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Abstract

Mucorales can cause cutaneous to deep-seated infections, mainly in the immunocompromised host, result-
ing in high mortality rates due to late and inefficient treatment. In this study, Galleria mellonella larvae were
evaluated as a heterologous invertebrate host to study pathogenicity of clinically relevant mucormycetes
(Rhizopus spp., Rhizomucor spp., Lichtheimia spp., Mucor spp.). All tested species were able to infect G.
mellonella larvae. Virulence potential was species-specific and correlated to clinical relevance. Survival of
infected larvae was dependent on (a) the species (growth speed and spore size), (b) the infection dose, (c) the
incubation temperature, (d) oxidative stress tolerance, and (e) iron availability in the growth medium. More-
over, we exploited the G. mellonella system to determine antifungal efficacy of liposomal amphotericin B,
posaconazole, isavuconazole, and nystatin-intralipid. Outcome of in vivo treatment was strongly dependent
upon the drug applied and the species tested. Nystatin-intralipid exhibited best activity against Mucorales,
followed by posaconazole, while limited efficacy was seen for liposomal amphotericin B and isavuconazole.
Pharmacokinetic properties of the tested antifungals within this alternative host system partly explain the
limited treatment efficacy. In conclusion, G. mellonella represents a useful invertebrate infection model for
studying virulence of mucormycetes, while evaluation of treatment response was limited.
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Introduction

Mucorales are ubiquitously distributed saprophytic fungi that
are able to cause severe life-threatening human infections, pri-
marily, in immunocompromised patients.!~3 Invasive infections
caused by mucormycetes (mucormycosis) have remarkably in-
creased in recent years, with 500-1000 cases per year in Europe
alone.! Typical risk factors for mucormycosis are: hematologi-
cal malignancies, stem cell transplantations, diabetic ketoacido-

sis or iron overload.! Rhizopus, Mucor, Lichtheimia (formerly
Absidia), and Rhizomucor are the most common genera iso-
lated from patient material.»*> In Europe, Rhizopus spp. are
most prevalent (almost 50% of all mucormycosis cases), with
R. arrbizus as the most common species, followed by R. mi-
crosporus.>® Mucor circinelloides and Lichtheimia corymbifera
cause, as the second and third most abundant agent, almost 19%
of all mucormycosis cases in Europe.®
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Severity of the infection caused by members of the order Mu-
corales, variable antifungal susceptibility, and limited knowledge
about pathogenicity mechanisms of this diverse group, make
diagnosis, treatment, and prognosis of outcome highly compli-
cated.

Amphotericin B (AMB), especially the liposomal formulation
(L-AMB) is the first line treatment,” and posaconazole (POS) is
used as salvage therapy.®® Recently, a new triazole, isavucona-
zole (ISA), was approved for treatment of mucormycosis.!0~14
Several studies demonstrated its in vitro and in vivo activity
against Mucorales.'>~'7 Another polyene antifungal, nystatin
(NYT), exhibits iz vitro activity against Mucorales,'® and in the
last years several reports discussed the efficacy of a new formula-
tion, nystatin-intralipid, against Aspergillus spp., Candida spp.,
and Fusarium spp.'®=2! This lipid preparation combines NYT
with intralipid, a nontoxic lipid emulsion that is used for par-
enteral nutrition. Murine studies have shown that this formula-
tion can be systemically administered and is effective against ex-
perimental systemic candidiasis and systemic aspergillosis.'®>2!
So far, no studies were performed to test the efficacy of this novel
drug preparation against Mucorales.

Even though three-dimensional cell culture and organoid
models are evolving and are useful to study infectious diseases,
animal models are still necessary to understand the complex
interaction of pathogens and their host. Due to ethical con-
cerns, cost-, and time-efficiency, alternative models that provide
comparable data to rodents are of great advantage. The lar-
vae of the greater wax moth, Galleria) mellonella, were shown
to be a promising alternative to mammals in determining the
virulence potential of fungal pathogens. The larval size en-
ables precise injection of a defined number of pathogens or
antimicrobial substance and facilitates collection of tissue or
hemolymph. Physiological conditions in mammals, such as 37°C
body temperature, can be easily mimicked. Most important,
insects possess a cellular and humoral innate immune system
which shows similarities to innate immune response of verte-
brates.”> Hemocytes, which mediate the cellular immune re-
sponse, show strong structural and functional similarities with
mammalian phagocytes.?>2* Hemocytes are involved in phago-
cytosis, encapsulation, and melanization, and their number can
change upon microbial infections or drug treatment.>~27 Insects
recognize pathogens via peptidogylycan recognition proteins,
which induces cell signaling through Toll, ImD, and Jak-STAT
pathways—pathways similar to the vertebrate—and which result
in the expression of antimicrobial peptides.?®-2° These similar-
ities explain the strong correlation to data obtained in murine
studies.30>3!1
Furthermore, this model was used for iz vivo screening of an-

25,32 and the determination of pharmacoki-

33,34

timicrobial efficacy
netic properties of antibiotics and antimycotics.>*=3° Nev-
ertheless, the lack of standardized protocols, variability in the

commercially available G. mellonella strains and the lack of Gal-

leria mutants and transgenic cell lines are limitations that need
to be considered. Recently, the first draft genome sequences was
reported.*? This, plus the recent characterization of the Galleria
immune gene repertoire and transcriptome, will certainly help
to promote the further use of G. mellonella larvae as infection
model.?’

We aimed to adapt the G. mellonella model to assess the vir-
ulence potential of mucormycetes and for treatment (L-AMB,
POS, ISA, NYT-IL) studies. Correlation to physiological at-
tributes (growth at different temperatures, spore size, and re-
sistance to oxidative stress) and the effect of the composition
of the culture medium on virulence was further evaluated. Nu-
trient composition of culture media influences the growth of
filamentous fungi, and was shown to have a potential effect on
virulence.*"*> We tested whether the availability of high iron
concentrations in the growth medium could have an effect on
the virulence potential of mucormycetes.

Methods

Fungal strains and growth conditions

The strains listed in Table S1 were isolated from environmental
or clinical specimen and were identified by sequencing internal
transcribed spacer (ITS) region of ribosomal RNA gene, accord-
ing to White et al.*3 Isolates were grown on supplemented min-
imal agar (SUP)** at 30°C up to 7 days. Sporangiospores were
harvested in sterile spore buffer (0.9% NaCl, 0.01% Tween)
or insect physiological saline (IPS; 150 mM NaCl, § mM KCI,
10 mM EDTA, and 30 mM sodium citrate in 0.1 M Tris-HCI,
pH 6.9), washed and filtered through a 40-um cell-strainer (BD,
Heidelberg, Germany). Spore concentrations were determined by
hemocytometer. For heat-inactivation, spores were autoclaved
for 20 minutes at 121°C. For growth on high iron conditions
1 mM FeSO4 was added to SUP agar.

Determination of conidial size

Freshly harvested sporangiospores of all Mucorales isolates were
placed on a cover slip, and their size was determined by mea-
suring diameter of 100 randomly chosen spores in a light micro-
scope (Carl Zeiss; Germany).

Radial growth assay

To determine radial growth of colonies, 1 x 10? sporangiospores
of each isolate were spotted in a volume of 5 ul on SUP plates
in triplicates. Samples were incubated at 30°C and 37°C for up
to 24 h, and colony diameter was measured. To determine resis-
tance to oxidative stress, menadione was added to SUP agar in a
final concentration of 25 uM, 50 uM, and 100 1M, respectively.
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G. mellonella infection studies

Sixth instar larvae of G. mellonella (Biologische Wurmzucht,
Langenzersdorf, Austria and SAGIP, Italy), weighing 0.3-0.4 g,
were selected for experimental use.*’ Larvae, in groups of 20,
were injected through the last pro-leg into the hemocoel with 1
x 104, 1 x 10%, 1 x 10°, and 1 x 107 conidia in a volume of
20 ul as described previously>® and incubated at 30° or 37°C
in the dark. Untouched larvae and larvae injected with sterile
IPS served as controls. Survival was determined every 24 h over
a period of 144 h. To compare virulence potential, larvae were
infected with 1 x 10° spores of each species, respectively and
incubated at 30°C. For each test group 20 larvae were used,
experiments were repeated at least three times. Significance was
determined with log-rank (Mantel-Cox) test, utilizing GraphPad
Prism 7.00 software. Differences were considered significant at
P-values

Histology of larvae

Infected larvae plus control larvae (three per test group) were
conserved in formalin for 10 days, embedded in paraffin, cut at

5 um, and stained with Grocott’s silver stain.*¢

Antifungal susceptibility testing and in vivo treatment
studies

Minimum inhibitory concentration (MIC) of liposomal ampho-
tericin B (L-AMB), posaconazole (POS), isavuconazole (ISA),
and nystatin-intralipid (NYT-IL) were determined for all Mu-
corales according to the EUCAST guidelines 9.2.47 MIC was
defined as the lowest concentration that completely inhibited
growth.

For in vivo treatment studies, the infected G. mellonella lar-
vae were injected with a single dose of 15 mg/kg of each antifun-
gal drug, respectively, 2 hours post-infection.?*>2¢ The opposite
hind pro-leg of the one used for spore administration was used
to assure that larvae are not harmed by double-injection via the
same pro-leg. Larvae injected twice with IPS (to rule out dam-
age by double injection) and with the drug diluted in IPS (to
check for toxicity effects of the respective drugs) served as con-
trols. For each test group 20 larvae were used, and experiments
were repeated at least three times. Statistical significance was
determined by applying log rank (Mantel-Cox) test, comparing
untreated groups with groups that received antifungals.

Bioassay and pharmacokinetics

The single dose pharmacokinetics of AMB, NYT-IL, POS, and
ISA were determined following administration of 15 mg antifun-
gal/kg larval weight. Drugs were administered into the hemocoel
by injecting 20 ul of appropriate drug concentration, diluted in
IPS. Larvae were incubated at 37°C, and hemolymph was col-

lected over 48 h at 1 h, 4 h, 8 h, 24 h, 36 h, and 48 h post-
administration.

Agar well diffusion assay was performed as described previ-
ously,’* with the following changes: Conidia (1 x 10°/ml) of
an A. fumigatus isolate were spread on Roswell Park Memo-
rial Institute (RPMI)q440 agar and allowed to dry before equally
spaced holes (5 mm in diameter) were punched into the agar with
a sterile punch. Hemolymph pooled from five larvae was filled
into the agar-holes in triplicates. After incubating the agar plates
at 37°C for 48 h, the horizontal and vertical diameters of the
inhibition zone was measured. For obtaining standard curves,
according to which the concentration of drugs from larval sam-
ples could be calculated, dilution series of each antifungal in
naive hemolymph was used. Assays were repeated three times
and a mean concentration-time profile of each antifungal was
generated. To calculate pharmacokinetic parameters, the maxi-
mum concentration (Cp,,«) the area under the concentration-time
curve (AUC) over 24 h (AUC,4,), and the elimination half-life
(t12) was determined by using Graph Pad Prism software.

Hemocyte isolation and determination of hemocyte
density

G. mellonella larvae were injected with 15 mg/kg of the respec-
tive antifungal drug as described above. Hemocytes were isolated
as described in?* from three larvae of each group, 4 h and 24 h
post injection of the drug. Larvae were incubated at 37°C. Cell
density was determined by enumeration using a hemocytometer.
Experiments were repeated three times (each time three larvae

were used).

Statistical analysis

All experiments were performed on three independent occasions,
at least. Results are expressed as the mean + standard deviation
(SD). Survival rates were evaluated by using Kaplan-Meier sur-
vival curves and analyzed with the log rank (Mantel-Cox) test
using GraphPad Prism software. Comparisons between groups
were performed by one-way analysis of variance (ANOVA), with
Bonferroni test with correction for multiple comparisons, or Stu-
dent test. Differences were considered significant at P < .05.

