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Glossary of terms

Microbiota

Microbiome

Metagenome

Metatranscriptome

Virome
16S ribosomal DNA

Taxonomy

Operational taxonomic unit (OTU)
Taxon

Amplicon

Sequencing

Richness

a Diversity
B Diversity

Resilience

Dysbiosis

All the microbes that are found in a particular region
or habitat; the term “microflora” is no longer used

The totality of the microbes with their genes that
are harbored by the microbiota and the milieu in
which they interact

The genetic information of the whole microbiota,
usually obtained by whole genome sequencing.
This is the functional genetic potential provided
by the genomes of many individual organisms

Sum of genetic information in microbial mRNA,
usually obtained by mRNA sequencing. Provides
insights on what is functionally active in
a microbial community

Collection of all the viruses in an environment

A specific DNA gene that is unique to prokaryotic
cells

The science of identifying species and arranging
them into a classification

Specific sequences based on sequence similarity
(typically threshold is 97%) to reference genes.
This is taken as a proxy for species-level
divergence

A group of phylogenetically related microbes that
belong to the same taxonomic group, such as
order, family, or genus

An amplified fragment of DNA from a region of
a marker gene (such as 16S rDNA) that is
generated by PCR

Technique allowing thousands or millions of DNA
sequences to be obtained from a given sample

Number of different taxa within a single population

How many types of sequences in a sample

How many different types of sequences are shared
among samples

The capacity of the microbiome to absorb
disturbance and reorganize itself while
undergoing change, so as to retain essentially the
same function, structure, and identity

A condition in which the normal structure of the
microbiome is disturbed, often through external
pressures such as disease states or medication

Segal et al., Ann. Am. Thorac. Soc 2014



Human Microbiota
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10-fold greater numbers of
microbial than human cells,
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A non-exhaustive overview of human gut microorganisms
among bacterial, Archaea, viral, and Eukaryota domains
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Lagier et al., Front. Cell Infect. Microbiol. 2012




The fungal microbiome (mycobiome) in humans

Fungal communities inhabiting
our skin and mucosa represent
the so-called “mycobiome”.
While bacteria nearly
completely constitute the
microbial load of our feces,
however, the less abundant
components of the microbiome
(termed the “rare biosphere”),
including fungi, also have
significant impact on human
health, either as a reservoir for
potential pathogens (such as
Candida species) or as a
cofactor in diseases such as
inflammatory disorders.

Oral cavity

Intestinal tract

Vagina
Skin

Lower airways

Arms, body, face
Scalp

Foot {nail, toe web,

plantar heel)

Candida, Cladosporium,
Amobasidium, species from the
family of Saccharomycetales
(other than Candida), Aspergillus,
Fusarium, Cryptococcus

Saccharomyces, Candida,
Cladosporium

Candida

Malassezia

Acremonium, Dydimella

High fungal diversity

Nearly absent. Possibly Aspergillus

 The composition of the mycobiome
differs between the different body
surfaces, and therefore may play
different roles in disease, either
causally or as a marker of underlying
disease.




The fungal microbiome (mycobiome) in humans: the oral cavity

e A study by Ghannoum et al. (PLoS Pathog. 2010)
of oral cavity samples from 20 healthy e
volunteers aged 21-60 years with different %
ethnic backgrounds, revealed fungi to be
present in all individuals.

requEncy (%

 One hundred and one species were detected
with a diverse individual distribution: Candida
species were most prevalent (isolated in 75% of
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the study participants), followed by & A c-'*-.o* ¥
Cladosporium (65%), Aurobasidium (50%),

species belonging to the family of

Saccharomycetales, other than Candida (50%), . I

Aspergillus (35%), Fusarium (30%), and

Cryptococcus (20%). ; 1
e Alater study by Mukherjee et al. (PLoS Pathog. " |

2014) among 12 healthy volunteers showed

ts3EsEs s %

similar results, with Pichia species being a - h Ll -~ |

prominent representative of the family of IIIIliiiii-lllllll@FIIIIIIIIIIIIIIIII
Saccharomycetales.



Pichia as an antagonist of B ®
opportunistic fungi

Decrease in abundance of Pichia (a
resident oral fungus) in uninfected
individuals coincided with increase in
abundance of Candida, suggesting an
antagonistic relationship.

In vitro testing showed that Pichia
spent (“conditioned”) medium (PSM;
i.e., Pichia supernatant) inhibits
growth of pathogenic fungi; these
findings were validated in an
experimental mouse model of oral
candidiasis.

The mechanism by which Pichia
antagonizes Candida involves nutrient

competition a nd secreto ry factor/s Histology analyses of tissue section of tongue from mouse infected
. o - P - with Candida, followed by (C) no treatment or treated with (D) vehicle
that |nh|b|t the Iatter S ablllty to control, (E) nystatin, or (F) PSM, showing that PSM was efficacious in

treating oral candidiasis in vivo. From: Mukherjee et al., PLoS Pathog.

adhere, germinate, and form biofilms. 77



The fungal microbiome (mycobiome) in humans: the skin

* |In arecent comprehensive assessment of the
skin mycobiome at 11 core-body and arm
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large presence of the genus Malassezia, with
only 11 species-level classifications revealing
differences between sites in fungal
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lower shared community structure.



The fungal microbiome (mycobiome) in humans:
the intestinal tract

An insight into the fungal microbiome
of the intestinal tract comes from the

recent study from Hoffmann et al.

(PLOS One 2013) Partially
Fungi were present in all stool samples, Ca‘,’{,%?;‘:,’,‘f,tes
with the two phyla Ascomycota and \

Basidiomycota having reciprocal -
patterns of abundance.
At genus level, Saccharomyces (89%), Succmate

Candida (57%), and Cladosporium W ,,

cetate- / H
(42%) were most prevalent, and the
fungal burden, but not the types of | Acelate:TH*
fungi, correlated positively with the Methanobrevibacter %
Prevotella/Bacteroides ratio.
Interestingly, recent consumption of
carbohydrates, as assessed by three 24
h diet recalls within 1 week before stool
collection, was associated with high
Candida abundance.

Aqgtate [H*

CO2 / CHg



The fungal microbiome (mycobiome) in humans: the lung

Very little is known about the existence and
composition of the lung mycobiome.
Culture of exhaled breath condensate and
bronchial brushing in healthy volunteers S Ef.:.'.::)

revealed no fungi, as opposed to Aspergillus mEid

niger, A. ochraceus, and Penicillium species

found in lung cancer patients (Carpagnano e "

al., BMC Pulm. Med. 2014). : ."ﬁ.

Also sequencing of bronchoscopic alveolar ST

lavage samples from healthy volunteers — T

detected scant fungal amplification. , _ _
Relative abundance of fungal taxa derived from pyrosequencing data.

In another study (Charlson et aI., Am. J. Fungal taxa identified in bronchoalveolar lavage and oropharyngeal

. . wash samples are shown. Fungal operational taxonomic units (OTUs)
Respir. Crit. Care Med. 2012), a low were collected into classes, so some rows represent multiple OTUs.

abundance of Aspergil/us was detected in Along the top is the concentration of ITS DNA post-PCR for each
. sample, keyed by gray-scale at top right. From: Charlson et al., Am. J.
bronchoscopic alveolar lavage samples; Respir. Crit. Care Med. 2012
however the presence of predominantly
environmental fungi in these samples and in
simultaneously obtained oropharyngeal wash
samples, suggests carry-over from the upper

respiratory tract.



Mycobiome in the Lower Respiratory

Tract — A Clinical Perspective

Robert Krause'", Christine Moissl-Eichinger?, Bettina Halwachs?, Gregor Gorkiewicz>>,
Gabriele Berg¢, Thomas Valentint, Jargen Prattes?’, Christoph Hogenauers and

Ines Zollner-Schwetz'

Study author, year of Patients (pts)/study subjects Sampling method Material analyzed
publication {controls)
Delhass et &, 2012 four CF pis sputum expectoration sputum
Willger et al., 2014 six CF pts sputum expectoration sputum
Kramer ot al., 2015a 56 CF pis sputum expectoration sputum
van Woerden et al., 2013 30 asthma bronchiaia pis induced sputum expecioration two pooied sputum samples {one from
van Woarden et al., 2011 13 controls patients and onea from controls)
Chartlson et al,, 2012 21 lung transpiant pts bronchoscopy (inciuding 2-bronchoscope BAL

one patient with suspected sarcoidosis samping in healthy controls) Oral washes

ong patient with adenocarcinoma oral washes with saline saline and bronchoscope fiush

bronchoscope saline flush

six controis
Batinger et al., 2014 42 lung transplant pts bronchoscopy (inciuding 2-bronchoscope BAL

