by IPA.
Both miR-146 and miR-155 were confirmed to be upregulated
after macrophage treatment with LPS. This was in con-
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be remodeled after interaction.

cordance with the other work where miR-146 was shown to be
involved in the mechanism of negative feedback regulation of
TLR.*’ Interestingly, after macrophage interaction with live
C. albicans cells, no upregulation of these mi-RNAs was
observed at these time points. Although longer time points
would be needed to determine whether this behavior is
maintained, we can hypothesize that these miR were not yet
activated because macrophages might need a much higher pro-
inflammatory response to kill C. albicans, or because this
fungus may be inducing a longer pro-inflammatory response to
destroy the macrophage. The inflammatory effect induced by
live C. albicans cells was previously suggested by our group as
virulence trait responsible for tissue damage in the host.”** It is
important to underscore the need of follow-up studies to reveal
whether this is a host-driven or pathogen-driven mechanism.

B CONCLUDING REMARKS

The ATP-binding enrichment together with the SILAC
proteomic and phosphoproteomic approach revealed new
insights into the possible remodeling processes altered upon
macrophage interaction with this human pathogen. A summary
of these processes is depicted in Figure 8. Interestingly, an
increase in the abundance of proteins involved in protein

synthesis was observed together with an increase in the
abundance of mitochondrial proteins responsible for macro-
phage response against oxidative stress. Regarding the cell
death mechanisms, antiapoptotic signals were more abundant
than pro-apoptotic signals, in line with the lack of caspase-3
cleavage during interaction. A high pro-inflammatory response
of the macrophage was observed, by the secretion of TNF-a
and IL-12 cytokines together with the lack of activation of
some mi-RNAs involved in the control of the pro-inflammatory
response. Phosphorylation together with quantitative proteo-
mic results suggested a possible reduction of the endosomal
trafficking inside the macrophage. This study constitutes a
valuable way to better understand cellular mechanism of
response or readjustments and is important for the future
development of new therapeutic approaches.
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ABSTRACT: The effectiveness of macrophages in the response to
systemic candidiasis is crucial to an effective clearance of the pathogen.
The secretion of proteins, mRNAs, noncoding RNAs and lipids
through extracellular vesicles (EVs) is one of the mechanisms of
communication between immune cells. EVs change their cargo to
mediate different responses, and may play a role in the response
against infections. Thus we have undertaken the first quantitative
proteomic analysis on the protein composition of THP-1 macro-
phage-derived EVs during the interaction with Candida albicans. This
study revealed changes in EVs sizes and in protein composition, and
allowed the identification and quantification of 717 proteins. Of them,
133 proteins changed their abundance due to the interaction. The
differentially abundant proteins were involved in functions relating to

Effect on surronding cells

THPI Monocyte:

es Quantitative Proteomic Study
TMT Labeling

133 differentially abundant proteins

s and Macrophages

THP1 macrophages + C. albicans SC5314

immune response, signaling, or cytoskeletal reorganization. THP-1-derived EVs, both from control and from Candida-infected
macrophages, had similar effector functions on other THP-1-differenciated macrophages, activating ERK and p38 kinases, and
increasing both the secretion of proinflammatory cytokines and the candidacidal activity; while in THP-1 nondifferenciated
monocytes, only EVs from infected macrophages increased significantly the TNF-a secretion. Our findings provide new
information on the role of macrophage-derived EVs in response to C. albicans infection and in macrophages communication.

KEYWORDS: macrophages, Candida albicans, extracellular vesicles, inflammation, tandem mass tagging, immune response

1. INTRODUCTION

Candida albicans is a commensal microorganism that colonizes
the skin and the mucosal surfaces in a high percentage of
healthy individuals. However, when the immune defenses of the
individuals are disrupted, this fungus can outgrow and cause
symptoms of disease, producing mucocutaneous or invasive
candidiasis. C. albicans causes more than 400000 cases of
invasive candidiasis cases per year, with a mortality rate up to
75%.!

In the host, an effective innate immune response is essential
for fungal clearance. There are several effector cells such as
natural killer cells, dendritic cells, neutrophils, and macro-
phages. Macrophages constitute the main phagocyte population
and are important cytokines producers, initiating both innate
immune and adaptive immune responses.” After recognition of
the cell wall or the internal components of pathogens by
pattern recognition receptors (PRRs) such as Toll-like
receptors (TLRs) and C-type lectin receptors (CLRs), a
myriad of intracellular cascades are activated. Integration of
simultaneously activated signaling pathways occurs at the level
of signaling adaptors and transcription factors, which are shared
between overlapping signaling pathways. This results in
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cytokine responses, oxidative burst, and arachidonic acid
release, which consequently activate the adaptive response
and ultimately determine the outcome of the infection.’

In a wide number of organisms, from bacteria to eukaryotes,
communication between cells involves the cellular secretion of
proteins to the extracellular environment that bind to the
neighboring cells receptors and initiate signaling cascades.
Besides the classical secretion pathway of proteins, another
mechanism to export proteins out of the cell is through
extracellular vesicles (EVs); the most studied are apoptotic
blebs, microvesicles (MVs), and exosomes.” The secretion of
EVs is a very conserved process throughout evolution.” Cells
from different organisms, from eukaryotes (amoebae, parasites,
fungi, and mammals) to prokaryotic cells, have been proven to
release EVs to the extracellular environment.®™® In mammals,
EVs have been purified from different cell lines and body fluids
under physiological and pathological situations. Their origin is
very diverse, and these EVs have been classified based either on
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their size (microparticles, MVs, nanoparticles, and nano-
vesicles) or on their location in/outside the cell (ectosomes,
exosomes, exovesicles, and exosome-like vesicles). EV cargo
usually includes membrane and cytosolic proteins, mRNA and
noncoding RNAs, and lipids..S

The term MVs generally refers to 100 nm up to 1 um
vesicles that are formed by budding from the plasma
membrane. Recently, exosomes were introduced as a type of
communication among immune cells for antigen presentation
and immune activation.” These small (30—90 nm) EVs result
from the fusion of multivesicular bodies with the plasma
membrane, which are then released to the external micro-
environment.'’ They are known to be released by several cell
types, such as B- and T-lymphocytes, dendritic cells, mast cells,
astrocytes, neurons, and macrophages. Recent studies have
shown that macrophages can be activated by exosomes.”"' ™"
The mechanism of action of exosomes in vivo is poorly
understood. Exosomes from antigen-presenting cells (APCs)
could stimulate T cells directly or could be captured by other
professional APCs. As previous studies have described, EVs
participate in the intercellular communication and change the
cargo to mediate different immune responses, and thus we
hypothesized that macrophage-derived EVs may have a
different composition depending on the stimulus and may
play a role in the pathogenesis of C. albicans infection and in
the macrophage activity against the yeast.

There are few studies that have performed proteomic analysis
of the exosomes secreted by several cell types,”'*™'°
without discrimination between exosomes and MVs.

Our group has widely studied the proteins involved in the
macrophage response against C. albicans using proteomic
approaches. Studies in the murine macrophage cell line RAW
264.7 showed that the presence of C. albicans induces

usually

inflammatory and anti-apoptotic signaling in these macro-
phages,'” while the analyses on the differential protein
expression in human M1 and M2 macrophages revealed that
C. albicans induces a different response in either type of human
monocyte-derived macrophages.'® In the current work, the first
quantitative proteomic approach was developed for the
differential analysis of the EVs secreted by macrophages
infected and noninfected with C. albicans cells to identify and
characterize the composition and their possible effect on other
macrophages and monocytes. Therefore, the human acute
monocytic leukemia cell line (THP-1) was differentiated into
macrophages. Subsequently, control macrophages and macro-
phages after 3 h of interaction with C. albicans at a multiplicity
of infection (MOI) of 1 were used to isolate EVs according to
previous works.”” The proteins in EVs from THP-1 differ-
entiated macrophage control and those treated with C. albicans
were analyzed by TMT (tandem mass tagging) for peptide
labeling and LC—MS/MS for proteomic analysis. Also, the
effect of these EVs on other THP-1 monocytes and
differentiated macrophages was studied.

Our findings provide a new insight into the role of circulating
macrophage-derived EVs in C. albicans infections and their
signaling effect on the recipient cells, showing a different
abundance of EVs populations and different protein composi-
tion of EVs depending on the stimulus that the macrophage is
responding to.

2. EXPERIMENTAL PROCEDURES

2.1. Candida albicans Strain

The C. albicans strain used was a clinical isolate (SC5314)"’
and was maintained on solid YPD medium (1% p-glucose, 1%
Difco Yeast Extract, and 2% agar) and incubated at 30 °C for 1
day before use.

2.2. THP-1 Cell Culture and Macrophage Differentiation

The human acute monocytic leukemia cell line (THP-1) was
cultured in DMEM medium supplemented with antibiotics
(penicillin 100 U/mL—streptomycin 100 pg/mL), 1-glutamine
(2 mM), and 10% heat-inactivated fetal bovine serum (FBS) at
37 °C in a humidified atmosphere containing 5% CO,.

DMEM medium, fetal bovine serum (FBS), L-glutamine, and
antibiotics (penicillin—streptomycin) were obtained from
GIBCO BRL (Grand Island, NY).

THP-1 monocytes were seeded onto 145 mm plastic plates
at a density of 40 X 10° cells/plate in complete medium and
treated with a final concentration of 30 ng/mL phorbol 12-
myristate 13-acetate (PMA) (Sigma-Aldrich, Steinheim,
Germany) for 24 h to induce maturation toward adherent
macrophage-like cells. After 24 h, the medium containing PMA
was replaced with fresh medium not containing PMA to
remove unattached cells; THP-1 cells were cultured in medium
without PMA for 48 h more.

2.3. Candida albicans-Macrophage Coculture

For interaction studies, PMA-induced THP-1 macrophages
were incubated with C. albicans in fresh DMEM media
supplemented with 1% FBS at a MOI (macrophage/yeast
ratio) of 1 during 3 h at 37 °C. Then, supernatants were
collected and centrifuged to eliminate cells. After this,
supernatants were filtered through a 0.2 ym pore size Nalgene
Disposable Filter Unit (Thermo Fisher Scientific) to remove
smaller debris.

2.4. Isolation of Extracellular Vesicles

Three independent experiments were done with THP-1
macrophages samples. Control (MC) and after interaction
with C. albicans (MI) were used to isolate EVs according to
Rodrigues et al.”’ with some modifications updated in our
1ab.*” The number of macrophages used for each sample was
~9 X 10% In brief, the supernatant of 20 Petri dishes (size 150
mm X 15 mm) with ~45 X 10° macrophages each was
collected and concentrated using a Centricon Plus-70 filter
(cutoff filter 100 kDa, Millipore). The concentrated super-
natant was ultracentrifuged at 100 000g for 1 h at 4 °C. Isolated
EVs were washed in PBS twice, and samples were solubilized in
0.5 M triethylammonium bicarbonate (TEAB) buffer supple-
mented with a protease inhibitor cocktail.

The workflow of the current study is represented in the
Supplemental Figure S1A.

2.5. Visualization and Measurement of EVs

2.5.1. Environmental Scanning Electron Microscopy.
Environmental scanning electron microscopy (ESEM) is a
relatively new technique that turns possible the examination of
practically any material, including biological tissues, wet or dry.
In this study, ESEM was used to visualize the interaction
between THP-1 macrophages and C. albicans after 3 h of
interaction. In brief, THP-1 monocytes were differentiated in
macrophages in 24-well plates with a glass coverslip into the
well. After 72 h, the differentiated macrophages were
coincubated with C. albicans at a MOI of 1 during 3 h at 37
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°C and 5% CO,. Then, cells were washed three times with PBS
and fixed in a phosphate buffer containing 2.5% paraformalde-
hyde during 1 h at room temperature. After that, samples were
incubated for 1 h in 2% osmium tetroxide (TAAB Laboratories,
U.K.) and then for 1 h in 2% tannic acid. After two washes with
PBS, samples were serially dehydrated in ethanol. Critical point
drying was performed and samples were sputter-coated with
gold and examined in the FEI INSPECT microscope (FEI
Company, Oregon-USA) at the Museo Nacional de Ciencias
Naturales (Madrid, Spain).

2.5.2. Transmission Electron Microscopy. Transmission
electron microscopy (TEM) was used to visualize EVs isolated
from both MC and MI. Samples were fixed in a buffer
containing 2.5% glutaraldehyde and 0.1 M cacodylate at room
temperature for 2 h and then incubated in 4% paraformar-
aldehyde, 1% glutaraldehyde, and 0.1% PBS overnight at 4 °C.
After that, samples were incubated for 90 min in 2% osmium
tetroxide (TAAB Laboratories, U.K.), serially dehydrated in
ethanol, and embedded in EMBed-812 resin (Electron
Microscopy Sciences). Thin sections (S0—70 nm) were
obtained by ultracut and observed in a JEOL JEM 1010
transmission electron microscope operating at 100 kV, and
pictures were taken with Megaview II camera. TEM images
were analyzed with Soft Imaging Viewer Software. TEM was
carried out in Centro Nacional de Microscopia Electrénica
(ICTS)-UCM.

2.5.3. Measurement of EV Size by Dynamic Light
Scattering. EV sizes (z-average diameter) were measured by
dynamic light scattering (DLS) using ZetaSizer (Nano ZS,
Malvern). Vesicles in a liquid phase undergo Brownian motion,
and this produces light-scattering fluctuations, which give
information on the size and heterogeneity of a sample.”"** For
that, three biological replicates of EVs (from both MC-derived
and MI-derived) were obtained by ultracentrifugation and
diluted in PBS; then, samples were transferred to a disposable
cuvette, and 10 measurements for each were performed with
refractive index at 1.33 and absorption at 0.01. Data analysis
was performed using the Zetasizer Software 7.11 (Malvern).
DLS was carried out at the spectroscopy and correlation facility
of the Complutense University of Madrid (UCM).

2.6. Quantitative Proteomic Analysis

2.6.1. Sample Preparation and Digestion. The
proteomic analysis was performed in the proteomics facility
of The Spanish National Center for Biotechnology (CNB-
CSIC) and at the proteomics facility of the Complutense
University-Scientific Park of Madrid (UCM-PCM); both of
them belong to ProteoRed, PRB2-ISCIII.

The amount of protein in each sample was quantified using
RC/DC protein assay (BioRad) prior TMT labeling. For
digestion, 40 pg of protein from each condition was
precipitated by methanol/chloroform method, as described in
Wessel et al,>* and pellets were resuspended and denatured in
20 uL of 6 M guanidine hydrochloride/100 mM HEPES, pH
7.5 (SERVA Electrophoresis), reduced with 2 yL of 50 mM tris
(2-carboxyethyl) phosphine (TCEP, AB SCIEX), pH 8.0, at 60
°C for 60 min, followed by the addition of 2 yL of 200 mM
cysteine-blocking reagent methylmethanethiosulfonate
(MMTS, Pierce) for 10 min at room temperature. Samples
were diluted to 120 L to reduce guanidine concentration with
50 mM TEAB. Digestions were initiated by adding 3 L (1 ug/
uL) of sequence-grade-modified trypsin (Sigma-Aldrich) to
each sample in a ratio 1/20 (w/w), which were then incubated

at 37 °C overnight on a shaker. Digested samples were
evaporated to dryness in a vacuum concentrator.

2.6.2. TMT Labeling. Digested samples were labeled with
the TMTsixplex Isobaric Mass Tagging Kit (Thermo Scientific,
Rockford, IL) previously reconstituted with 42 uL of anhydrous
acetonitrile (ACN). Three biological replicates of each
condition were analyzed in this study. The TMT labeling was
performed as described in Supplemental Figure S1B. After 2 h
of incubation at room temperature, the reactions were
quenched adding 8 pL of 5% hydroxylamine and incubating
for 15 min. Finally, samples were combined at equal peptide
amounts by adding 100 uL of 50% ACN, and sample-labeled
digestion was evaporated to dryness in a vacuum concentrator.
The digested, labeled, and pooled peptide mixture was desalted
using a Sep-PAK Cl18 Cartridge (Waters) following manu-
facturer’s indications; the cleaned tryptic peptides were
evaporated to dryness and kept at —20 °C for further analysis.

2.6.3. Liquid Chromatography and Mass Spectrom-
eter Analysis. A 1.5 ug aliquot of the each peptide fraction
was subjected to 2D-nano LC—ESI-MS/MS analysis using a
nano liquid chromatography system (Eksigent Technologies
nanoLC Ultra 1D plus, AB SCIEX, Foster City, CA) coupled to
a high-speed Triple TOF 5600 mass spectrometer (AB SCIEX,
Foster City, CA) with a Nanospray III Source. The analytical
column used was a silica-based reverse-phase column C18
ChromXP 7S ym X 15 cm, 3 um particle size, and 120 A pore
size (Eksigent Technologies, AB SCIEX, Foster City, CA). The
trap column was a C18 ChromXP (Eksigent Technologies, AB
SCIEX, Foster City, CA), 3 um particle diameter, 120 A pore
size, switched online with the analytical column. The loading
pump delivered a solution of 0.1% formic acid in water at 2 uL/
min. The nanopump provided a flow-rate of 300 nL/min and
was operated under gradient elution conditions using 0.1%
formic acid in water as mobile phase A and 0.1% formic acid in
acetonitrile as mobile phase B. Gradient elution was performed
using a 120 min gradient ranging from 2 to 90% mobile phase
B. Injection volume was 5 uL.

Data acquisition was performed with a TripleTOF 5600
System (AB SCIEX, Concord, ON). Data were acquired using
an ionspray voltage floating (ISVF) 2800 V, curtain gas (CUR)
20, interface heater temperature (IHT) 150, ion source gas 1
(GS1) 20, and declustering potential (DP) 85 V. All data were
acquired using information-dependent acquisition (IDA) mode
with Analyst TF 1.5 software (AB SCIEX, USA). For IDA
parameters, 0.25 s MS survey scan in the mass range of 350—
1250 Da was followed by 30 MS/MS scans of 150 ms in the
mass range of 100—1800 (total cycle time: 4.04 s). Switching
criteria were set to ions greater than mass to charge ratio (m/z)
350 and smaller than m/z 1250 with charge state of 2—5 and an
abundance threshold of more than 90 counts (cps). Former
target ions were excluded for 20 s. IDA rolling collision energy
(CE) parameters script was used for automatically controlling
the CE.

All mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository”* with
the provisional Submission Reference: 1-20160630-150406.

2.6.4. Data Analysis. MS/MS spectra were exported to
.mgf format using (Peak View v1.2.0.3) and searched using
MASCOT 2.4.0, OMSSA 2.1.9, X!TANDEM 2013.02.01.1, and
Myrimatch 2.2.140 against a composite target/decoy database
built from the Homo sapiens and Bos taurus reference proteomes
at Uniprot Knowledgebase containing 67911 (2015/02) and
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5993 (2015/06) sequences, respectively, plus all proteins
sequences in the Candida Genome Database (assembly 22) and
some commonly occurring contaminants. Decoy sequences
were obtained by reversing target protein sequences. Search
engines were configured to match potential peptide candidates
with mass error tolerance of 25 ppm and fragment ion
tolerance of 0.02 Da, allowing for up to two missed tryptic
cleavage sites and a maximum isotope error (°C) of I,
considering fixed MMTS modification of cysteine and variable
oxidation of methionine, pyroglutamic acid from glutamine or
glutamic acid at the peptide N-terminus, acetylation of the
protein N-terminus, and TMT-modified lysine or peptide N-
terminus. Search engine results were depleted of bovine
proteins by removing hits to any peptide sequences in a
reference exclusion peptide list. Score distribution models were
used to compute peptide—spectrum match p values,” and
spectra recovered by an FDR* < 0.01 (peptide-level) filter
were selected for quantitative analysis. Isobaric reporter ion
intensities were corrected according to specifications of reagent
purity supplied by the manufacturer. Approximately 15% of the
lowest quality signals were removed prior to further analysis.
Differential regulation was measured using linear models,*® and
statistical significance was measured using q values (FDR). The
exclusion peptide list was obtained from a FDR < 0.1 analysis
of a sample of fetal bovine serum using X!TANDEM and a
composite target/decoy database built from the Bos taurus
reference proteome to exclude from the analyses any potential
contamination from FBS EVs.

2.7. Bioinformatic Analysis

Gene Ontology classifications and enrichments were performed
using the software STRAP”” and FunRich.”® Signal Peptide
Predictor (SignalP) 4.1 was used to analyze the presence of
signal peptide in the identified proteins (http://www.cbs.dtu.
dk/services/SignalP); this program predicts the presence and
location of signal peptide cleavage sites in amino acids
sequences based on a combination of several artificial neural
networks.” Besides, SecretomeP 2.0 was used to predict the
nonclassically secreted proteins (http://www.cbs.dtu.dk/
services/SecretomeP). This software uses an algorithm that
gives a score to each protein, when the protein has a score
above 0.5, and it does not simultaneously get a prediction of
containing a Signal Peptide, it is considered indicative of
nonclassical secretion.”” Exocarta was used as the database to
compare the identified proteins and also with the TOP 100
exosomal proteins present in it.*!

2.8. Western Blotting Validation Analysis

Twenty-five pig of protein per well were separated onto 10%
SDS-polyacrylamide minigels and transferred to Hybond-ECL
nitrocellulose membranes (Amersham Biosciences). The West-
ern blotting was performed with Odyssey system (Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE). The
membranes were incubated for 1 h with primary antibody 1/
2000 anti-Vimentin (SIGMA), 1/500 peroxiredoxin-$
(Abcam), and 1/250 transferrin receptor (TFRC) (Thermo
Fisher) for the proteomic validation and 1/2000 ERK1/2,
phospho-ERK1/2, p38, and phospho-p38 (Cell Signaling) for
the activation assays. Then, membranes were washed four times
in PBS with 0.1% Tween-20. After this, the membranes were
incubated with a fluorescently labeled secondary antibody 1/
5000 IRDye 800CW-conjugated Goat (polyclonal) anti-Rabbit
IgG and 1/5000 IRDye-680-conjugated Goat (polyclonal) anti-
Mouse IgG, highly cross-absorbed (LI-COR Biosciences) for 1

h at room temperature and protected from light. Membranes
were washed again and scanned for fluorescence detection with
Odyssey system (LI-COR Biosciences).

Data were expressed as mean =+ SD. The unpaired Student’s ¢
test was used to compare differences between groups, and p <
0.05 was considered significant.

2.9. In Vitro Stimulation of THP-1 Macrophages

2.9.1. Observation of EV Internalization. To see the EV
internalization, MC-derived and MlI-derived EVs were
incubated with PKH26 (2x PKH dye solution, 4 X 107 M
in diluent C) (Sigma) for S min at 25 °C. The reaction was
quenched with complete medium. Then, THP-1 macrophages
previously differentiated onto 24 plates with a coverslip inside
were coincubated with/without 100 pg/mL of PKH-labeled
EVs. After 1 h, cells were washed with ice-cold PBS and fixed in
4% paraformaldehyde for 30 min. Nuclei were stained with
DAPI and washed three times with PBS. Coverslips were
prepared for microscopy by mounting them on slides in
Fluoromount G, and images were acquired by fluorescence
microscopy with FITC (excitation/emission BP 480/30 and BP
535/40, respectively) and UV filters (excitation/emission BP
365/12 and long pass 397, respectively).

2.9.2. Evaluation of MAP Kinase Pathways Activation.
The phosphorylation of ERK and p38 was evaluated in THP-1
macrophages untreated or coincubated with 100 ng/mL LPS or
with 100 pg/mL of MC-derived and MI-derived EVs during 1
h. After this time point, macrophages were washed and proteins
were obtained with RIPA buffer. Proteins were quantified with
Bradford, and 25 pg of each sample were used to perform the
Western blotting, as detailed above.

2.9.3. Cytokine Measurement. THP-1 macrophages were
stimulated with 100 pg/mL of MC-derived and MI-derived EVs
or 100 ng/mL LPS during 24 h at 37 °C in a 5% CO,
atmosphere. After this time, supernatants were collected and
clarified by centrifugation and tested for cytokine production by
ELISA using matched paired antibodies specific for IL-10,
IL12p40, TNF-a, and IL-8 (Immunotools) according to
manufacturer’s instructions. Cytokine production was measured
in a total of three independent macrophage preparations, and
the statistical significance of the differences between control
and C. albicans- treated macrophages was evaluated by using the
Student’s f test.

2.9.4. Effect on Candidacidal Activity. After 24 h of
coincubation with/without MC-derived, MI-derived EVs or
LPS, candidacidal activity in vitro was carried out by a growth
inhibition assay by CFU measurement, as previously
reported.” In brief, THP-1 macrophages stimulated for 24 h
with 100 pg/mL of EVs obtained from untreated and
C. albicans-stimulated macrophages or 100 ng/mL LPS during
24 h at 37 °C in a 5% CO, atmosphere were cocultured with
C. albicans at a MOI of 1 during 3 h at 37 °C in a 5% CO,
atmosphere. As a control, the same amount of yeast was grown
in complete media during 3 h. After this time, samples were
diluted 1:200 and 1:2000 in distilled water and plated on YED
agar in duplicate. After 24—48 h at 30 °C, CFU were counted.
Three independent experiments were carried out, and the
statistical significance of the differences in the candidacidal
activity referred to the unstimulated (control) macrophages was
evaluated by using the Student ¢ test.
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THP1 + C. albicans SC5314

20 um

Figure 1. EV secretion in macrophages infected with C. albicans. THP-1 macrophages were differentiated and cocultured with C. albicans at a MOI of
1. Cells were washed, fixed, and treated to perform the environmental scanning electron microscopy (ESEM) analysis. Representative pictures of
ESEM are shown, and the zones of interest were magnified to show the rounded protrusions in the cell surface similar to EVs (marked with an

arrow). Scale bars: 20 and 2 um.

3. RESULTS

3.1. C. albicans Induces an Increase in the Release of EVs in
THP-1 Macrophages and Changes in the Different EVs
Populations

Macrophages cocultured during 3 h with C. albicans at an MOI
of 1 were visualized using an environmental scanning electron
microscopy (ESEM). As we can see in Figure 1, the ESEM
pictures showed rounded protrusions in the cell surface with an
approximated size of 100 nm that may be EVs from THP-1
macrophages.

To visualize these macrophage-derived EVs, transmission
electron microscopy (TEM) was performed. An equal amount
of macrophages was used to compare the secretion of EVs
between uninfected (MC) and C. albicans-infected (MI)
macrophages. After 3 h of interaction with the yeast at a
MOI of 1, supernatants from infected and uninfected
macrophages were collected and EVs were concentrated as
detailed in the Experimental Procedures. Samples were
ultracentrifuged to purify the EVs, and different aliquots of
the samples were used to embed in resin for TEM analysis or
used for the DLS analysis to determine and quantify the size of
the different macrophage-derived EVs. In Figure 2A,
representative images from macrophage-derived EVs are
shown. The number of EVs in the control THP-1 macrophages
seems lower than that in the macrophages after the interaction
with C. albicans, suggesting an increase in the secretion of EVs
in macrophages in response to the interaction with the yeast.
This enhancement can also be observed in TEM images
depicted in Figure 2A and might be supported by the
measurement of the protein amount obtained from the same
number of MC and MI macrophages, showing a 68% increase
of the total amount of protein after the interaction with
C. albicans (Figure 2B), although more experiments have to be
done to demonstrate the increase in the number of EVs. The
increase in EV protein amount has already been described in
human macrophages derived from monocytes stimulated with
p-glucan.'®

Regarding the morphologies and the different sizes observed
in TEM images, it can be seen that after the interaction with
C. albicans macrophages secrete more diverse EVs. Most of
them are spherical, typical form of vesicles, but others are
nonspherical vesicles, and some of them hold another vesicle
inside (Figure 2A).

To evaluate the macrophage-derived EVs size, we performed
dynamic light scattering (DLS) analysis. In all the replicates,
both in EVs derived from macrophage control and from
infected macrophages, a heterogeneous population was
observed, with a polydispersity index (PDI) average of 0.5
and 0.53, respectively. Three different size subpopulations were
observed under both conditions: a first subpopulation with an
average size of ~10 nm; a second subpopulation with an
average size of ~40 nm; and the third subpopulation with an
average size of ~369 nm (Figure 2C). The size of the second
subpopulation can be correlated with the term exosomes,
representing EVs with sizes between 30 and 100 nm and the
third subpopulation with the term MVs for EVs with a diameter
exceeding 100 nm (Figure 2C). As can be observed in Figure
2C, the population ranging from 100 to 1000 nm has a higher
percentage of intensity in the MI-derived EV sample, a fact not
observed in human macrophages derived from PMBCs
stimulated with ﬂ—glucan.lé

3.2. Identification of THP-1 EVs Proteins

Three replicates of EVs secreted by THP-1 cells, both control
and infected during 3 h with C. albicans, were obtained, and 40
ug of proteins from each EVs were labeled with the TMT
isobaric mass tags. A pool of all of the samples was analyzed
using a 2D-nano LC—ESI-MS/MS coupled to high-speed
Triple-TOF 5600 MS. After the exclusion of the contaminant
proteins and the ambiguous proteins that can belong to the
serum, a total of 797 redundant proteins were identified in the
macrophage EVs. Of these, 719 proteins were well-assigned to
Homo sapiens and 4 to C. albicans, and 73 were not clearly
discriminated between human and the possible serum proteins
because of their homology. For this reason, all of the
subsequent bioinformatic analysis was performed by removing
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Figure 2. Characterization of THP-1 EVs. EVs from control macrophages (MC) and macrophages cocultured with C. albicans at a MOI of 1 (MI)
were purified by ultracentrifugation and visualized by TEM, total protein amount in macrophage-derived EVs was measured, and the size was
measured by dynamic light scattering (DLS). (A) Transmission electron micrographs of MC- and MI-derived EVs. Scale bars: 200 and S0 nm. (B)
Total protein amount in macrophage-derived EVs measured by Bradford using the same number of macrophage cells. (C) Particle size distributions
of MC- and MI-derived EVs by DLS. Frequencies (%) by size (nm) of recovered EVs are represented. The table shows the percentages of intensity
for the three different populations of EVs detected by DLS.
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Figure 3. Analysis of the proteins identified in the THP-1-derived EVs. (A) Bioinformatic analysis using SignalP and SecretomeP of the proteins
present in the macrophage-derived EVs. (B) Comparison of the proteins identified in THP-1-derived EVs with Exocarta database and the top 100
proteins of the same database.

the nonconfidently identified proteins. Supplemental Table S1 protein with different Uniprot access. Thus 719 identified
shows 720 proteins identified, where 2 of them were the same proteins were confidently assigned.
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Table 1. Functional Classification of the Differentially Abundant Proteins

Interaction with C. albicans

Swiss Prot”

P61769
P13501
P36222
QIBZP6
QI6RQY
P01033

P08758
QUZ5R6

P09211
Q13418
P08134
P61981

Q92598
P13489

P60709
K7EM38
043707
Q13554

Q01518
P60953
P60981
Q02241
P04264
P13645
P02545
014950
Q12965
P07737
Q15019
P08670

P02452
P08123
P12109
P02751

P56385
000299
P13073
P69905
Q13303
000629
QSWUM4
P61026
QSWUD1
076094
Q07955
P02786
Q99816
P14927
PSS072

Protein ID“

B2M
CCLs
CHI3L1
CHIA
11411
TIMP1

ANXAS
APBB1IP
(RIAM)
GSTP1
ILK
RHOC
YWHAG

HSPH1
RNH1

ACTB
ACTG1
ACTN4
CAMK2B

CAP1
CDC42
DSTN
KIF23
KRT1
KRT10
LMNA
MYL12B
MYOIE
PFN1
SEPT2
VIM

COLI1A1
COL1A2
COL6A1
EN1

ATPSI
CLIC1
COX411
HBAL
KCNAB2
KPNA4
PDCDGIP
RABI0
RAB2B
SRP72
SRSF1
TFRC
TSG101
UQCRB
VCP

protein name®

Immune Response
beta-2-microglobulin
C—C motif chemokine §
chitinase-3-like protein 1
acidic mammalian chitinase
L-amino-acid oxidase
metalloproteinase inhibitor 1
Signal Transduction

annexin AS

amyloid beta A4 precursor protein-binding family B member 1-

interacting protein
glutathione S-transferase P
integrin-linked protein kinase
Rho-related GTP-binding protein RhoC
14—3—3 protein gamma

in the EVs of THP-1 Macrophages after the

fold change

Stress Response/Oxidoreductase Activity

heat shock protein 105 kDa
ribonuclease inhibitor

Cytoskeletal Components and Actin Binding Proteins

actin, cytoplasmic 1
actin, cytoplasmic 2 (fragment)
alpha-actinin-4

aalcium/calmodulin-dependent protein kinase type II subunit
beta

adenylyl cyclase-associated protein 1
cell division control protein 42 homologue
destrin

kinesin-like protein KIF23

keratin, type II cytoskeletal 1
keratin, type I cytoskeletal 10
prelamin-A/C

myosin regulatory light chain 12B
unconventional myosin-Ie

profilin-1

septin-2

vimentin

Extracellular Matrix Structural Protein

collagen alpha-1(I) chain
collagen alpha-2(I) chain
collagen alpha-1(VI) chain
fibronectin
Transport
ATP synthase subunit e, mitochondrial
chloride intracellular channel protein 1
cytochrome ¢ oxidase subunit 4 isoform 1, mitochondrial
hemoglobin subunit alpha
voltage-gated potassium channel subunit beta-2
importin subunit alpha-3
programmed cell death 6-interacting protein
Ras-related protein Rab-10
Ras-related protein Rab-2B
signal recognition particle subunit SRP72
Serine/arginine-rich splicing factor 1
transferrin receptor protein 1
tumor susceptibility gene 101 protein
cytochrome b-cl complex subunit 7

transitional endoplasmic reticulum ATPase

(log,) b p value® g value® N replicatesd N peptidesd
0.56 0.00 0.03 3 4
—1.22 0.00 0.00 3 6
2.66 0.00 0.00 3 14
—1.58 0.00 0.00 3 1
—0.53 0.01 0.04 3 7
-1.27 0.00 0.03 2 1
0.62 0.00 0.00 3 9
0.95 0.03 0.12 2 2
—0.51 0.04 0.13 3 2
—0.96 0.01 0.05 3 1
—1.24 0.00 0.01 3 1
—0.61 0.01 0.07 3 2
—0.64 0.01 0.07 3 4
—-0.77 0.02 0.08 3 1
—0.68 0.00 0.03 3 2
—0.75 0.02 0.08 3 1
—0.54 0.00 0.01 3 15
0.77 0.03 0.11 3 1
0.51 0.05 0.16 3 1
—0.91 0.01 0.06 3 1
0.71 0.04 0.15 3 1
—1.04 0.01 0.07 2 1
—0.65 0.00 0.00 3 15
—0.72 0.00 0.00 3 14
0.52 0.00 0.01 3 18
0.84 0.00 0.00 3 3
0.54 0.00 0.03 3 9
—0.53 0.00 0.02 3 9
—0.77 0.01 0.04 3 1
0.58 0.00 0.00 3 30
—0.98 0.00 0.02 3 1
—1.81 0.00 0.00 3 1
—0.70 0.01 0.06 3 3
—-0.92 0.00 0.00 3 19
0.62 0.02 0.08 3 2
—0.65 0.00 0.01 3 7
0.74 0.01 0.04 3 2
—0.59 0.02 0.08 3 1
1.54 0.00 0.00 3 S
1.69 0.01 0.0 2 1
—-0.56 0.00 0.02 3 7
—0.82 0.00 0.03 3 2
—-1.17 0.00 0.02 3 1
—-1.12 0.01 0.07 2 1
0.53 0.00 0.01 3 12
—1.30 0.00 0.00 3 1
—0.50 0.04 0.15 3 3
0.54 0.01 0.07 3 3
—0.67 0.00 0.00 3 33
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Table 1. continued

Swiss Prot” Protein ID“
P04745 AMY1A
P08243 ASNS
P42126 ECI1
P13929 ENO3
P49327 FASN
P14324 FDPS
P00367 GLUD1
P00338 LDHA
Q08431 MFGES8
P14780 MMP9
P17858 PFKL
Q15126 PMVK
P00491 PNP
P22314 UBA1
015372 EIF3H
Q3151  HNRNPAO
P62937 PPIA
QI9UNM6 PSMD13
QI9BTTO ANP32E
075531 BANF1
Q9Y224  Cl4orflé6
P35659 DEK
P22087 FBL
014979 HNRNPDL
P43243 MATR3
P38159 RBMX
Q9Y3B4 SF3B6
Q01130 SRSF2
P84103 SRSF3
Q6629  SRSF7
P31948 STIP1
P62995 TRA2B
P23381 WARS
043861 ATP9B
P62906 RPL10A
P26373 RPL13
P40429 RPL13A
P50914 RPL14
P61313 RPL15
P18621 RPL17
Q02543  RPLISA
P84098 RPL19
P46778 RPL21
P62750 RPL23A
P83731 RPL24
P61254 RPL26
P61353 RPL27
P46776 RPL27A
P46779 RPL28
P47914 RPL29
P39023 RPL3
P62910 RPL32
P49207 RPL34
P42766 RPL3S
P18077 RPL35SA
P83881 RPL36A

protein name”

Metabolism
alpha-amylase 1
asparagine synthetase [glutamine-hydrolyzing]
enoyl-CoA delta isomerase 1, mitochondrial
beta-enolase
fatty acid synthase
farnesyl pyrophosphate synthase
glutamate dehydrogenase 1, mitochondrial
L-lactate dehydrogenase A chain
lactadherin
matrix metalloproteinase-9
ATP-dependent 6-phosphofructokinase, liver type
phosphomevalonate kinase
purine nucleoside phosphorylase
ubiquitin-like modifier-activating enzyme 1

Protein Fate
eukaryotic translation initiation factor 3 subunit H
heterogeneous nuclear ribonucleoprotein AQ
peptidyl-prolyl cis—trans isomerase A
26S proteasome non-ATPase regulatory subunit 13

Nucleic Acid Processing

acidic leucine-rich nuclear phosphoprotein 32 family member E
barrier-to-autointegration factor
UPF0568 protein Cl40rf166
protein DEK
rRNA 2/-O-methyltransferase fibrillarin
heterogeneous nuclear ribonucleoprotein D-like
matrin-3
RNA-binding motif protein, X chromosome
splicing factor 3B subunit 6
serine/arginine-rich splicing factor 2
serine/arginine-rich splicing factor 3
serine/arginine-rich splicing factor 7
stress-induced-phosphoprotein 1
transformer-2 protein homologue beta

tryptophan—tRNA ligase, cytoplasmic

Structural Component of the Ribosome/Ribosome Synthesis

probable phospholipid-transporting ATPase 1IB
60S ribosomal protein L10a
60S ribosomal protein L13
60S ribosomal protein L13a
60S ribosomal protein L14
60S ribosomal protein L15
60S ribosomal protein L17
60S ribosomal protein L18a
60S ribosomal protein L19
60S ribosomal protein L21
60S ribosomal protein L23a
60S ribosomal protein L24
60S ribosomal protein L26
60S ribosomal protein L27
60S ribosomal protein L27a
60S ribosomal protein L28
60S ribosomal protein L29
60S ribosomal protein L3
60S ribosomal protein L32
60S ribosomal protein L34
60S ribosomal protein L35
60S ribosomal protein L35a
60S ribosomal protein L36a

fold cha?ge
(1082) g

—0.84
—0.82

0.87
—0.82
—0.63
—0.58

0.59
—0.65
—-0.91
—0.84
—0.78
—0.99

0.93
—0.51

0.74
129
—0.50
1.70

—1.87
0.80
0.55
0.97
0.50
0.70
0.53

—0.60

—0.96
0.59
0.75
0.65

—0.55
0.57

—0.54

1.16
0.67
1.04
0.84
0.72
0.77
0.70
0.58
0.86
0.76
0.66
0.72
0.67
0.72
0.52
0.90
0.86
0.59
0.88
0.90
0.79
0.77
0.83

p value®

0.01
0.02
0.04
0.01
0.00
0.03
0.02
0.00
0.00
0.00
0.01
0.00
0.01
0.01

0.01
0.00
0.01
0.00

0.00
0.00
0.02
0.00
0.01
0.05
0.01
0.03
0.03
0.01
0.00
0.00
0.01
0.00
0.05

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

q value®

0.07
0.08
0.15
0.04
0.02
0.10
0.09
0.02
0.00
0.00
0.05
0.02
0.05
0.07

0.06
0.03
0.05
0.00

0.00
0.00
0.08
0.02
0.06
0.16
0.04
0.10
0.11
0.04
0.00
0.02
0.04
0.03
0.16

0.01
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07

d

N replicates” N peptides”

oW N W W W W W W W W W W W W W W
A N = W0 R W R R0 e =

W W W W W W D W W W W w w w w
S NN W R W= NN = N N
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Table 1. continued

Swiss Prot*  Protein ID“ protein name”

fold change

(logy)” p value® g value® N replicates”

N peptides”

Structural Component of the Ribosome/Ribosome Synthesis

Q969Q0 RPL36AL 60S ribosomal protein L36a-like —0.86 0.02 0.07 3 1
P36578 RPL4 60S ribosomal protein L4 0.59 0.00 0.00 3 15
P46777 RPLS 60S ribosomal protein LS 0.58 0.00 0.02 3 N
Q02878 RPL6 60S ribosomal protein L6 1.05 0.00 0.00 3 11
P18124 RPL7 60S ribosomal protein L7 0.75 0.00 0.00 3 11
P62424 RPL7A 60S ribosomal protein L7a 0.74 0.00 0.00 3 13
P62917 RPL8 60S ribosomal protein L8 1.17 0.00 0.00 3 7
P32969 RPL9 60S ribosomal protein L9 0.52 0.00 0.03 3 7
P05388 RPLPO 60S acidic ribosomal protein PO 0.67 0.00 0.00 3 10
P05386 RPLP1 60S acidic ribosomal protein P1 0.65 0.02 0.08 3 1
P62280 RPS11 408 ribosomal protein S11 0.53 0.01 0.04 3 S
P62277 RPS13 40S ribosomal protein S13 0.90 0.00 0.00 3 9
P62841 RPS15 40S ribosomal protein S15 1.29 0.00 0.00 3 3
P62269 RPS18 40S ribosomal protein S18 0.64 0.00 0.00 3 9
P39019 RPS19 40S ribosomal protein S19 0.73 0.00 0.00 3 11
P15880 RPS2 40S ribosomal protein S2 0.85 0.00 0.00 3 10
P62266 RPS23 40S ribosomal protein S23 0.78 0.00 0.00 3 N
P62847 RPS24 40S ribosomal protein S24 0.86 0.00 0.00 3 4
P62851 RPS25 40S ribosomal protein S25 0.83 0.00 0.00 3 4
P62854 RPS26 40S ribosomal protein S26 0.76 0.00 0.01 3 2
P62857 RPS28 40S ribosomal protein S28 0.93 0.00 0.00 3 2
P62273 RPS29 40S ribosomal protein S29 1.06 0.00 0.01 3 1
P23396 RPS3 40S ribosomal protein S3 0.59 0.00 0.00 3 13
P61247 RPS3A 40S ribosomal protein S3a 0.55 0.00 0.01 3 17
P62753 RPS6 40S ribosomal protein S6 0.65 0.00 0.00 3 9
P62241 RPS8 40S ribosomal protein S8 0.82 0.00 0.00 3 9
Other Functions
QSH9BY BMP2KL putative BMP-2-inducible kinase-like protein 1.03 0.00 0.03 3 1
P00488 F13A1 coagulation factor XIII A chain —0.68 0.03 0.12 3 1

“Protein name and accession number according to Uniprot Knowledgebase. bFold-change abundance was averaged by calculating the log, of the
geometrical mean of EVs from THP-1 macrophages + C. albicans versus THP-1 control macrophages. “p values and g values were obtained using
MASCOT 2.4.0, OMSSA 2.1.9, XITANDEM 2013.02.01.1, and Myrimatch 2.2.140 searches. dOnly protein identifications supported by at least two
high confident peptides (confidence >95%) or one high confident peptide in three replicates were considered.

The majority of the identified proteins were membrane-
associated (~40%), accordingly to previous works,'®>> and
almost 60% of them have a Gene Ontology annotation related
to extracellular/vesicular/exosome.

To evaluate the possibility of the identified proteins to be
secreted through classical or nonclassical pathways, each
protein was analyzed by SignalP and SecretomeP software
(Figure 3A). While SignalP predicts the signal peptide
necessary to be secreted through the classical ER/Golgi
pathway, the SecretomeP software determines the putative
export through one of the nonclassical secretory pathways.
Supplemental Table S2 shows the score assigned to the
identified proteins according to both prediction software. Using
SignalP predictor, 111 macrophage-derived EVs proteins have
signal peptide sequence necessary to the conventional protein
secretion. Besides, the SecretomeP predictor detects 272
proteins with a score above 0.5 and without a signal peptide
predicted in their sequence, determining that these proteins can
be classified as putative nonclassically secreted proteins.
Interestingly, 47% of EVs proteins were not predicted to be
secreted.

The identified proteins were also compared with the
Exocarta database, which includes most of the exosomal
proteins identified in several studies (Figure 3B). Compared
with the database, 659 proteins had been reported in human

ExoCarta.’’ Of the top 100-ranked proteins presented in

Exocarta, 67 of them have been identified in our study (Figure
3B). Sixty proteins were not present in the database. Seven of
these proteins were involved in immunity-related system
processes: galectin-9 (LGALS9), tumor necrosis factor alpha-
induced protein 8-like protein 2 (TNFAIPSL2), acidic
mammalian chitinase (CHIA), chitinase-3-like protein 1
(CHI3L1), CD97 antigen, IFI30, and C—C motif chemokine
S (CCLS).

3.3. Quantification of THP-1 EV Proteins

The high-throughput quantitative proteomic analysis was
performed with three independent biological replicates that
were labeled with the six isobaric tags of TMT, allowing the
analysis and comparison of the three replicates in the same
MS/MS run to minimize random effects and to increase fidelity
(two technical replicates were performed). Differential
regulation was measured using linear models, and statistical
significance was measured using q values (FDR). After
removing all of the low-quality results and the duplicated
proteins, 717 unique proteins were quantified with good
statistics among the three replicates (Supplemental Table S1).

Next, we used the +0.5 cutoff of values for the quantified
proteins. From these proteins, 133 showed differential
abundance between control and infected macrophages (Table
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Figure 4. Gene Ontology analysis of the THP-1-derived EVs identified proteins. Gene Ontology (GO) analysis of the identified proteins was
performed using STRAP (Software Tool for Rapid Annotation of Proteins). (A) Pie chart showing ontology analysis on Cellular Components (CC).
(B) Pie chart of GO analysis on Molecular Functions (MF). (C) Pie chart of GO analysis on Biological Processes (BP).

1); there were 82 more abundant and 51 less abundant proteins
in EVs of THP-1 macrophages after 3 h of interaction with
C. albicans.

3.3.1. Classification/Functional Profiles of the Quanti-
fied THP-1 EVs Proteins. The 717 quantified proteins in the
macrophage-derived EVs were then classified based on their
localization in the cell (cellular component), their molecular
function, and the biological process in which they are involved
(Figure 4). STRAP analysis showed that the extracellular/
exosome one was the second more enriched annotation, with
>60% of the proteins annotated with this term. Cytoplasmic
location is the most common (476) annotation, followed by
extracellular/exosome (472), then nucleus (402), and then the
plasma membrane (184) (Figure 4A). The enrichment in
molecular function revealed that the majority of the proteins
possess protein binding activity (595). Other well-represented
molecular functions were: catalytic activity (274), structural
molecule activity (112), molecular transducer or signal
transducer activity (35), and antioxidant activity (12) (Figure
4B). Regarding the enrichment in biological processes, most of
the EVs proteins were related to regulation (493), metabolism
(319), interaction with cells and organisms (163), response to
stimulus (138), localization (127), and immune system
processes (100) (Figure 4C). Some of the proteins are
annotated in more than one cellular component, molecular
function, or biological process.

Then, subcellular and functional categories of the EVs
proteins identified and quantified in the THP-1 cell line were
compared with the proteomic data from the Vesiclepedia
Exosome Database’® using FunRich software.”® Using this data
set, we could find differences in some of the categories between
THP-1 EVs and Vesiclepedia Exosome Database. Regarding the

cellular component, membrane proteins were underrepresented
in our EVs, while proteins belonging to phagocytic cup,
cytoskeleton and lysosomal lumen, among others, were
enriched (Supplemental Figure S2A). In functional categories,
we detected an increase in the secretion of proteins related to
superoxide dismutase activity and sterol transferase, and
nucleocytoplasmic transporter activities (Supplemental Figure
S2B). The most relevant changes compared with Vesiclepedia
were observed in the biological processes assigned to proteins.
Enrichment in the intracellular signaling cascades, immune cell
migration, and cell maturation was observed, while for other
processes the fold change was very low compared with the
overrepresented processes (Supplemental Figure S2C).

3.3.2. Differentially Secreted Proteins in EVs. As
indicated above, the interaction with C. albicans modified the
protein composition and the abundance of the different size
populations of THP-1 macrophage-derived EVs. The TMT
labeling used for protein quantification allowed us to identify
and quantify 133 proteins that showed differential abundance in
macrophage EVs after the interaction with the yeast. Eighty-two
proteins showed an increase in the abundance, and 51 proteins
were less abundant in macrophage-derived EVs after C. albicans
interaction. The classifications of the differentially abundant
proteins secreted by macrophage-derived EVs are summarized
in Table 1.

STRAP cellular component showed that the more abundant
proteins of the macrophage-derived EVs after C. albicans
interaction were proteins located in the nucleus and in the
ribosome. On the other side, an increase in terms related to the
extracellular space in the less abundant proteins was observed
(Figure SA). In the analysis of the molecular function, both
groups of the differentially abundant proteins showed similar
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Figure 5. Gene Ontology analysis of the differentially abundant proteins of THP-1-derived EVs after the interaction with C. albicans. Gene Ontology
(GO) analysis of the 133 differentially abundant proteins from Macrophages Control (MC) and Macrophages infected with C. albicans (MI) derived
EVs was performed using STRAP (Software Tool for Rapid Annotation of Proteins). (A) Pie charts showing GO analysis on Cellular Components
of the more abundant and less abundant proteins (CC). (B) Pie charts of GO analysis on Molecular Functions (MF). (C) Pie charts of GO analysis

on Biological Processes (BP).

functions, although with different percentages (Figure SB). The
most important biological functions for the differentially
abundant proteins are response to stimulus, metabolic
processes, interaction with cells and organisms, and immune
system processes (Figure SC).

Supplemental Figures S3—SS describe in more depth the
differences in cellular component, molecular function, and
biological processes of the differentially abundant proteins
based on FunRich analysis software. Figure S3 shows the
comparison between more and less abundant groups of
proteins, and Figures S4 and S5 show, respectively, the
comparison of the more abundant and the less abundant
proteins with the database. In summary, for the proteins that
increase in their abundance, 50% of the proteins are structural
components of the ribosome, the protein metabolism is the
more represented molecular function, and proteins related to
MHC class I and II functions appear. Also, there is an increase
in proteins from the nucleolus and the centrosome. For the
proteins that decrease in their abundance, the lysosome, the

cytoskeleton, and the extracellular matrix are the main cellular
components represented, while GTPase activity, cell growth,
energy pathways, and metabolism are the molecular functions
in which most of the proteins that decrease in abundance are
involved.

To validate the proteomics results, Western blots were
performed for three selected proteins, Vimentin, Peroxiredoxin-
S, and Transferrin receptor. The quantification of these three
proteins by Western blotting confirmed the alteration in
protein content in macrophage-derived EVs observed in our
MS/MS results (Figure 6).

3.4. Effector Functions of Macrophage-Derived EVs in
Response to C. albicans

The effect of both MI- and MC-derived EVs on surrounding
PMA-induced THP-1 macrophages was analyzed by treating
macrophages with 100 pg/mL of MC-derived and MI-derived
EVs and subsequent measurement of the phosphorylation of
ERK1/2 and p38. To see how these EVs were interacting with
macrophages, EVs were labeled with PKH26 and macrophages
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Figure 6. Validation of the differential secretion of THP-1 proteins
after the interaction with C. albicans by Western blotting. Western blot
representative captures (A) and quantification (in arbitrary fluo-
rescence units) (B) of the levels of Vimentin, Peroxiredoxin S, and
Transferrin Receptor in Macrophages Control (MC) and Macro-
phages infected with C. albicans (MI) derived EVs. Statistically
significant differences are indicated (***, p < 0.001).

with DAPI and observed in a fluorescence microscope. As
observable in Figure 7A, both types of vesicles were internalized
by macrophages. Qualitatively, MI-derived EVs seem to be
more intensively internalized than the MC-derived ones. Figure
7B shows that the treatment of THP-1 macrophages during 1 h
with macrophages-derived EVs (both MC and MI) leads to a
significant phosphorylation/activation of ERK2 and p38 kinases
compared with the untreated macrophages, although the
phosphorylation is less intense than the positive control of
THP-1 macrophages treated with LPS.

The activation of these kinases leads to the secretion of
different cytokines. Figure 8A shows that after 24 h the
secretion of the pro-inflammatory cytokines TNF-a, IL-12 was
highly stimulated by MC- and MI-derived EVs, although it was
less intense than the LPS-treated positive control. In the case of
the chemokine IL-8, the secretion was higher, even higher than
the LPS control. However, no differences were detected in the
secretion of IL-10 or in IFN-y (data not shown). To check if
the PMA differentiation was altering the THP-1 macrophages
response, monocytes were also incubated with EVs and LPS. As
observed in Figure 8A, monocytes secreted a higher amount of
TNF-a in response to MI-derived stimulus, even higher than
LPS. Secretion of IL-12 and IL-8 was also higher but with
similar levels for both kinds of EVs.

The increased secretion of pro-inflammatory cytokines could
be related to the intensification in the macrophage responsive-
ness against C. albicans. To study if macrophages stimulated
with the EVs were able to destroy C. albicans better than the
untreated ones, candidacidal activity was examined for
macrophages treated with the three stimuli and for control
macrophages for 24 h. As can be observed in Figure 8B,
candidacidal activity of EVs prestimulated macrophages was
higher than the control without stimulation. It was also higher

than LPS-stimulated macrophages although not statistically
significant. This experiment shows that both types of EVs are a
positive stimulus for macrophages against C. albicans infections.

4. DISCUSSION

It has been described that innate immunity is the first line of
defense against microbial infections and of tissue damage
remodeling, where macrophages and neutrophils were the most
important cell types acting against fungal infections. Macro-
phage activation plays an important role in the C. albicans
destruction, for both murine and human macrophages.'””'%**°
The activation of signaling cascades and their effects along the
interaction produce pro-inflammatory mediators with direct
effects in the neighboring cells through different mechanisms.
The secretion of the mediators can be performed directly via
classical secretion or by vesicle-mediated secretion. There is
evidence that macrophages can be activated by exosomes that
belong to other infected macrophages;'>"*"* for this reason we
decided to study the protein composition of THP-1 macro-
phage -derived EVs and the differences in their composition
due to the interaction with C. albicans. A previous study on
human macrophages derived from monocytes revealed differ-
ences in protein abundance and grotein composition of EVs
upon stimulation with S-glucan,'® but this is the first study
using live C. albicans cells.

The protein cargo of these macrophage-derived EVs was
studied by LC—MS/MS together with the different abundance
of these proteins in THP-1 macrophages after the coincubation
with C. albicans (MI) compared with unstimulated macro-
phages (MC). Quantitative proteomic and posterior bio-
informatic analysis allowed the identification and quantification
of the proteins potentially involved in the communication of
macrophages with other effector cells during candidiasis.

Vesicles were observed by ESEM. Micrographs revealed
spherical structures in THP-1 macrophages after the engulf-
ment of C. albicans (Figure 1) that can be exosomes or other
type of EVs, such as MVs. The isolation of these EVs by
concentration and ultracentrifugation and posterior SEM
analysis revealed that these structures were very diverse in
sizes and form and that there seemed to be an increase in the
number and changes in the subpopulations of the EVs in the
MI with respect to MC. The significant increase in the protein
concentration, 68% more in MI-derived EVs compared to the
MC-derived ones for the same number of THP-1 macrophages,
might be in concordance with the observed increase in the
number of vesicles, but more accurate measurements have to be
done to demonstrate this increase. The differences observed by
TEM in MlI-derived EVs size with respect to the control were
supported by the size measurements in both samples, where the
percentage of intensity of the vesicles with 101-=1000 nm in
Ml-derived sample almost doubled the MC-derived ones.

The quantitative proteomic study allowed the identification
of 791 proteins; of these, 719 were unambiguous proteins for
Homo sapiens and 717 of them were identified quantified with
good statistics (Supplementary Table S1). The comparison
with different databases allowed us to describe proteins not
previously identified in EVs. The comparison with Exocarta
showed that ~90% of the quantified proteins have been found
in previous studies in exosomes, where 60 were related to EVs
for the first time.

The comparison between proteins in MI- and MC-derived
EVs showed 133 differentially abundant proteins, 82 with
increased and 51 with decreased abundance in the presence of
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0.01; *#% p < 0.001).

C. albicans (Table 1). The proteins that were differentially
abundant in EVs were involved in functions related to immune
response, signal transduction, stress response, cytoskeleton
remodeling and metabolism, among others.

4.1. Proteins Involved in Immune Response

The chitinase-3-like protein 1 (CHI3L1) was the most
differentially secreted protein. It binds to chitin with high

affinity but has no chitinase activity registered. It has been
described as an inflammation-associated inducible protein that
enhances bacterial adhesion and invasion into macrophages and
epithelial cells.”” CHI3LI secretion is increased in monocytes/
macrophages, neutrophils, fibroblasts, granulocytes, epithelial,
and tumor cells upon stimulation by inflammatory media-
tors,>’ ™ and it stimulates the production of inflammatory
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mediators (e.g., CLC2, CXCL2, and MMP9), being considered
as an acute-phase reactant. CHI3L1 has been proposed as a
pro-inflammatory marker*’ because it is more stimulated in M1
macrophages.”' The specific function of this protein is
unknown, but it is very important in cell proliferation and
differentiation, inflammation and matrix remodeling, and
activation of the immune responses.*” With respect to
infections, the CHI3L1secretion by macrophages and epithelial
cells enhances the recognition and interaction of chitin-
containing pathogens (such as fungi), leading to a pro-
inflammatory response,*”** and it is also increased in
Plasmodium falciparum infection.”> Our results reinforce the
importance of the secretion of CHI3L1 for the innate immune
response against C. albicans.

Another important secreted protein is C—C motif chemokine
5 (CCLS), also known as RANTES, and its abundance in EVs
decreases during interaction. This chemokine is secreted by
macrophages, T cells, platelets, fibroblasts, epithelial cells, and
some tumor cells, playing an important role in inflammatory
diseases and tumors*® acting as a molecular signal to induce
cellular migration during inflammation. CCLS is a signal
peptide-containing cytokine that is secreted via classical
pathway. However, the decrease in the level of this protein in
the EVs may not indicate a decrease in the pro-inflammatory
signals and neither does the secretion of the chemokine by the
classical pathway because their immune activities can be
performed by other chemokines.*”**
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Another chitinase, the acidic mammalian chitinase (CHIA/
AMCase), is less abundant in Ml-derived EVs. AMCase, as
other chitinases, is secreted by macrophages in response to
chitin-containing patho_%ens such as Candida and Aspergillus*
against certain bacteria® and in nematode infections.”" Its real
function and its effect in the inflammation are under
investigation. The expression of AMCase during macrophage
differentiation and polarization does not significantly change.>”
Its activity has been described to be important in allergic
inflammation and asthma.>® This protein is secreted via classical
pathway and has not been previously identified as secreted via
EV-mediated secretion.

Interleukin-4-induced 1 (IL4I1) was less abundant in EVs
after the interaction. This protein is a secreted L-amino acid
oxidase that catalyzes the oxidation of L-phenylalanine and
some other amino acids and inhibits T-cell proliferation in
vitro.>* IL4I1 protein expression has been observed in
macrophages and dendritic cells under the influence of pro-
inflammatory and T helper type 1 (Th1) mediators in vitro and
contributes to the downregulation of Thl inflammation.” Also,
Yue et al. showed that IL4I1 protein was markedly increased by
Th2 cytokines and promoted alternatively activated M2
macrophages that inhibit T cell activation.’® Thus the decrease
in IL4I1 can contribute to the pro-inflammatory effect of the
macrophage-derived EVs in response to C. albicans infection.

One of the relevant functions related to EVs and immune
responses are the pro-survival signals. Different proteins related
to apoptosis have been identified in macrophage-derived EVs.
Vimentin is one of the proteins that increases in EVs after
C. albicans interaction. Its increase in MI-EVs was validated by
Western blotting (Figure S). This protein was previously
identified as important for both murine'”*° and human
macrophages'® in response to the fungus, while its expression
was decreased during the interaction with heat-inactivated
C. albicans.® This cytoskeletal protein is involved in attach-
ment, migration, cell signaling, inflammation, and apoptosis and
has bactericidal activity in vitro,”’ >’ and its secretion is related
to the enhancement of the bactericidal activity through the
secretion of pro-inflammatory cytokines.”® The increase in
Vimentin secretion via EVs could be enhancing both the pro-
inflammatory effect and the pro-survival effect in the
surrounding cells.

The increase in DEK secretion in EVs after the interaction
with the yeast could be related to its chemotactic activity.
Activated macrophages secrete DEK, which acts as a chemo-
attractant factor for cytotoxic T lymphocytes, neutrophils, and
natural killer cells.” Saha et al. report that DEK secreted by one
cell can be uptaken by another cell, then translocated to the
nucleus to develop its function (bind to cruciform and
superhelical DNA and induce positive supercoils into closed
circular DNA; also splice site selection during mRNA
processing), playing an important role in the pro-survival
signals.

The increase in Vimentin and protein DEK in MI-derived
EVs might be augmenting the effect on not only the pro-
inflammatory and chemoattractant signals but also the pro-
survival signals, suggesting an important role of these EVs in
the macrophage response against C. albicans and in the THP-1
macrophages survival.

4.2, Proteins Involved in Signal Transduction

Several signaling proteins that have different abundance in EVs
can play a significant role in C. albicans infection and

contention. Three members of the Rho family of GTPases,
belonging to the Ras superfamily (Cdc42, RhoC, and RIAM),
which are reduced in abundance, are known to organize the
actin cytoskeleton and regulate the phagocytic oxidative burst
in macrophages.”” Rho GTPases act as dualistic functions
activating (GTP-bound) or inactivating (GDP-bound). This
switch regulates different events during phagocytosis and the
pathogen establishment, but the role of Cdc42 and RhoC in the
macrophage-derived EVs and their decrease after the coculture
remain unclear. RIAM (APBB1IP) has been implicated in the
APC-T cell interaction. The knockdown of RIAM in THP-1
macrophages abrogated the increased aMp2 integrin affinity
and the phagocytosis of complement-opsonized particles
induced by Rapl activation. Moreover, this protein has been
described as a regulator of complement-dependent phagocy-
tosis.”” Thus its reduced abundance in MI-derived EVs might
be a C. albicans defense mechanism.

Another important protein with reduced release by macro-
phage-EVs is the integrin-linked kinase (ILK); this protein is
involved in cell-matrix interactions, cytoskeletal organization,
and cell signaling, and it has also been related to apoptosis. ILK
deletion resulted in apoptotic cell death in the lens
epithelium,”* and thus it could be a pro-apoptotic signal.
These results about integrins and their related proteins are in
disagreement with the result found in a previous work with
macrophages stimulated with f-glucan.'® In this work, integrins
and the related proteins are increased in response to f-glucan.
Moreover, the differentially abundant proteins found in EVs in
response to f-glucan are different from the ones obtained in
our experiments when THP-1 macrophages are in contact with
C. albicans. It has already been described that alive C. albicans
cells induce different response in macrophages than dead
cells,® and thus these different results in EVs proteins in
response to alive cells are in agreement with previous results.

4.3. EV Effect on Neighboring Macrophages and
Monocytes

EVs are internalized by neighboring cells, being able to
stimulate them and induce the phosphorylation of ERK2 and
p38 kinases, leading to the secretion of pro-inflammatory
cytokines (Figures 7 and 8A). The stimulatory effects were less
marked than in the LPS-stimulated positive control for THP-1
macrophages, and the effect was not different between MI- and
MC-derived EVs. However, in the case of monocytes, the
stimuli induced by both EVs were higher compared with the
LPS-positive control, supporting the roles of the differentially
abundant proteins in these EVs. In the case of TNF-a secretion,
the MI-derived EVs induced a statistically significant higher
level, even higher than the one induced in the LPS control.
Thus these results allow us to hypothesize that THP-1-infected
macrophages send EVs to stimulate circulating monocytes to
respond against C. albicans with a higher TNF-ar secretion.
Similar results have been observed with EVs from Leishmania-
infected macrophages, which increase cytokine production in
naive macrophages."

The candidacidal activity on THP-1 macrophages was
enhanced by both populations of EVs, with no significant
differences, suggesting a mechanism of unspecific enhancement
of the immune response mediated by these EVs. It is
remarkable that the effect of both kinds of EVs, in a similar
quantity (with respect to protein concentration) was similar,
even a slightly higher than the LPS standard activation
conditions. We hypothesize that the expected differential effect
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Figure 9. Summary of the results described in the manuscript. THP-1 MC- and MI-derived EVs were analyzed by TMT. The differentially abundant
proteins are represented grouped by functions using red or green color depending on their variation tendency. The text describes the effects on
THP-1 monocytes and differentiated macrophages from MC- and MI-derived EVs.

on neighboring monocytes and macrophages upon C. albicans
infection might be due to the increase in the number of EVs
that the macrophages that meet C. albicans release so as to

signal other macrophages that there is danger of infection.

5. CONCLUDING REMARKS

These findings support the concept that EVs transport different
signals with a wide range of impact on the recipient cells and
that the signal carried by these EVs is changed by the
interaction with C. albicans as it is by the interaction with other
microorganisms. The main results of this approach are

summarized in Figure 9.
The studies on the EVs cargo, particularly on the protein

composition, will provide supporting information of how
immune cells communicate with other surrounding cells in

response to infections.
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. The absence of high-affinity potassium uptake in Candida glabrata, the consequence of the deletion
. ofthe TRK1 gene encoding the sole potassium-specific transporter, has a pleiotropic effect. Here, we
show that in addition to changes in basic physiological parameters (e.g., membrane potential and
intracellular pH) and decreased tolerance to various cell stresses, the loss of high affinity potassium

uptake also alters cell-surface properties, such as an increased hydrophobicity and adherence
capacity. The loss of an efficient potassium uptake system results in diminished virulence as assessed
by two insect host models, Drosophila melanogaster and Galleria mellonella, and experiments with
macrophages. Macrophages kill trk1 A cells more effectively than wild type cells. Consistently,
macrophages accrue less damage when co-cultured with trk1A mutant cells compared to wild-type
cells. We further show that low levels of potassium in the environment increase the adherence of

C. glabrata cells to polystyrene and the propensity of C. glabrata cells to form biofilms.

The incidence of fungal infections of the Candida genus has increased in recent decades, and among them
Candida glabrata is classified as the second most commonly isolated yeast in the majority of patient populations
studied'~. The reasons for this upswing are on the one side medical progress by itself, which has increased life
. expectancy, but also the niches where opportunistic fungi can develop. The use of antibiotics, catheters or trans-
. plantation therapies has generated a susceptible population that has helped fungal pathogens come to the front
. line of clinical problems in developed countries>®. The success of various yeast species as pathogens depends
: on their ability to adapt to the environmental stresses they encounter within the diverse niches they occupy in
the human host’. For many years, pathogenic yeasts were assumed to passively contribute to the establishment
of infection, but nowadays, it is well known that these organisms dynamically participate in the disease pro-
cess through mechanisms of aggression, called virulence factors. Among these factors, the ability to evade host
defenses, adherence, biofilm formation and the production of tissue-damaging hydrolytic enzymes play a crucial
role®?.

Candida glabrata, a member of the WGD (Whole Genome Duplication) yeast family and a close relative of
Saccharomyces cerevisiae, is an opportunistic yeast pathogen that is distantly related to the CTG clade of yeast
(yeast species translating the CUG codon as serine instead of leucine), which includes most of the pathogenic
Candida species'’. Its high stress resistance and high adhesion capacity are characteristics that make C. glabrata a
serious pathogen for humans!!. The ability of C. glabrata to respond to changes in environmental conditions with
rapid transcriptional reprogramming, together with its robust resistance to both nutrient starvation and oxidative
stress'?, are properties that provide C. glabrata a competitive advantage when nutrient availability is low, such as
on mucosal surfaces or within phagosomes after engulfment by phagocytic cells. In the latter case, Candida cells
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are also exposed to reactive oxygen species and reactive nitrogen species'®, moreover, host immune cells also
activate intracellular ion currents that might expose Candida cells to cationic and osmotic stresses'®. Given this
situation, it is not surprising that C. glabrata, as well as other Candida spp., have evolved a robust tolerance to
cationic/osmotic, oxidative and nitrosative stresses'>!¢.

Adherence is one of the crucial steps in the establishment of fungal infections, and it is a feature that enables
C. glabrata to adhere to host epithelial tissues and other surfaces, e.g., catheters. This trait is coupled to viru-
lence, and is mediated by cell-wall associated proteins termed adhesins, which belong to diverse protein families.
Several studies have demonstrated that C. glabrata has a large repertoire of adhesins'”*%, which facilitate its ability
to colonize humans. Another factor, considered important for virulence, and related to adherence, is cell-surface
hydrophobicity (CSH), which depends on the cell-wall composition and architecture. The relative CSH of C. gla-
brata is thought to be more extensive than that of Candida albicans, the best studied yeast pathogen'®. After the
adhesion to host tissues or other surfaces within the host, yeast cells grow and develop a biofilm, i.e., a population
of cells embedded within a self-synthesized extracellular matrix®. C. glabrata biofilms, composed of a compact
monolayer or multilayer of only blastospores?’, are extremely resistant to antifungal therapies, being able to with-
stand much higher concentrations of antifungal drugs than planktonic cells, and thus making C. glabrata biofilm
infections extremely challenging to treat®.

In addition to virulence factors, such as adhesion and biofilm formation, fitness traits such as rapid adaptation
to fluctuations in environmental pH, metabolic flexibility, powerful nutrient acquisition systems and robust stress
response machineries, influence fungal pathogenicity and support the ability of Candida spp. to infect diverse host
niches. Many studies have shown that the disruption of various signaling and/or metabolic pathways has led to
a diminished virulence and pathogenicity of yeast cells*. Also important in the establishment of the infection, is
the expression of efficient and robust systems for the uptake of different compounds serving as carbon or nitrogen
sources, or providing necessary metal ions, such as iron or zinc*?7.

Potassium is the most abundant metal cation in all organisms. Due to its low toxicity and high ability to bind
water, it has many general physiological functions in all cells. Consistent with its importance, cells spend a lot of
energy to accumulate potassium in relatively high concentrations. In general, it is indispensable for establishing
intracellular turgor, which is necessary for cell growth and expansion, and for the compensation of negative
charges of many macromolecules, including DNA, RNA and polyphosphates. In yeast, potassium fluxes and
accumulation are also indispensable for the regulation of intracellular pH and membrane potential, for the acti-
vation of various enzymes, for protein synthesis and many other functions?®*-3. Yeast cells have three types of
potassium uptake systems, which allow cells to concentrate potassium to a 200-300 mM concentration from the
environment with as low as micromolar concentrations of potassium salts?®-*!. All three types of transporters exist
in Candida species®?. They share the same basic function (the uptake of potassium) but are very different from the
mechanistic, structural and phylogenetic points of view. Moreover, none of them has a homologue in mammalian
cells. C. albicans has all three types of these transporters, i.e., the Trk uniporter, Hak potassium-proton symporter
and Acu potassium-influx ATPase®. This might be an advantage in proliferating in host niches with relatively low
potassium concentrations, or in formation and rapid growth of hyphae, a process which needs a high intracellular
turgor®.

The C. glabrata genome has only a single potassium-uptake system encoded by TRK1. This is surprising, since
most yeast species have at least two types of potassium uptake systems (usually Trk and Hak, reviewed in*’) and
the closely related S. cerevisiae has two TRK genes®*¢. The existence of only one potassium-uptake system in
C. glabrata and the need of yeast cells to accumulate high intracellular K concentrations to ensure cell growth
and division, turned our attention to the characterization of C. glabrata Trk1 and the phenotypes of its absence.
We showed that TRK1 indeed encodes an efficient potassium uptake system in C. glabrata cells. The expression of
CkTRK1 is low and constitutive, similarly as the expression of TRK1 in S. cerevisiae®®. The deletion of TRKI has a
pleiotropic effect on the cell physiology, not only affecting the ability of trk1A mutants to grow at low potassium
concentrations, but also their tolerance to toxic alkali-metal cations and cationic drugs, as well as the ability to
maintain their membrane potential and intracellular pH. Taken together, our current understanding is that the
sole potassium uptake system of C. glabrata is critical to its physiology and fitness, and suggests that potassium
uptake may affect virulence. In this report we compare C. glabrata strains lacking TRK1 (trk1A) with its wild-type
parent, focusing on traits related to virulence, such as cell surface properties, the ability to cause infections in two
insect host models and challenge to phagocytosis by macrophages.

Results

Lack of Trk1 increases cell surface hydrophobicity and adherence capacity. The yeast cell wall has
a highly dynamic structure, and its composition is tightly controlled not only during the cell cycle, but also in the
different growth phases and during the adaptation to environmental changes. Alterations in cell-wall composition
have consequences such as the modification of CSH or altered susceptibilities to cell-wall targeted drugs'’. To
elucidate whether the observed changes in membrane potential and susceptibility to cationic drugs of the trk1A
mutant® are also reflected in the cell surface properties, we compared the CSH of wild-type and trk1A cells. The
relative CSHs were estimated with cells grown under two conditions - in the presence of 100 mM KClI (a con-
centration at which trkIA cells can grow but clearly experience low-potassium stress, Fig. 1A) and 250 mM KCl
(a concentration at which both the wild type and trk1A strains grow similarly, Fig. 1B). As shown in Fig. 1C, the
mutant strain exhibited a higher hydrophobicity at both of the tested KCI concentrations. As expected, the CSH of
the mutant was higher than that of the wild type when cells were grown with 100 mM KCI, but strikingly, a signifi-
cantly higher CSH was observed for the trk1A cells in 250 mM KCl, i.e., a concentration close to the physiological
intracellular concentration (approx. 280 mM in exponentially growing C. glabrata cells*®). This latter observation
suggested that the absence of Trkl-mediated transport leads to permanent changes in the cell wall, and conse-
quently, to changes in cell surface hydrophobicity. Changes in cell-wall or plasma-membrane composition may be
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Figure 1. Hydrophobicity of C. glabrata cell surface depends on Trk1 function. The growth of cells was
monitored in YNB-F medium supplemented with 100mM (A) or 250 mM (B) KCI. The relative hydrophobicity
(C) of the wild-type and trk1 A cells grown in YNB-F media supplemented with 100 or 250 mM KCI was
estimated as described in Methods.

reflected in increased cell sensitivity to compounds such as Congo red or SDS. For this reason, we tested whether
the trk1A mutant exhibited alterations in growth when these two compounds were added to the media. No
significant differences were observed between the growth of the wild-type strain and the mutant on solid media
supplemented with 250 mM KCl and SDS (up to 0.05%) or Congo red (up to 400 ug/ml) (data non-shown).

Alterations in potassium fluxes and homeostasis may affect the adhesion capacity of C. glabrata to polystyrene.
We therefore compared the adhesion properties of the wild-type and the trk1A strains grown in the presence of
100 or 250 mM KCI. As shown in Fig. 2A, the adhesion capacity of the wild type was almost the same under both
growth conditions. On the other hand, the adhesion capacity of the mutant changed with the availability of potas-
sium in the growth medium. As compared to wild-type cells, the trkIA cells adhered similarly at 250 mM KCl,
but when grown in 100 mM KCl, their adhesion capacity was significantly increased. Thus, the higher CSH of the
trk1A mutant (Fig. 1C) was not accompanied by an increased adhesion when the cells were grown at 250 mM
KCl. To verify the differences, the same experiments were performed with another independently constructed
trk1A mutant and the same results were obtained (data shown only for one of the two mutant strains).

These results led us to test the specific role of potassium in cell adherence. Cells were grown in 100 mM KCI
(non-stress conditions for the wild-type strain, low-potassium stress for the trk1A mutant), and then shifted to
YNB-F without the addition of any salt (YNB-F contains 15uM K™) or supplemented with either 100 mM KCl,
100 mM NaCl, or 100 mM CaCl,. The results (Fig. 2B) show that when cells were shifted from YNB-F with 100 mM
KCl to YNB-F lacking salt (—), both wild-type and trkIA cells increased their adhesion to polystyrene signifi-
cantly, and to a similar level. This increase was also present for both strains when cells were transferred to media
with 100 mM NaCl or CaCl,. The results suggest that C. glabrata adherence is a potassium-specific phenotype.
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Figure 2. C. glabrata adherence capacity depends on amount of potassium in environment. (A) The adherence
of the wild-type and trk1 A cells grown in YNB-F media supplemented with 100 or 250 mM KCl to polystyrene
was estimated as described in Methods. (B) Cells pregrown in YNB-F media supplemented with 100 mM

KCl were transferred to YNB-F media without extra added KCI (—) or supplemented with NaCl or CaCl, as
indicated, and their adherence capacity was estimated as described in Methods.
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Figure 3. Limited external potassium increases biofilm formation. Wild-type and trk1A cells were pregrown
in YNB-F supplemented with 250 mM KCI, then the adherence step in the same medium occurred for 2h, non-
adhered cells were washed out, fresh YNB-F medium supplemented with KCl as indicated was added, and the
biofilm formation was estimated after 48 h as described in Methods.

Potassium influences formation of biofilms. It is believed that the formation of mature biofilms and the
production of extracellular matrix is strongly dependent on species, strain, and environmental conditions such
as pH, medium composition and oxygen availability*®. As we observed a potassium-dependent increase in the
adherence ability of C. glabrata cells, we speculated that the formation of a biofilm might also be dependent on
the availability of potassium cations. Cells were pre-grown in YNB-F supplemented with 250 mM KCl, i.e. under
conditions in which both strains exhibited similar adherence (Fig. 2A), transferred to polystyrene plates, and
after a two-hour incubation, the medium was replaced with a series of media containing KCI at concentrations
ranging from 15uM to 250 mM. For the wild-type strain, a significant biofilm was formed only when grown in
YNB-F without added potassium (0.015mM; Fig. 3A); similar low levels of biofilm formation were observed at
KClI concentrations between 5-250 mM. By contrast, the trkIA mutant formed biofilms over a wide range of KCl
concentrations; significant biofilms formed even at 100 mM KCI (Fig. 3B). At the higher KCI concentrations tested,
the trkIA mutant produced significantly larger biofilms than the wild type. These results suggested that potassium
availability and its transport to cells have a direct effect on biofilm formation. The capacity of C. glabrata to form
biofilms was inversely proportional to the K* concentration, suggesting that cellular stress resulting from potas-
sium limitation promotes biofilm formation.

Absence of Trk1 makes C. glabrata less virulent in insect models.  The higher cell-surface hydropho-
bicity, as well as the higher adherence and biofilm formation of trk1A cells in the presence of a standard potas-
sium concentration suggested that the mutant cells might be more virulent than the wild-type. On the other hand,
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Figure 4. C.glabrata cells lacking Trk1 are less virulent in insect models. D. melanogaster Bom*5C flies

(A) were infected with C. glabrata wild-type or trk1 mutant strains without a plasmid vector (trk1), with an
empty vector control (trk1 [VC]), or with a vector expressing TRK1I (trkI [TRK1]). Survival was monitored for
the indicated period of days. Survival curves were obtained from the Cox proportional hazards model with data
from 4 biological replicates (N =4; bars represent standard error). (B) Survival of G. mellonella larvae infected
with C. glabrata wild-type or trk1 mutant strains was monitored for the indicated period of days. Data from 3
biological replicates (N = 3; bars represent standard error). PBS was used to control wounding.

the inability of the trkIA mutant to proliferate in media with a potassium concentration close to the concentra-
tions in the host (a few mM extracellularly) would correspond to a lower virulence of mutants lacking an active
potassium uptake system. To elucidate the relationship between the absence of Trk1 and virulence, we performed
a series of experiments using two insect models, Drosophila melanogaster and Galleria mellonella. These inverte-
brate models are capable of reproducing clinical features seen in human infections with remarkable fidelity**-#2.

When introduced into D. melanogaster, fungal cells activate the Toll signaling pathway, triggering a robust
induction of innate immune effectors, including the family of twelve Bomanin genes. The Bomanins, small
secreted peptides, bestow resistance to multiple microbial pathogens, including C. glabrata. In contrast to
wild-type flies, Bom“%°C flies lacking10 Bomanins exhibit decreased survival upon C. glabrata infection*, simi-
lar to mutational inactivation of the essential Toll pathway in MyD88 flies**. Figure 4A shows the killing curves
obtained with Bom”3° flies infected with wild-type and trkI1A C. glabrata strains. It is clearly evident that flies
infected with the mutant strain survived better than those infected with the wild type. The introduction of plas-
mid encoded TRK1, but not the empty plasmid (VC; vector control), into the trkIA mutant restored full viru-
lence. When the MyD88 flies were used, similar results were observed, i.e. lower virulence of the trk1A mutant
(data not shown). For the assays with G. mellonella*, two temperatures were used: 30 and 37 °C. We obtained
similar results in both cases, and those obtained from assays at 37 °C are shown in Fig. 4B. Although both Candida
strains killed the larvae quite efficiently, it was evident that the infection with trk1A cells was less severe than that
with the wild-type C. glabrata cells.

Together, the virulence assays in the insect hosts confirm that the loss of Trk1-mediated high-affinity potas-
sium uptake results in attenuated virulence of C. glabrata. Clearly, the trk1A mutant failed to accumulate suffi-
cient potassium for cell growth and division within the host.

Absence of Trk1 results in increased clearance of C. glabrata cells by macrophages. The reduced
virulence of trk1/A mutant cells prompted us to examine the host-pathogen interaction with THP-1 macrophages.
Macrophages are immune cells important in the recognition and destruction of pathogens***. These primary
immune cells contain, as all mammalian cells, a high concentration of potassium (>100 mM). However, the levels
of potassium in phagosomes have not been determined. Initially, the internal phagosome microenvironment
should mirror the low extracellular concentration until it fuses with lysosomes, at which point the potassium lev-
els should increase. Thus, there are two possibilities. The initial low levels of potassium may compromise growth
of trk1A cells, which may affect survival. Alternatively, lysosomal fusion is rapid and trk1A cells experience suf-
ficiently high levels of potassium to enable growth at rates comparable to wild-type.

Our initial observations regarding the growth and division of C. glabrata cells interacting with macrophages
indicated that the trk1A strain exhibited slower growth in comparison to wild type (Fig. 5A). The growth of one
hundred C. glabrata cells interacting with macrophages was monitored during 6 hours. Thirty percent of wild-type
cells had duplicated, whereas only 20% of trk1A cells had duplicated. The lower level of growth of trk1A mutant cells
suggested that the interaction between the macrophages and both C. glabrata strains differ and that a high affinity
potassium uptake is required for proper yeast proliferation in this condition. These findings prompted us to perform
further experiments.

To assess fungal cell-induced damage to macrophages during co-culturing we measured LDH release (% cyto-
toxity, Fig. 5B). C. albicans, known to cause high levels of damage, was used as a control*. The trkIA mutant
caused almost no damage to macrophages as compared to wild type (the difference was already observable after
8h, and clearly obvious after 24 h, Fig. 5B). Both C. glabrata strains caused less damage than C. albicans, particu-
larly at the earlier timepoint, which correlates with the different strategies that these fungi employ after being
engulfed by macrophages. C. albicans rapidly forms hyphae, damages macrophages and escapes, while C. glabrata
seems to be adapted to longer stays inside the macrophages®.

SCIENTIFIC REPORTS | (2019) 9:7529 | https://doi.org/10.1038/s41598-019-43912-1 5


https://doi.org/10.1038/s41598-019-43912-1

www.nature.com/scientificreports/

A PBrightfield

trk1

B Cc
100 150+
- — z
804 H
z £ 1004
S 604 8
g 8
g 3
& 407 ® 50
= ¢
20- q\c ....... X
4 | | g3 0 i
N N A ha &
S EFF S EFFS T ;‘é B ;é\ W ;‘(\ o8
O &S S s P S I
S &Y § Y Y & & &
4hpi 8h.p.i 24 hp.i 4h.p.i 8h.pi 24 h.p.i

Figure 5. C. glabrata wild-type and trk1 A cells interaction with human THP1 macrophages. (A) THP1
macrophages were incubated with FITC stained (green) C. glabrata cells, and fluorescence microcopy was used
to evaluate yeast cell interaction with macrophages within 6 hours of incubation. The dye is not transferred to
the daughter cells, allowing to differentiate mother cells (green) and daughter cells (red asterisks) in the merged
channel. (B) Cytotoxicity mediated by C. glabrata wild-type (WT) and trk1 A cells in THP1 macrophages was
evaluated by LDH measurement. C. albicans wild-type strain SC5314 (CA) was used as a positive control.

(C) Candidacidal activity of THP1 macrophages against C. glabrata wild type (WT) and trk1 A was evaluated
and expressed as a percentage of yeast viability. A lower viability of the yeast cells represents a higher
candidacidal activity of the macrophages.

These results suggested that the candidacidal activity of the macrophages towards the trkI1A strain may be
higher. This was confirmed in the experiments shown in Fig. 5C. The macrophages killed trk1A cells more
effectively than wild type, which was statistically significant after 24 h. These finding indicates that the loss of
high-affinity potassium uptake impairs growth of C. glabrata inside macrophages and makes fungal cells more
sensitive to killing by macrophages.

Cytokine production upon interaction of macrophages with C. glabrata cells. Cytokine pro-
duction and secretion by macrophages is important in mediating the response of the immune system and to
the outcome of microbial infections*. We assessed the cytokine profiles of macrophages after co-culture with
the C. glabrata strains. We measured the release of 3 pro-inflammatory (IL-12, TNF-o and IL-1 3) and 1
anti-inflammatory (IL-10) cytokines. We were unable to detect secretion of IL-12 nor IL-10 cytokines in our
experiments (data not shown). TNF-o was secreted, but there was no difference in secretion levels between
control macrophages and macrophages with C. glabrata wild-type or trk1A cells (data not shown). The secre-
tion of pro-inflammatory cytokine IL-13 was elevated similarly in the presence of either wild-type or trk1A
(Supplementary Fig. 1). These largely negative results are in agreement with previous reports regarding C. glabrata
macrophage interactions®, with the cytokine patterns in murine infections®! and with the previously described
low level induction of MAP kinase phosphorylation®?.

Discussion

In our previous work we showed how the deletion of TRK1, encoding the sole potassium transporter in C. gla-
brata, has a pleiotropic effect on cell physiology, affecting the membrane potential, the intracellular pH and the
tolerance to cationic drugs®. Based on this knowledge, we hypothesized that the altered physiological parameters
of the mutant would also effect C. glabrata virulence. To test this notion we performed a series of experiments
to document whether a C. glabrata strain lacking Trk1 exhibits altered virulence characteristics and a reduced
capacity to induce virulent infections in insect hosts models and to kill and evade macrophages.
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Initially, we focused on two closely related aspects known to be important determinants in virulence,
cell-surface hydrophobicity (CSH) and adhesion capacity'”!%. As shown in Fig. 1C, we observed a significant dif-
ference in CSH when comparing the wild-type strain and ¢trk1A mutant. The wild type exhibited no differences
in CSH at the two tested potassium concentrations (100 and 250 mM), suggesting that the composition of the cell
wall and physico-chemical properties of the cell surface do not change in this KCl concentration range. It is worth
noting that wild-type grows well at both much lower and higher extracellular potassium concentrations*”*. In
comparison to the wild-type, the trkIA strain exhibited a significant increase in its CSH (Fig. 1C). Moreover,
there was a clear increase in the CSH of the mutant at 100 mM KCl compared to its CSH at 250 mM KCl in the
growth media. The obtained results suggest that the deletion of TRKI causes a basal stress that has persistent
consequences on the composition of the cell wall, thus influencing the hydrophobicity of mutant cells even under
conditions supporting an apparently normal growth rate (Fig. 1B). A similar situation was found when measuring
the membrane potential of C. glabrata wild-type and trk1A cells grown in the presence of 250 mM KCl. Mutant
cells were always relatively hyperpolarized, indicating that the deletion of TRK1 affects the physiology parameters
permanently and not only under low-potassium stress®.

As with the CSH, the adherence of the wild-type cells did not seem to be significantly influenced at the two KCl
concentrations used (100 and 250 mM; Fig. 2A). In striking contrast, although the adherence capacity of the trk1A
mutant grown in the presence of 250 mM KCI was very similar to that of the wild type, the trkIA exhibited a dra-
matic increase in its adhesion capacity when a suboptimal 100 mM concentration of KCI was used (Fig. 2A). To
elucidate whether the observed phenotypes of higher adhesion were potassium-specific or related to a general con-
centration of cations in the growth media, we tested adhesion in low K* media supplemented with Na* and Ca*.
Surprisingly, we observed a significant increase in the cell adhesion to polystyrene plates for both wild type and
trk1A strains (Fig. 2B). This result means that the low concentration of potassium, and not the presence of other
cations, is responsible for the observed increase in adhesion capacity. Consistent with this conclusion, the trk1A
strain exhibited significantly more adhesion than wild type in media containing 100 mM KCL. As far as we know,
this is the first time that the dependence of C. glabrata adhesion capacity on the amount of potassium cations in
the external medium has been demonstrated.

The observed increase in the adherence of the wild-type strain in YNB-F without extra added KCl made us
hypothesize that this phenomenon might have consequences in biofilm formation, enabling the cells to cope
better with the limited amount of available potassium, as the extracellular matrix may trap and concentrate the
potassium. To test this hypothesis, an experiment was performed at different concentrations of potassium (Fig. 3).
At low KCI (15uM) concentrations the biofilm formation of wild type correlated with the higher adherence,
which is not surprising, since adhesion is the first phase of biofilm formation?’. As shown in Fig. 3, the biofilm
biomass of the wild-type strain was greatly reduced when potassium levels increased. By contrast, the trk1A
strain persisted in establishing biofilms even up to 100 mM KCI; the progressive decrease in the formation of a
biofilm in parallel with an increase in potassium concentration reinforces the idea that the change from plank-
tonic cells to cells that form biofilms depends on the intracellular potassium supply. The fact that biofilm forma-
tion is strongly dependent on potassium, suggests that biofilm formation is a stress response and that growth in
biofilms enables cells to maintain a critical concentrations of this essential alkali metal cation.

As was shown in our previous work¥, the trk1A mutant exhibits several physiological parameters that reduce
its growth and fitness, which likely affect its virulence properties. For this reason, we examined whether the phe-
notypes resulting from TRK1 deletion would also have an effect on the virulence of the mutant strain. The results
obtained with experiments carried out in two model host systems, D. melanogaster and G. mellonella (Fig. 4), pro-
vided support for this notion; the trk1A strain exhibited significantly attenuated virulence compared to the wild
type in Bom“% flies. Although D. melanogaster is considered to be the most suitable insect model alternative to
murine infection models*?, the use of G. mellonella gave similar results.

In summary, our data show that the deletion of TRK1 has a pleiotropic effect on the physiology of C. glabrata,
which affects its ability to colonize infected hosts. The reason for impaired virulence of the mutant strain lacking
a high-affinity potassium-specific transporter is likely due to the inability to take up and maintain physiological
intracellular levels of potassium, an essential cation. The resulting stress and impaired growth of the trk1A mutant
enables the host immune system to be more effective at overcoming the infection and clearing the fungal cells
from the host. Consistently, the experiments carried out with macrophages demonstrated that in comparison to
wild type, trk1A strain grew less efficiently within phagosomes (Fig. 5A), inflicted less damage to the macrophages
(Fig. 5B), and was more readily killed (Fig. 5C). Macrophages are known to actively sequester micronutrients from
invading microorganisms®?, and the lack of Trk1 as the sole high-affinity and specific potassium uptake system
may represent an additional handicap that promotes the higher susceptibility of the mutant to being killed by the
macrophage. Additionally, we previously demonstrated that the trk1A mutant is sensitive to low external pHY,
which is another aspect that may contribute to the observed increased fungicidal capacity of the macrophages
against the mutant, since one of the strategies of the defense cells for fighting invading microorganisms is the
acidification of their phagosomes®2. A high-affinity potassium uptake seems to be crucial for C. glabrata physi-
ology and virulence thus highlighting the unique K* transporter in C. glabrata cells as a potential target for the
development of a new antifungal drug.

Methods

Yeast strains and growth media. The C. glabrata reference strain ATCC 2001 and its derivative lacking
the TRK1 gene® were used in this study. C. albicans SC5314 was used for LDH measurements. Yeast cells were
propagated in YPD (1% yeast extract, 2% peptone, 2% glucose, 2% agar for solid media) or YNB-F (0.17% YNB
without amino acids, ammonium sulfate and potassium (ForMedium) supplemented with 0.4% ammonium sul-
fate, 2% glucose and adjusted to pH 5.8 with NH,OH; potassium concentration approx. 15uM) media at 30 °C.
When necessary, the media were supplemented with indicated amount of KCL
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Cell surface hydrophobicity (CSH). CSH was determined as the relative distribution of yeast cells in a
two-phase system consisting of an aqueous phase and the organic solvent hexadecane!”**. When cultures in
YNB-F supplemented with 250 or 100 mM KCI reached ODg, = 1.5, cells were harvested, washed twice with
distilled water, adjusted to ODgy, = 1. Aliquots (1.5 ml) were transferred to a glass tube with (A,) and without
(Ay) 100 pl of hexadecane. Glass tubes were then mixed by gentle vortexing for 30 seconds. The two phases
were allowed to separate for 2 minutes at room temperature, 1 ml of the aqueous phase of each tube was care-
fully transferred to a cuvette and the ODg,, was measured. The percentage of hydrophobicity was calculated as
Hydrophobicity (%) = [1 — (A1/A0)] x 100.

In vitro adhesion capacity. Overnight cultures grown in YNB-F supplemented with 250 or 100 mM KCl
(ODgy = 1.5) were adjusted to ODgy, = 1 with fresh growth medium. Three wells of a flat-bottom polystyrene
96-well microtiter plate were filled with 200 ul of each cell suspension (adapted from'®). Growth media without cells
were used as negative controls. Adhesion was allowed to occur at 30°C for 2hours. After removing the medium,
non-adherent cells were removed by washing three times with sterile water. Adhered cells were fixed with 200 pl
of methanol, and plates were incubated at room temperature for 10 minutes. After washing three times with water
to eliminate methanol, cells were stained with crystal violet (CV). 200 ul of 1% CV solution were added to each
well, and plates were incubated at 37 °C for 20 minutes. After staining, the excess of CV was removed by washing
three times with water. After adding 200 ul of 33% acetic acid to solubilize cell-bound CV; the staining intensity
was measured as the ODsg; using a 96-well plate reader (BioTek). The obtained values were normalized after sub-
tracting the background level of CV staining without cells. For the potassium specificity assay, wild-type and trk1A
cells were grown in YNB-F supplemented with 100 mM KClI till the cultures reached an ODg, of around 1. Cells
were harvested, washed twice and resuspended to ODg,, =0.4 in YNB-F without KCl addition, or in YNB-F sup-
plemented with 100 mM KCI, NaCl or CaCl,. After this step, the adhesion protocol described above was followed.

Biofilm formation.  For the study of biofilm formation, a modified version of the protocol of*® was used. Both
strains were grown in YNB-F supplemented with 250 mM KClI at 30 °C overnight, then adjusted to ODgy, = 0.4
with fresh medium. For adhesion, three wells of a polystyrene microtiter plate were filled with 200 ul of the cell
suspension for each set of biofilm formation conditions. After two hours of incubation at 30 °C, the medium was
removed, free cells were washed out twice with water, and YNB-F supplemented with various concentrations of
KCI (15 uM-250 mM) was added to the adhered cells. Plates were further incubated at 37 °C for 48 hours, and the
quantification of the biofilm formation was performed after the staining with CV described above. As a control
after the adhesion phase, the number of adhered cells of wild-type and trk1A mutant grown in 250 mM KCl was
estimated by CV staining as described above to ensure that the number of adhered cells was the same for both
strains. No significant differences were observed in the initial number of adhered cells.

Virulence in insect models. For testing the virulence of C. glabrata strains, Drosophila melanogaster flies
and Galleria mellonella larvae were used. D. melanogaster stocks were maintained on instant mashed potato agar
medium at 25°C. Bom** flies, carry a 9kb TALEN-induced deletion that removes a cluster of 10 Bom genes on
chromosome 2*. The MyD88 mutant strain lacks an adaptor protein functioning downstream of Tl receptor*+*.

The overnight yeast precultures were diluted in fresh YPD to ODgy, = 0.15 and incubated at 30 °C until the
ODg, reached 1.0. Aliquots of the cultures (1 ml) were harvested, washed once with phosphate-buffered saline
(PBS; pH 7) and resuspended in 1 ml of PBS. Male and female flies, 1-5 days old, were injected with approximately
50 nl of fungal cell suspensions (approx. 500 cells/fly) using a fine glass capillary needle with a micro-injector
(TriTech Research, USA). Cohorts of 30 flies were injected and maintained in separate vials. Four biological repli-
cas (independently prepared fungal preparations derived from individual colonies) and 12 technical replicates per
strain were conducted. Infected flies were maintained at 29 °C for up to six days after infection and the number of
surviving flies was noted on a daily basis.

G. mellonella larvae were from Mous Live Bait, The Netherlands. One day before the infection experiment,
ten groups of ten G. mellonella larvae were placed in ten Petri dishes containing sawdust and incubated at 30
or 37°C to acclimatize them to the conditions of the experiment. C. glabrata cells were grown in 15ml of YPD
supplemented with 100 mM KCI overnight. The day of infection, 10 ml of the C. glabrata cultures were harvested,
washed twice with PBS and resuspended in 2 ml of PBS. After measuring ODy, cell suspensions of both strains
containing approx. 5 x 107 cells/100 ul were prepared, and 10pl, i.e. 5 x 10° cells, were injected into one of the last
pro-legs of the larvae with an insulin 29 G U-100 needle. Twenty individuals per yeast strain were infected. Three
biological replicas were conducted. Untouched larvae and larvae injected with 10 ul PBS were used as controls.
Larvae were kept in Petri dishes with sawdust, and live larvae were scored daily for 7 days. Larvae were considered
dead when not responding to touch.

Interaction with macrophages. To quantify yeast replication upon interaction with macrophages, C.
glabrata strains were grown in YNB430 F supplemented with 250 mM KCl and labelled with 100 ug/ml FITC
(Sigma-Aldrich) in carbonate buffer (0.1 M Na,CO;, pH 9.0) for 30 min at 37 °C, followed by washing with PBS.
TPH-1 macrophages were allowed to adhere to coverslips within a 24-well plate, infected at a MOI (multiplicity
of infection; macrophage:yeast) 2:1 with labelled yeast strains for 30 min, washed to remove unbound yeast cells,
and incubated at 37°C and 5% CO, for 6 hours. Cells were fixed with 4% paraformaldehyde at 37 °C for 10 min.
As FITC is not transferred to daughter cells, it was possible to differentiate mother and daughter cells. Replication
was quantified by fluorescence microscopy scoring FITC-stained and not-stained cells for at least 100 yeast cells.

THP-1 cell culture and macrophage differentiation. The human acute monocytic leukemia cell line
(THP-1) was cultured in DMEM medium supplemented with antibiotics (penicillin 10000 U/ml-streptomycin
10000 U/ml and 10% heat-inactivated fetal bovine serum (FBS) at 37°C in a humidified atmosphere containing
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5% CO,. THP1 cells were centrifuged and resuspended in fresh DMEM. Phorbol 12-myristate 13-acetate (PMA)
was added at a final concentration of 0.03 pg/ml and cells were counted. Then, 1 x 10° THP-1 cells were seeded
onto 24-well plastic plates and 5 x 10* cells were seeded onto a 96-well plate and left to differentiate for 48 hours.
The medium was replaced with fresh medium on the day of the interaction. DMEM without phenol red supple-
mented with 1% of FBS was used for the LDH measurements,. For the assays of candidacidal activity and cytokine
production, DMEM with phenol red and 10% FBS was used.

C. glabrata-macrophage co-culture. For the interaction studies, THP-1 macrophages were incubated
with C. glabrata cells at a MOI 1:1 and for the durations: 4h, 8h and 24 h.

Macrophage damage assay. A colorimetric assay based on the measurement of LDH activity released by
damaged cells was used (Roche). Experiments were performed in 96-well plate and the manufacturer’s instruc-
tions were followed. Briefly, Lysis buffer was added to the positive control cells 15 minutes before the end of the
incubation time. To determine LDH activity, 100 pl of reaction mixture, (catalyst and dye solution) was added to
each well on the 96-well plate and incubated for up to 30 min at room temperature and protected from the light.
After this, 50 ul of stop solution was added to each well and absorbance measured at 490 nm. Cytotoxicity was
calculated as follows:

experimental value — low control

Cytotoxicity (%) = x 100

high control — low control

Three biological replicates were performed.

Candidacidal activity. The candidacidal activity of the macrophages was estimated by colony-forming units
(CFUs) counting by comparing both C. glabrata strains with and without interaction with macrophages. 24-well
plates were used for this assay. Briefly, the DMEM of each condition was collected, sterile H,0 was added to each
well and a syringe plunger was used to destroy the macrophages and to resuspend C. glabrata cells in each well.
From the total volume collected, dilutions were made and wild-type cells were plated on YPD agar and trk1 A
cells on YPD agar supplemented with 100 mM KCl. Candidacidal activity was calculated by comparing the CFUs
counted for Candida cells growing without the presence of the macrophages and the CFUs counted the interact-
ing cells. Four biological replicates were performed.

Determination of cytokine production. For cytokines measurements, macrophages from the THP1
cell line were incubated for 4, 8 and 24 hours in 24-well plates. Briefly, supernatants from THP-1 macrophages
(untreated, LPS (1000 ng/ml), or Candida-treated) were collected. Afterwards, they were tested for cytokine pro-
duction by ELISA using matched paired antibodies specific for IL-12p40, TNF-a IL-10 and IL-13 (Immunotools),
and according to the manufacturer’s instructions. Cytokine production was measured spectrophotometrically at
450 nm in a total of 3 biological replicates.

Statistical analysis. Statistical analysis was performed by doing a paired t-test. *p-value < 0.05, **p-value < 0.01.
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