Results

Species-, dose-, and temperature-dependent killing of
G. mellonella larvae by mucormycetes

Sequential infection of larvae showed dependency of the killing
on inoculum size and incubation temperature (Fig. 1). At both
temperatures, Rhizopus spp. were most virulent, killing 100%
of all larvae within 24 h at the highest inoculum dose (107 spores
per larva). All larvae infected with 10° spores died within 48 h
when incubated at 37°C, while it took 72 h to kill all larvae
infected with the same inoculum size, but incubated at 30°C.
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Figure 1. Dose- and temperature dependent survival rates of G. mellonella larvae infected with mucormycetes. Larvae were infected with different spore-
concentrations (1 x 104, 1 x 105, 1 x 108, 1 x 107) and incubated at either 30°C (a) or 37°C (b), respectively Kaplan-Meyer curves represent the average survival
rates of three independent experiments. IPS infected and untouched larvae showthe same survival rate and therefore the curves overlap.
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Figure 2. Intra-species variability in virulence potential of human pathogenic mucormycetes. Larvae were infected with 1 x 108 spores of the respective strain
and incubated at either 30°C (a) or 37°C (b), respectively. Survival was monitored in 24 h intervals over a period of 6 days (144 h). Kaplan-Meyer curves represent

the average survival rates of three independent experiments.

Rhizopus spp. and Lichtheimia spp. were able to cause larval
death of at least 30% at a minimal infectious dose of 10* spores
at 37°C, while 10° spores of R. pusillus were needed to cause
similar outcome.

For M. circinelloides even the highest dose, 107, resulted in
only 30% dead larvae at 37°C. At 30°C, M. circinelloides exhib-
ited second highest virulence potential followed by Lichtheimia
isolates and R. Pusillus, which were associated with high sur-

vival rates (70-90%) at all inocula tested. Data obtained were
highly reproducible in repetitive experiments (Table S4 and Ta-
ble S5), resulting in low standard deviations. Comparison of
general virulence potential revealed to be species-specific rather
than strain-specific (Fig. 2). One isolate (RM1) was shown to sig-
nificantly cause higher mortality rates compared to the other iso-
lates tested at 30°C, while no significant intra-species variances
were detected for the other species (Fig. 2a). Similar results were
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L. corymbifera

R. arrhizus

M. circinelloides

Figure 3. Histopathology of Galleria mellonella infected with L. corymbifera AS30, R. arrhizus 44-12 and M. circinelloides AS84. (a) Larvae were infected with IPS
(left panel) or 1 x 10° spores of the respective strain. Larvae were fixed in formaldehyde at 24, 48 and 72 h and histological samples stained with Grocott. (b)
Enlarged view of tissue sections 72 h post infection. Arrows indicate fungal elements.

obtained when larvae were incubated at 37°C (Fig. 2b). Signifi-
cant difference in survival was detected for one M. circinelloides
isolate, S44, which showed significant higher virulence potential
compared to AS84 and 30-10 but not MCé. This strain also ex-
hibited lowest survival rates at 30°C, but no statistical difference
was detected at 30°C. In the group of L. corymbifera significant
lower survival was found for strain AS15 compared to all other
strains tested. In all other groups no significant intraspecies vari-
ation was observed. No statistically significant difference in sur-
vival rates due to the origin (clinical or environmental) of the
isolate was observed for both temperatures.

For all strains tested, death of larvae was due to fungal growth
and proliferation, as heat-inactivated spores did not have an
effect on larval survival at both temperatures (data not shown).

This finding was further supported by histological tissue sec-
tions of infected larvae, exhibiting hyphal elements in larvae
infected with R. arrbizus and M. circinelloides (Fig. 3).

Survival data correlate with species-specific features
(spore size, in vitro growth rates, and resistance to
oxidative stress)

Rhizopus species that caused highest mortality of larvae had the
largest spores (5.5-9.1 um). In contrast, Lichtheimia species or

R. pusillus, associated with minor virulence potential especially
when larvae were incubated at 30°C, had the smallest spores
(2.5-4.2 pum; Table S2).

The most virulent species, R. arrbizus, exhibited significantly
faster growth compared to all other Mucorales, while less vir-
ulent R. pusillus showed significantly slower growth compared
to all other Mucorales (Fig. 4a). In vitro growth rates corre-
lated to our observations in histological preparations of infected
larvae. High virulent strains (Rbizopus spp.) germinated and
grew fast within the larval tissue, while those with low virulence
(Lichtheimia spp.) were not able to germinate within the larvae
at the same time post-infection.

Growth rates under oxygen stress (on menadione-containing
media) were highest in M. circinelloides, followed by Rhizo-
pus spp. (Fig 4b), which correlates to the high mortality rates
caused by these species. