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EDITORIAL

Galleria mellonella as a model host
to study virulence of Candida
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Candida spp. are among the most important human fun-
gal pathogens, with infections ranging from relatively benign,
superficial manifestation to life-threatening deep-seated candi-
diasis and disseminated disease. Different mouse models have
been developed to recapitulate the different forms of candidia-
sis and murine models are considered to be the gold standard to
study pathogenesis and analyze efficacy of antifungal treatment.
However, economical, logistical, and ethical considerations limit
the use of mammals in infection experiments, especially when
the question at hand requires analysis of a large number of fun-
gal strains. As an alternative approach, different invertebrate
infection models have been developed, including Caenorhabditis
elegans, Drosophila melanogaster, and larvae of the wax moth
Galleria mellonella as hosts. G. mellonella are inexpensive to pur-
chase and do not require specialized facilities for maintenance.
The relatively large size of the larvae facilitates easy handling,
injection of a defined inoculum, and sampling for downstream
analyses. Furthermore, in contrast to other invertebrate hosts,
G. mellonella larvae can be maintained at temperatures up to
37 °C, equivalent to the temperature in mammalian hosts." As
temperature has been shown to affect expression of Candida
virulence traits, this feature is important when assessing viru-
lence of Candida strains.? In addition, the larval immune system
shows functional and structural similarity to the mammalian
innate immune system: Pathogens are recognized by pathogen
recognition receptors and can be phagocytosed by the insects’
hemocytes, the functional equivalent to mammalian neutrophils.
Similar to neutrophils, hemocytes use reactive oxygen species and
lytic enzymes to eliminate microorganisms.?> Antimicrobial pep-
tides are produced by G. mellonella in response to infection and
likely contribute to the host defense, as it has been shown for
Candida epithelial infections using mammalian cells.*> Thus, it
is not surprising that G. mellonella larvae are used increasingly
as a model for Candida infections, for example to determine
6-11 and
to determine the efficacy of antifungal treatment against both
C. albicans and non-albicans Candida species.’*'®

Host mortality after infection with a distinct dose or determi-

the virulence of genetically modified C. albicans strains

nation of the LD, is commonly used as the primary parameter
to assess virulence of microorganisms and to rank the relative
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virulence of species and strains. Using this approach with sys-
temically infected mice, C. albicans and C. tropicalis were found
to be highly virulent while other Candida species such as C. gla-
brata, C. parapsilosis, and C. krusei induced no mortality,” even
in immunocompromised mice."*"” The high virulence of C. albi-
cans in murine models correlates with the clinical situation, in
which the majority of Candida infections are caused by C. albi-
cans. However, infections with non-albicans Candida species are
emerging, including species such as C. glabrata and C. parapsi-
losis, which rarely cause lethal infections in mice. In the absence
of mortality, fungal burden can be used to compare species and
strains.” However, fungal burden primarily reflects fitness and
not necessarily virulence, as illustrated by a C. albicans mutant
overexpressing the transcription factor NRGI: This mutant was
highly attenuated in a systemic mouse model although fungal
burden was comparable to the corresponding wild-type strain.?
Comparison of the virulence potential of different Candida spp.
has also been performed in G. mellonella, confirming C. albi-
cans and C. tropicalis as the most virulent species.’*?"** In addi-
tion, these studies also revealed substantial virulence potential
of C. parapsilosis in G. mellonella, leading to significant mortal-
ity of infected larvae. Although it is not clear why C. parapsilo-
sis infections are lethal in G. mellonella larvae but not in mice,
this observation suggested that G. mellonella could serve as a
model organism to study virulence on level of subspecies and
strains. Thus, Gago et al. used mortality in the Galleria model
as the primary parameter to investigate the virulence potential
of the species within in C. parapsilosis complex, C. parapsilo-
sis, C. orthopsilosis, and C. metapsilosis.”® This study, published
recently in Virulence, showed that C. parapsilosis and C. orthopsi-
losis induced larval mortality at a comparable rate while C. metap-
stlosis was less virulent. These findings are strongly supported by
a recent publication of Németh et al., who obtained comparable
results using a different set of strains belonging to the C. parapsi-
losis complex in a G. mellonella infection model.** The results are
furthermore consistent with different in vitro approaches, that
found C. metapsilosis to be the least virulent species of the parap-
stlosis complex,®?%” and virulence in a vaginal mouse model.?”
Why is C. metapsilosis less virulent than C. parapsilosis and
C. orthopsilosist The ability to secrete proteases and lipases has
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been associated with virulence in C. albicans and C. parap-
stlosis.*** Both Gago et al. and Németh et al. analyzed enzy-
matic activity in the different strains and found C. parapsilosis
strains to more frequently express hydrolytic activity. However,
as C. orthopsilosis and C. parapsilosis showed comparable viru-
lence in the Galleria model, additional factors must contribute
to pathogenicity. Filament formation, mediating penetration of
tissue and escape from immune cells upon phagocytosis, is a well
described virulence attribute in C. albicans.® Most C. parapsilosis
and C. orthopsilosis strains were capable of forming pseudohy-
phae in vitro whereas all C. metapsilosis isolates analyzed pro-
duced yeast cells only, suggesting a link between pseudohyphae
formation and virulence on the species level.?*** On the strain
level, however, individual C. orthopsilosis isolates displayed high
virulence in the absence of pseudohyphae formation, suggest-
ing that additional factors are important. Interestingly, partial
decoupling of filamentation and virulence has also been observed
with defined C. albicans mutants in the G. mellonella model: A
C. albicans tecIA mutant that still formed filaments exhibited
reduced pathogenicity in G. mellonella model. Similarly, resto-
ration of filamentation in C. albicans flo8A by overexpression
of TECI did not restore virulence, both in G. mellonella and in
mice.” As filament formation enables Candida to escape from
immune cells, Gago et al. analyzed the hemocytes in infected
G. mellonella larvae. Hemocytes numbers were significantly
lower in larvae infected with C. parapsilosis and C. orthopsilosis
compared with C. metapsilosis. Correlation of hemocytes num-
bers with survival after Candida infection has also been observed
in other studies>*#% and hemocytes function has been clearly
linked to the outcome of fungal infections in Galleria.*** Gago
et al. speculated that pseudohyphae production by phagocytosed
yeasts may damage hemocytes, thus contributing to the lower
number of hemocytes observed. This hypothesis is supported by
the results of Németh et al., who demonstrated a greater cyto-
toxic potential of C. parapsilosis and C. orthopsilosis against mam-
malian macrophages.** However, it yet needs to be demonstrated
that Galleria hemocytes are indeed damaged by pseudohyphae
and that this process accounts for the lower number of hemocytes
in vivo, and in consequence for higher virulence. In this con-
text, the higher rate of phagocytosis of C. metapsilosis by Galleria
hemocytes might indicate reduced survival of this fungus in the

host, a hypothesis which likewise still needs to be experimentally
confirmed.

The study of Gago et al. illustrates the potential of G. mel-
lonellalarvae as a model organism to assay Candida virulence and
to study pathogenesis. However, many questions remain open,
for example which kind of hemocytes respond to Candida infec-
tions, which fungal ligands do bind to what hemocyte receptors
and whether an unbalanced immune response contributes to
pathogenesis, as described in the murine model of disseminated
candidiasis and human sepsis.*
will be necessary to develop tools that allow investigating dif-

To address these questions, it

ferent interactions on the cellular and molecular level, as they
are available for mice, humans, and other model organisms, such
as Drosophila. Useful tools could include immortalized G. mel-
lonella cell lines, antibodies to allow differentiation of hemocytes
populations, markers for hemocytes activation, genome data to
facilitate development of microarrays and methods for genomic
manipulation of G. mellonella. Furthermore, as recently elabo-
rated in other editorials in Virulence, defined G. mellonella lines
and standardized protocols for propagation and maintenance are
needed to fully develop the potential of G. mellonella larvae as
model organisms to study fungal infections and to allow compar-
ison of results obtained in different laboratories.”” A better under-
standing of the pathogenesis of fungal infections in Galleria will
likely yield important insights into the infection process that can
be transferred to mammalian host. There will also be limitations
and it is likely that pathogenesis differs in some aspects between
different host species. For example, it remains to be elucidated
why infection with C. parapsilosis is lethal in G. mellonella larvae
but not in mice. These differences, however, if seen in the context
of human infections, should not be merely considered a disad-
vantage of one model over the other. If interpreted with care,
understanding both similarities and differences of pathogenesis
and host defense in different model hosts will greatly aid in iden-
tifying mechanisms that can be transferred to human infections.
In addition, it might furthermore help in elucidating specific
defects that predispose human patients to infection and possibly
allow identifying new approaches for treatment.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

References

Fuchs BB, O’Brien E, Khoury JB, Mylonakis E.
Methods for using Galleria mellonella as a model host

4. Weindl G, Wagener ], Schaller M. Epithelial cells 7.

and innate antifungal defense. ] Dent Res 2010;
89:666-75; PMID:20395411; heep://dx.doi.
org/10.1177/0022034510368784

Fuchs BB, Eby ], Nobile CJ, El Khoury JB, Mitchell
AP, Mylonakis E. Role of filamentation in Galleria
mellonella killing by Candida albicans. Microbes
Infect 2010; 12:488-96; PMID:20223293; htep://

to study fungal pathogenesis. Virulence 2010; 1:475- 5 Bergin D, Murphy L, Keenan J, Clynes M, Kavanagh dx.doi.org/10.1016/j.micinf.2010.03.001
82;  PMID:21178491;  heep://dx.doi.org/10.4161/ K. Pre-exposure to yeast protects larvae of Galleria 8. Herrero de Dios C. Romdn E, Diez C. Alonso-
viru.1.6.12985 mellonella from a subsequent lethal infection by Monge R, Pla J. The transmembrane protein Opy2
2. Shapiro RS, Cowen LE. Uncovering cellular circuitry Candida albicans and is mediated by the increased mediates activation of the Cekl MAP kinase in
controlling temperature-dependent fungal morpho- expression of antimicrobial peptides. Microbes Infect Candida albicans. Fungal Genet Biol 2013; 50:21-
genesis. Virulence 2012; 3:400-4; PMID:22722238; 2006; 8:2105-12; PMID:16782387; htep://dx.doi. 32; PMID:23149115; htep://dx.doi.org/10.1016/j.
http://dx.doi.org/10.4161/viru.20979 org/10.1016/j.micinf.2006.03.005 fgb.2012.11.001
3. Bergin D, Reeves EP, Renwick ], Wientjes FB, 6. Askew C. Sellam A, Epp E, Hogues H, Mullick A, 9.  Shen ], Cowen LE, Griffin AM, Chan L, Kéhler JR.

238

Kavanagh K. Superoxide production in Galleria
mellonella hemocytes: identification of proteins
homologous to the NADPH oxidase complex of
human neutrophils. Infect Immun 2005; 73:4161-
70; PMID:15972506; http://dx.doi.org/10.1128/
[AL.73.7.4161-4170.2005

Nantel A, Whiteway M. Transcriptional regulation
of carbohydrate metabolism in the human pathogen
Candida albicans. PLoS Pathog 2009; 5:¢1000612;
PMID:19816560; http://dx.doi.org/10.1371/journal.
ppat.1000612

Virulence

The Candida albicans pescadillo homolog is required
for normal hypha-to-yeast morphogenesis and yeast
proliferation. Proc Natl Acad Sci U S A 2008;
105:20918-23;  PMID:19075239;  http://dx.doi.
0rg/10.1073/pnas.0809147105

Volume 5 Issue 2



Lissina E, Weiss D, Young B, Rella A, Cheung-Ong
K, Del Poeta M, Clarke SG, Giaever G, Nislow C. A
Novel Small Molecule Methyltransferase Is Important
for Virulence in Candida albicans. AC. Chem Biol
2013; (Forthcoming); PMID:24083538; http://
dx.doi.org/10.1021/cb400607h

Patterson M], McKenzie CG, Smith DA, da
Silva Dantas A, Sherston S, Veal EA, Morgan
BA, Maccallum DM, Erwig LP, Quinn ]. Ybpl
and Gpx3 Signaling in Candida albicans Govern
Hydrogen Peroxide-Induced Oxidation of the Capl
Transcription Factor and Macrophage Escape.
Antioxid Redox Signal 2013; (Forthcoming);
PMID:23706023; http://dx.doi.org/10.1089/
ars.2013.5199

Cirasola D, Sciota R, Vizzini L, Ricucci V, Morace
G, Borghi E. Experimental biofilm-related Candida

infections. Future Microbiol 2013; 8:799-805;
PMID:23701334; http://dx.doi.org/10.2217/
fmb.13.36

Kelly J, Kavanagh K. Caspofungin primes the
immune response of the larvae of Galleria mellonella
and induces a non-specific antimicrobial response. ]
Med Microbiol 2011; 60:189-96; PMID:20947665;
http://dx.doi.org/10.1099/jmm.0.025494-0

Li DD, Deng L, Hu GH, Zhao LX, Hu DD, Jiang
YY, Wang Y. Using Galleria mellonella-Candida albi-
cans infection model to evaluate antifungal agents.
Biol Pharm Bull 2013; 36:1482-7; PMID:23995660;
http://dx.doi.org/10.1248/bpb.b13-00270
Mesa-Arango AC. Forastiero A, Bernal-Martinez
L, Cuenca-Estrella M, Mellado E, Zaragoza O. The
non-mammalian host Galleria mellonella can be used
to study the virulence of the fungal pathogen Candida
tropicalis and the efficacy of antifungal drugs during
infection by this pathogenic yeast. Med Mycol 2013;
51:461-72; PMID:23170962; http://dx.doi.org/10.3
109/13693786.2012.737031

Scorzoni L, de Lucas MP, Mesa-Arango AC. Fusco-
Almeida AM, Lozano E, Cuenca-Estrella M, Mendes-
Giannini MJ, Zaragoza O. Antifungal efficacy during
Candida krusei infection in non-conventional models
correlates with the yeast in vitro susceptibility profile.
PLoS One 2013; 8:e60047; PMID:23555877; http://
dx.doi.org/10.1371/journal.pone.0060047

Arendrup M, Horn T, Frimodt-Meller N. In vivo
pathogenicity of eight medically relevant Candida
species in an animal model. Infection 2002; 30:286-
91; PMID:12382088; http://dx.doi.org/10.1007/
s15010-002-2131-0

Bistoni F, Vecchiarelli A, Cenci E, Sbaraglia G,
Perito S, Cassone A. A comparison of experimen-
tal pathogenicity of Candida species in cyclophos-
phamide-immunodepressed  mice.  Sabouraudia
1984; 22:409-18; PMID:6505914; http://dx.doi.
0rg/10.1080/00362178485380661

www.landesbioscience.com

20.

21.

22.

23.

24.

25.

26.

27.

Jacobsen 1D, Brunke S, Seider K, Schwarzmiiller T,
Firon A, d’Enfért C. Kuchler K, Hube B. Candida
glabrata persistence in mice does not depend on
host immunosuppression and is unaffected by fun-
gal amino acid auxotrophy. Infect Immun 2010;
78:1066-77; PMID:20008535; htep://dx.doi.
org/10.1128/IA1.01244-09

Saville SP, Lazzell AL, Monteagudo C. Lopez-Ribot
JL. Engineered control of cell morphology in vivo
reveals distinct roles for yeast and filamentous forms
of Candida albicans during infection. Eukaryot Cell
2003; 2:1053-60; PMID:14555488; http://dx.doi.
org/10.1128/EC.2.5.1053-1060.2003

Cotter G, Doyle S, Kavanagh K. Development of
an insect model for the in vivo pathogenicity test-
ing of yeasts. FEMS Immunol Med Microbiol
2000; 27:163-9; PMID:10640612; http://dx.doi.
org/10.1111/}.1574-695X.2000.tb01427.x

Junqueira JC. Fuchs BB, Muhammed M, Coleman
JJ, Suleiman JM, Vilela SF, Costa AC. Rasteiro VM,
Jorge AO, Mylonakis E. Oral Candida albicans iso-
lates from HIV-positive individuals have similar
in vitro biofilm-forming ability and pathogenic-
ity as invasive Candida isolates. BMC Microbiol
2011; 11:247; PMID:22053894; http://dx.doi.
org/10.1186/1471-2180-11-247

Gago S, Garcfa-Rodas R, Cuesta I, Mellado E,
Alastruey-Izquierdo A. Candida parapsilosis, Candida
orthopsilosis, and Candida metapsilosis virulence in the
non-conventional host Galleria mellonella. Virulence
2014; 5:278-85; PMID:24193303; http://dx.doi.
org/10.4161/viru.26973

Németh T, Téth A, Szenzenstein ], Horvdth P,
Nosanchuk JD, Grézer Z, Téth R, Papp C. Hamari
Z, Vigvolgyi C. et al. Characterization of virulence
properties in the C. parapsilosis sensu lato species.
PLoS One 2013; 8:¢68704; PMID:23874732; http://
dx.doi.org/10.1371/journal.pone.0068704

Giécser A, Schifer W, Nosanchuk JS, Salomon S,
Nosanchuk JD. Virulence of Candida parapsilosis,
Candida orthopsilosis, and Candida metapsilosis in
reconstituted human tissue models. Fungal Genet
Biol 2007; 44:1336-41; PMID:17391997; http://
dx.doi.org/10.1016/}.fgb.2007.02.002

Orsi CF, Colombari B, Blasi E. Candida metapsi-
losis as the least virulent member of the ‘C. parap-
silosis complex. Med Mycol 2010; 48:1024-33;
PMID:20507266; http://dx.doi.org/10.3109/13693
786.2010.489233

Bertini A, De Bernardis F, Hensgens LA, Sandini S,
Senesi S, Tavanti A. Comparison of Candida parap-
silosis, Candida orthopsilosis, and Candida metapsilo-
sis adhesive properties and pathogenicity. Int ] Med
Microbiol 2013; 303:98-103; PMID:23403338;
http://dx.doi.org/10.1016/j.jmm.2012.12.006

Virulence

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Horvéth P, Nosanchuk JD, Hamari Z, Végvélgyi C,
Gdcser A. The identification of gene duplication and
the role of secreted aspartyl proteinase 1 in Candida
parapsilosis virulence. J Infect Dis 2012; 205:923-33;
PMID:22301631; http://dx.doi.org/10.1093/infdis/
jir873

Gicser A, Trofa D, Schifer W, Nosanchuk JD.
Targeted gene deletion in Candida parapsilosis dem-
onstrates the role of secreted lipase in virulence. ] Clin
Invest 2007; 117:3049-58; PMID:17853941; http://
dx.doi.org/10.1172/JCI32294

Kumamoto CA, Vinces MD. Contributions
of hyphae and hypha-co-regulated genes to
Candida albicans virulence. Cell Microbiol 2005;
7:1546-54; PMID:16207242; http://dx.doi.
org/10.1111/j.1462-5822.2005.00616.x

Mowlds P, Barron A, Kavanagh K. Physical stress
primes the immune response of Galleria mellonella
larvae to infection by Candida albicans. Microbes
Infect 2008; 10:628-34; PMID:18457977; http://
dx.doi.org/10.1016/j.micinf.2008.02.011

Bergin D, Brennan M, Kavanagh K. Fluctuations in
haemocyte density and microbial load may be used
as indicators of fungal pathogenicity in larvae of
Galleria mellonella. Microbes Infect 2003; 5:1389-
95; PMID:14670452; http://dx.doi.org/10.1016/].
micinf.2003.09.019

Banville N, Browne N, Kavanagh K. Effect of nutri-
ent deprivation on the susceptibility of Galleria
mellonella larvae to infection. Virulence 2012; 3:497-
503; PMID:23076277; http://dx.doi.org/10.4161/
viru.21972

Banville N, Fallon J, McLoughlin K, Kavanagh K.
Disruption of haemocyte function by exposure to
cytochalasin b or nocodazole increases the suscep-
tibility of Galleria mellonella larvae to infection.
Microbes Infect 2011; 13:1191-8; PMID:21782965;
http://dx.doi.org/10.1016/j.micinf.2011.07.001
Fallon JP, Reeves EP, Kavanagh K. The Aspergillus
fumigatus toxin fumagillin suppresses the immune
response of Galleria mellonellalarvae by inhibiting the
action of haemocytes. Microbiology 2011; 157:1481-
8; PMID:21349977;  http://dx.doi.org/10.1099/
mic.0.043786-0

Lionakis MS, Fischer BG, Lim JK, Swamydas M,
Wan W, Richard Lee CC. Cohen JI, Scheinberg P,
Gao JL, Murphy PM. Chemokine receptor Cerl
drives neutrophil-mediated kidney immunopathol-
ogy and mortality in invasive candidiasis. PLoS
Pathog 2012; 8:¢1002865; PMID:22916017; http://
dx.doi.org/10.1371/journal.ppat.1002865

Cook SM, McArthur JD. Developing Galleria
mellonella as a model host for human pathogens.
Virulence 2013; 4:350-3; PMID:23799664; http://
dx.doi.org/10.4161/viru.25240

239