19 HIV pis samping in haalthy controls} oral washes

13 pts with vanous pulmonary diseases oral washes with saline iaboratory water

12 controls bronchoscope saline flush bronchoscope flushes

swabs saline
sterile swabs
iab tabletop surface

Cu et al., 2015 32 HIV pis [10 with chronic obstructive oral washes with saline oral washes

pulmonary disaase (COPD)] induced sputum sputum

24 HIV negative pts bronchoscopy BAL
Bousbia et al., 2012 160 ICU pts with pneumonia bronchoscopy BAL

25 ICU pts without pneumonia
Krause atal., 2016 39 1CU pts bronchoscopy through endotracheal tubes BAL

saven non-ICU patients with antibiotic suction of endobronchial secretion through endobronchial saecretion

therapy endotracheal tubes bronchoscopa flushes

five ICU pis for sampling comparnison bronchoscope salina flush saline

eight controls




Mycobiome in the Lower Respiratory
Tract — A Clinical Perspective

Robert Krause'", Christine Moissl-Eichinger?, Bettina Halwachs?, Gregor Gorkiewicz>=,
Gabriele Berg+, Thomas Valentint, Jurgen Prattes?, Christoph H6genauers and
Ines Zoliner-Schwetz’

* Recently, lower respiratory tract (LRT) diseases (e.g.,
cystic fibrosis) and other diseases or conditions (e.g.,
HIV infection, lung transplantation, and treatment at
intensive care units) have been investigated with
regard to possible involvement of mycobiome in

development or progression of diseases.
" |t has been shown that diversities of mycobiome in the LRT
vary in different populations and conditions.
" |t has been proposed that the mycobiome diversity
associated with LRT can vary with different stages of
diseases.



Clinical significance of Candida in the LRT in
the pre—next-generation sequencing era

Baum (1960) started a discussion regarding the
significance of Candida in the LRT by presenting data
from conventional microbiological investigations of LRT
samples. He described that the source of Candida
present in the sputum samples was the mouth and that
little significance could be attached to the finding of
Candida within the sputum in the diagnosis of
pulmonary candidiasis.

Since then subsequent culture based studies
investigating Candida in the LRT have given conflicting
results (Corley et al., 1997; el-Ebiary et al., 1997;
Eggimann et al., 2003; Meersseman et al., 2009).



Clinical significance of Candida in the LRT in
the next-generation sequencing era

* Despite variable fungal composition in LRT, Candida
overall dominated mycobiota in most of the studies
including CF patients, lung transplant patients, HIV
infected patients, and ICU patients (Bousbia et al., 2012;
Charlson et al., 2012; Bittinger et al., 2014; Willger et al.,
2014; Cui et al., 2015; Kramer et al., 2015a; Krause et al.,
2016).

* However, Candida was also the most abundant genus in
oral mycobiome analysis (Ghannoum et al., 2010)
guestioning the results of studies that presented sputum
samples without quality control (e.g., <10 squamous cells
in high power field sputum examination).
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Characterisation of Candida within the
Mycobiome/Microbiome of the Lower
Respiratory Tract of ICU Patients

Robort Krause'*, Bettina Hatwachs™™**, Gerhard G Tlu finger®, ingebor g
l’rl‘f)OfGOow‘ ('M mﬂomq . Jurgen Prattes’, Thomas Valentin',

atharina nd *, Wolter Buzin o Helmut J. F. Satrer” Jnsm ﬂnhmsl- L
Florian Prifler nmm.nu Asggom'’, And MMnh zor'®, Cheistine Moissi-Eichinges’
Christoph Hogenauor ™™, Franz Ouﬂﬁalhmgm Karl Kashoter, .Inotﬁ IOIInf'-Sa:nwo‘."

* The LRT mycobiota in non-neutropenic intubated and mechanically ventilated ICU
patients with antibiotic therapy to treat pneumonia were investigated and
compared to several other groups:

1. healthy controls without preceding antibiotic therapy

2. patients without pulmonary diseases with antibiotic therapy

3. non-neutropenic intubated and mechanically ventilated ICU patients
without preceding or current antibiotic therapy

4. non-neutropenic intubated and mechanically ventilated ICU patients
without pulmonary disease but with antibiotic therapy for treatment of
extra-pulmonary infection.

e All study subjects were without antifungal treatment 28 weeks prior to sampling.

 LRTin all patients and healthy study subjects were sampled through endotracheal
tubes avoiding contact to the oral cavity.

* Non-ICU patients and healthy controls were sampled by aspiration of
endobronchial secretion and ICU patients were sampled by bronchoscopy-guided
BAL.



Relative abundances of Candida in different groups

relative abundance %

Group 10 (ned) Grouwp 10 (nws) COoup 24 (ne7) Group 20 (nw8) Geoup 30 (ne22y

Fig 3. Average relative Candida abundance in lower respiratory tract samples. Healthy adults (bar group 1a), patients with
healthy respiratory tract but with antibiotic therapy for extrapulmonary infection (bar group 1b), non-neutropenic intubated and
mechanically ventilated ICU patients withoutantibiotic therapy (bar group 2a), non-neutropenicintubated and mechanically
ventilated ICU patients with antibiotic therapy for extrapulmonary infection (bar group 2b), and patients with antibiotic therapy due
to pneumonia (bar group 3b). Significant differences of average relative Candida abundance between groups are shown with bars
representing the average Candida abundance and standard errors in given groups (* = p <0.05 for groups 2a, 2b, 3b versus taor
1b).
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Candida was part of the fungal microbiota of various intubated and
mechanically ventilated ICU patients with and without antibiotic
therapy and with and without pneumonia (59-73% Candida signatures
within 5-8 fungal genera).

Candida sequences were not present in mycobiota of non-ICU patients
with antibiotic therapy and healthy controls.
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Characterisation of Candida within the
Mycobiome/Microbiome of the Lower
Respiratory Tract of ICU Patients

Robert Krause'*, Bettina Hatwachs™**, Gemard G. Thallinger®, Ingaborg Klymiuk®,
Gregor Gorkiewicr', Martin Hoenigl', Jurgen Prattes’, Thomas Valentin',

Katharina Hoidrich’®, Walter Buzing”. Helmut J. F. Satrer®, Josmin Robonsteiner'®,

Florian Pridler ™, Reinhard B, Raggam’', Andreas Meinkzer '®, Christine Moissi-Eichinges',
Christoph Hogenauer ™, Franz Quehenbergor'”, Karl Kashoter®, ines Zoliner-Schwets'

Table 2. Candida positive cultures from the oral cavity, lower respiratory tract (LRT), and the Candida colonization index.

Candida cultures 1a, healthy 1b, non-ICU, extrapulmonary  2a, ICU,no AB 2b, ICU, extrapulmonary 3b, ICU, pneumonia,
adults, infection, AB therapy (n =18) therapy (n=8) infection, AB therapy (n=23) AB therapy (n =34)
(n=87)
Oral cavity positive 25 (29%)* 14 (74%)* 4 (50%) 12 (52%) 20 (59%)*
LRT positive 1 (19%)** 2 (11%) 2 (25%)** 6 (26%)** 14 (419%)**
Candida n.d. n.d. 0.25 0.25 0.25
colonization index
(median)

* significant difference with p-values: group 1a vs. 1b <0.001. 1avs. 3b =0.008
** significant difference with p-values: group 1a vs. 2a = 0.02. 1a vs. 2b <0.001. 1a vs. 3b < 0.001
n.d. = not done

doi10.1371 fournal.pone.0155033.4002

Admission to and treatment on ICUs shifted LRT fungal microbiota
to Candida spp. dominated fungal profiles but antibiotic therapy
did not, and these findings were also confirmed by conventional
cultures.
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Characterisation of Candida within the
Mycobiome/Microbiome of the Lower
Respiratory Tract of ICU Patients

Robort Krause'*, B Halwachs™**, Ge G Trnllinga lngnboapulymuh
Gregor Gorkiewicz', Mm Hoengl'. Jirgen Prattes’, Thomas Valentin',
Katharina Hmdnt;h , Waolter Buzing”, Hdmm J.F. Satrer”, Jmm n Rabenstener'?

Florian Pridler ™, Reinhard B, Raggam’', Andreas Meinkzer'®, Christine Mo-ul{-cmngn'.

Christoph Nognn-nw"A Franz Oualwnhugm“. Karl Kashoter', ines Zollner-Schwetz'

f=a=
y =

No case of invasive candidiasis
originating from Candida in the LRT
was detected.

Colonizing and invasive Candida
strains (from candidemic patients)
did not match to certain clades
withdrawing the presence of a
particular pathogenic and invasive
clade.

q- To conclude, detection of Candida spp. in
| — the LRT rather reflected rapidly occurring
= LRT dysbiosis driven by ICU related factors

! - ] than was associated with invasive

I
.[FF:‘;“;; candidiasis.
1

0156053 4001
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Fig. 1 Candida species distibution among the yeasts isolated from
tracheal aspirates culture in patients with clinically suspected VAP.
VAP ventilator-associated pneumonia

Candida spp. airway colonization

could promote antibiotic-resistant bacteria
selection in patients with suspected
ventilator-associated pneumonia
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Fig. 2 Survival analysis of patents with chinically suspected VAP
according to airway colonization with Candida spp. (C. black line:;
NC. grey line) (log-rank test: p = 0.05). VAP ventilator-associated
pneumonia, C colonized. NC not colomzed



FUNGI IN THE HUMAN
GASTROINTESTINAL TRACT

Aerobic and facultatively anaerobic microorganism groups

Enterobacteria 0107 0-10° 0°-10° 101"
Enterococc 0107 -1 0>-10° 10°-10"
Staphylococei (-10 107 0%-10 10107
Lactobacill -10° 010 0*-10 10107
Fungi 0-1 =10 010 10%-10°
Anaerobic microorganism groups

Bacteroides spp. rare =107 03107 1041 {If
Bifidobactena rare 0-10° "33—1 - 10%10™
Anaerobic streptococc rare =10 "CI;—1 0 10E-10"
Clostridia rare rare 10%-10* 10%1 E11
Eubacieria rare rare rare 10P-10™

The fungal microbiota is an integral part of
the gastrointestinal (Gl) micro-ecosystem
with up to 10° microorganisms per gram of
feces.

Previously, fungi have typically been viewed
as pathogenic microbes, and their role as
commensals has been underappreciated.

It is now evident, however, the commensal
fungal microbiota is an important part of the
human Gl ecosystem.

Early studies based on culture-dependent
methods reported that fungi (yeasts) could
be detected in the digestive tract of 70% of
healthy adults and that the number of fungi
in the human stomach, jejunum, ileum, and
colon is 0-102, 0-102, 102-103 and 102-10°
CFU/mL, respectively; most of these are
aerobes or facultative anaerobes.

Next-generation sequencing of the fungal
18S rRNA gene has allowed better
characterization of the GI mycobiota.



THE IMMUNE RESPONSE TO FUNGI

Fungal pathogens elicit innate immune
responses at mucosal epithelial cell surfaces
of the GlI, respiratory and genitourinary
tracts and in the skin.

The immune responses mediated by PRRs
on related host cells include fungal binding
and phagocytosis, induction of anti-fungal
effector mechanisms and the production of
various soluble mediators including
defensins, cytokines, chemokines and some
inflammatory lipids.

In addition, PRRs also direct and modulate
the development of adaptive immunity,
particularly the TH1 and TH17 responses
induced by dendritic cells.

We should note that multiple PRRs could be
stimulated by fungal PAMPs in different
combinations depending on the fungal
species and on the host cell types.

Table 2 | Main PRRs associated with host

recognisation for fungi

Characteristics of

Fungal PAMPs PRRs inflammatory response
B-glucans Dectin-1 Phagocytosis
Mannans Dectin-2 Defensins secretion
N-linked mannans DC-SIGN Chemeokines secretion
N-linked mannans MR Cytokines secretion
/a-glucans/chitin
Mannose/mannans Mincle
Glycans Langerin
Mannose MBL
p-glucans TLR2 Phagocytosis
/PLMmannans
/zZymosans
dsDNA TLR3 Defensins secretion
O-linked TLR4 Chemokines secretion
mannans/proteases
Zymosans/PLM TLRE Cytokines secretion
RNA TLR?7
CpG DNA TLRS
/ NLRs Inflammasomes
formation
Cytokines production
B-mannosides Galectins Fungal killing directly
Cytokines production
B-glucans CR3 Phagocytosis
Cytokines secretion
B-glucans CD36 Phagocytosis

Chemokines secretion
Cytokines secretion

PRRs, pattern recognition receptors; PAMPs, pathogen-associ-
ated molecular patterns; CLRs, C-type lectin receptors; MR,
mannose receptor; MBL, mannose-binding lectin; PLM, phos-

pholipomannans; TLRs,

toll-like receptors; NLRs, NOD-like

receptors; CR3, complement receptor 3; /, unclear.

Wang et al., Aliment Pharmacol Ther 2014; 39:751-766



FUNGAL-MICROBIAL INTERACTIONS

* Fungal-fungal interactions

v' Physical and molecular interactions occurring among fungi
themselves

* Fungal—-bacterial interactions

v' Quorum-sensing molecules often being the basis of the
interaction between fungi and bacteria

* Fungal-microbial interactions in Gl tract

v" Disturbances of the bacterial community in the Gl tract that
promote C. albicans colonization



The bacteriome-mycobiome

inte ra Ction S;I:»iil‘::ﬂon Commensal bacteria O% E! 0
(- \/ mH.QST %%
Candida is a member of the healthy Lo e BTN
. . . Intestinal lumen % O — == c— IL-22 \/

microbiome, but under certain = = ———
circumstances this commensal state can alal slal slsl s O"mg 3
change into pathogenicity and give rise to Epithelum \' — \o
either life-threatening systemic infections or

to less dangerous, yet still morbidity-

— O~ P~ O~ O~ —
inducing mucosal infections. Both host and  vesseitumen
microbial factors influence the derailment of

fungal colonization, leading to invasion and _’ i e il
culminating in a fungal infection (Oever and 3 \ / 3
Netea, Eur J Immunol 2014), e VA
TregA /]/

Endothelium

A second important aspect of the . L/ EO -

relationship between the microbiome, host o)
A

defense, and fungal infection is represented v R

by the modulation of host antifungal /' Baﬂ% /-jAA

immune responses by bacterial commensals [ciestigium| [Lactobaciius|  [Bacteroides]  [sF8]
(Oever and Netea, Eur J Immunol 2014).




Table 1| Characteristics of interactions between common fungal and bacterial species

Fungi Bacteria Characteristics
Candida sp. Pseudomonas sp. In vitro, fungal QS molecule farnesol can inhibit the virulence of P. aeruginosa®?
C albicans P. aeruginosa In vitro, P. aeruginosa can form biofilm on C. albicans hyphae™
In vitro, bacterial phenazines and phospholipases can inhibit C. albicans
growth and virulence™
In vivo, the inhibition of local immunity by C. albicans contributes to
Pseudomonas sp. colonisation™
In vivo, the colonisation of C. albicans can increase the risk for
P geruginosa-related pneumonia™?
Candida sp. Adinetobacter sp. In C. elegans model, A. baumannii can inhibit the hyphae and
C .albicans A. baumannii biofilm formation of C. albicans™

Saccharomyces sp.
S cerevisioe
Candida sp.

C albicans

Candida sp.
C albicans

Acinetobocter sp.
A. baumannii

Staphylococcus sp.

S. epidermidis
S. aureus

Streptococcus sp.
S. gordonii

S. oralis

S. sanguinis

S. mutans

In C. elegans model, fungal farnesol can reduce the viability
of A. baumannii®®
In vitro, A. baumannii OmpA is essential for the attachment
to C. albicans filaments™
In C. elegans model, fungal ethanol secretion can enhance
A baumannii growth and virulence”
In vitro, S. epidermidis can adhere to both hyphae and yeast cells of C. albicans®
In vitro, bacterial extracellular polymers can protect C. albicans from
the antifungal agent™
In vitro, fungal famesol can inhibit S. aureus biofilm capability™®
In vitro, fungal famesol can increase the antimicrobial susceptibility of S. aureus
In vitro, fungal Als proteins mediate aggregation with S. gordonii and C. abicans™

In vitro, bacterial Ssp proteins mediate the adherence to C. albicans™

58

In vitro, bacterial QS molecule can inhibit the yeast-hyphae transition in C. albicans®

Wang et al., Aliment Pharmacol Ther 2014; 39:751-766



The fungal microbiota and its metabolites: impact on
gastrointestinal function and contribution to the
pathogenesis of digestive diseases

 Some evidence from studies performed in the pre-
(meta)genomics era suggests a role for
— imbalance between Gl commensal fungal and bacterial microbiota,

— invasion of host niches by pathogenic fungi, or

— fungal metabolites

* Thus, analysis of fungal 18S rDNA/ITS and bacterial 16S rDNA
sequences may be the optimal and cost-effective method for
the investigation of the biodiversity and function of the

microbiota which exists in Gl as in each part of the human body.



Linking the Human Gut Microbiome
to Inflammatory Cytokine Production Capacity

Melanie Schirmer,’2 Sanne P. Smeekens,® Hera Vlamakis,! Martin Jaeger,® Marije Oosting,® Eric A. Franzosa,1~’
Rob ter Horst,® Trees Jansen,® Liesbeth Jacobs,®> Marc Jan Bonder,* Alexander Kurilshikov,*5¢ Jingyuan Fu,*7”
Leo A.B. Joosten,® Alexandra Zhernakova,* Curtis Huttenhower,’-?> Cisca Wijmenga,* Mihai G. Netea,**

and Ramnik J. Xavier'8.9.10.11.*
Cell 167, 1125-1136, November 3, 2016
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A total of 41 species and 20 genera
were significantly associated with at
least one potential interaction and
associations were identified for all of
the tested cytokines.

Three stimulus-specific associations
were observed, with C. albicans hyphae
stimulation in connection with
Bacteroides xylanisolvens,
Parabacteroides distasonis, and
Coprococcus comes.

Odoribacter splanchnicus and the
genus Bilophila were negatively
correlated with TNFoa production for
LPS and C. albicans stimulations.



Role of fungi in the pathogenesis of IBD

= Unlike the intestinal bacterial microbiota, only a few
investigations on intestinal fungal microbiota and its relationship
with IBD have been conducted. However, much evidence has
shown that fungi and their communities may be involved in the
pathogenesis of IBD, especially Crohn’s disease (CD).

= The colonization of C. albicans can exacerbate intestinal
inflammation in a murine colitis model, and obvious improvement
can be observed after antifungal treatment (Zwolinska-Wcislo et
al., ) Physiol Pharmacol 2009).

= Consistently, C. albicans can be isolated from the intestine more
frequently in CD patients and their healthy relatives, but the
positive association between anti-Saccharomyces cerevisiae
antibodies (ASCAs) level and the amount of intestinal C. albicans
in CD still remains controversial (Standaert-Vitse et al., Am |
Gastroenterol 2009).



Role of fungi in the pathogenesis of IBD

" There were dominant differences in fungal community
structure related to IBD compared with that of
controls. Fungi sequences could be detected in all IBD
patients’ colonic mucosa, and the diversity of the
intestinal mycobiome was clearly increased among IBD
patients, but the proportion of the mycobiome in the
whole intestinal microbiota was very low (Ott et al.,
Scand J Gastroenterol 2008).

= Recently, a study connected intestinal fungal
microbiota with the host immune system through
Dectin-1 in a murine model of colitis, in support of a

possible fungal etiology for IBD (lliev et al., Science
2012).
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Bacteriome and Mycobiome Interactions Underscore Microbial
Dysbiosis in Familial Crohn’s Disease

G. Hoarau,? P. K. Mukherjee,® C. Gower-Rousseau,® C. Hager,® J. Chandra,® M. A. Retuerto,® C. Neut,? S. Vermeire © J. Clemente &'
J. F. Colombel,©9 H. Fujioka," D. Poulain,2 B. Sendid,? M. A. Ghannoum®

This study was aimed at characterizing the gut bacterial microbiota (bacteriome)
and fungal community (mycobiome) in multiplex families with CD and healthy
relatives and to define the microbial interactions leading to dysbiosis in CD.

This study identified fungal (Candida tropicalis) and bacterial (Serratia marcescens
and Escherichia coli) species that are associated with CD dysbiosis. Additionally, it
was found that the level of anti-Saccharomyces cerevisiae antibodies (ASCA; a
known CD biomarker) was associated with the abundance of C. tropicalis.

This study also identified positive interkingdom correlations between C. tropicalis,
E. coli, and S. marcescens in CD patients and validated these correlations using in
vitro biofilms.

These results provide insight into the roles of bacteria and fungi in CD and may lead
to the development of novel treatment approaches and diagnostic assays.
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Fungal microbiota dysbiosis in IBD
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Significance of this study

What is already known on this subject?

» The bacterial intestinal microbiota is
unbalanced in IBDs and plays a role in its
pathogenesis.

The fungal microbiota has been poorly studied
despite several clues of its role in IBD
pathogenesis.

Card9 and Dectin1, two key moleaules involved
in the innate immunity against fungi, strongly
influence mice susceptibility to intestinal
inflammation and the fungal microbiota.

What are the new findings?

» The faecal fungal microbiota is imbalanced in
patients with IBD.

» The concomitant analysis of the bacterial
microbiota in the same subjects showed many
correlations between bacterial and fungal
components with differences between IBD and
healthy subjects, suggesting the existence of
disease-specific inter-kingdom alterations.

Bacterial and fungal composition of the faecal
microbiota of 235 patients with IBD and 38 healthy
subjects (HS) was determined using 16S and ITS2
sequencing, respectively.
It was observed that fungal microbiota is skewed in
IBD, with
* increased Basidiomycota/Ascomycota ratio;
* decreased proportion of Saccharomyces
cerevisiae;
* increased proportion of Candida albicans
compared with HS.
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Disease-specific alterations in diversity, were
identified, indicating that a Crohn’s disease-
specific gut environment may favor fungi at
the expense of bacteria.
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Ulcerative colitis

The concomitant analysis of bacterial and fungal
microbiota showed a dense and homogenous correlation
network in HS but a dramatically unbalanced network in
IBD, suggesting the existence of disease-specific inter-
kingdom alterations.
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Candida albicans Ethanol Stimulates Pseudomonas
aeruginosa WspR-Controlled Biofilm Formation as Part of -
a Cyclic Relationship Involving Phenazines

Annie I. Chen'®, Emily F. Dolben'®, Chinweike Okegbe?, Colleen E. Harty', Yuriy Golub?, Sandy Thao®,
Dae Gon Ha', Sven D. Willger', George A. O'Toole’, Caroline S. Harwood?, Lars E. P. Dietrich?,
Deborah A. Hogan'*

October 2014 | Volume 10 | Issue 10 | 1004480

C. aclgflca"s e * Proposed model for the impacts of fungally-
IESuRlon produced ethanol on P. aeruginosa behaviors.
* Previous work has shown that P. aeruginosa
phenazines increase fungal ethanol
production. The ethanol stimulates the Wsp

system, leading to a WspR-dependent increase

Ethanol
Phenazines \ ihereaaad in c-di-GMP levels and a concomitant increase
biofil . . . r .
Bciodinl/ in Pel production and biofilm formation on

3 / plastic and on airway epithelial cells.
Phenazine .y .
production/ y * In addition, ethanol altered phenazine
modification Pel . )

WspR production by promoting 5SMPCA release and

P aeruginosa J / the accumulation of PCN.

cell c-di-GMP
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Prostaglandin E, from Candida albicans
Stimulates the Growth of Staphylococcus
aureus in Mixed Biofilms

Jan Krause®, Gernot Geginat, Ina Tammer*

PLOS ONE | DOI:10.1371/journal.pone.0135404 August 11,2015

Possible candidate molecules which might mediate this synergistic interaction in an in
vitro model of mixed biofilms, such as farnesol, tyrosol, and prostaglandin (PG) E, were
tested.

In mono-microbial and dual biofilms of C. albicans wild type strains PGE, levels between
25 and 250 pg/mL were measured. Similar concentrations of purified PGE, significantly
enhanced S. aureus biofilm formation in a mode comparable to that observed in dual
species biofilms.

Supernatants of the null mutant deficient in PGE, production did not stimulate the
proliferation of S. aureus and the addition of the cyclooxygenase inhibitor indomethacin
blocked the S. aureus biofilm formation in a dose-dependent manner.

Additionally, S. aureus biofilm formation was boosted by low and inhibited by high
farnesol concentrations. Supernatants of the farnesol-deficient C. albicans ATCC10231
strain significantly enhanced the biofilm formation of S. aureus but at a lower level than
the farnesol producer SC5314.
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Cooperative Evolutionary Strategy between the Bacteriome and
Mycobiome

Mahmoud Ghannoum

A B Zymolasedisrupts  Antifungals/  Antiblotics
biofilm matrix Probiotics

Inter-kingdom cooperation between fungi and bacteria. Chronic wounds are complex systems of
multispecies fungal and bacterial biofilms. In microbial dysbiosis, biofilms are beneficial to both bacterial
and fungal communities but detrimental to the host. Fungi benefit by a surge in their virulence factors,
while bacteria become tolerant to antibiotics as a consequence of living under the protective umbrella of
the biofilm matrix. Fungi and bacteria produce extracellular enzymes that inflict tissue damage, leading to
an increase in pro-inflammatory cytokines, which results in oxidative damage and apoptotic cell death
(panel A). Panel B shows disruption of the biofilm matrix by zymolase thereby unmasking the microbes.
Consequently, treatment with antifungal agents (e.g., echinocandins) and antibiotics leads to microbial cell
death (gray/black color) and a decrease in the production of pro-inflammatory cytokines.



Conclusions (I)

* Research on the composition and function of the
commensal fungal microbiome in health and disease
is in its early stages. Improved study settings will
allow to draw better clinically relevant conclusions
regarding diagnostic or therapeutic procedures in
certain diseases.

* However, current high-throughput sequencing
techniques have shed light on the complexity and
dynamics of host—fungal interactions.

* Bacterial commensals are important players in this
host—fungal relationship. They shape our immune
system and modulate specific components of the
immune system involved in antifungal host defense.



Conclusions (1)

* Further knowledge of the bacterial species involved and the
metabolic and molecular mechanisms engaged provides
relevant information for future therapeutic strategies.

* To date, in fungal infections, manipulation of the microbiome
as a therapeutic tool is currently limited to the
supplementation of beneficial (“probiotic’’) bacterial strains.

* [Insights into the manipulation of the microbiome, either by
microbiome “transplantation,” supplementation of beneficial
strains or selective eradication of deleterious bacterial strains,
or metabolic interventions derived from the pathways
essential in bacteria—immune system interactions, might
provide leads for future adjuvant approaches to the
conventional antifungal armamentarium.



Microbiome science needs a & .
healthy dose of scepticism

To guard against hype, those interpreting research on the body’s microscopic
communities should ask five questions, says William P. Hanage.

He is associate professor of epidemiology at the Harvard School of Public Health in e e
Boston, Massachusetts, USA. Nature. 2014;512(7514):247-8.

Future mycobiota (and bacterial microbiota) studies
should enable to answer one or more of the following
guestions:

» Can experiments detect differences that matter (in the context
of disease and treatment)?

»Does the study show causation or just correlation?
»What is the mechanism?
»How much do experiments reflect reality?

» Could anything else explain the results?



How can we obtain clinically relevant
answers and then improve patient care?

» Efforts should be enhanced to collect well characterized and
described patient groups as well as healthy individuals for
comparative data analysis and to apply thorough sampling
techniques.

" We need to proceed with elucidation of the role of mycobiome
in both healthy and different diseased individuals to provide
key elements (signatures, dysbiosis) for early diagnosis and
appropriate therapy. So, patients potentially suffering from
mycobiota alterations might benefit from diagnostic
procedures with culture-independent molecular assays and
from prophylactic as well as therapeutic interventions.



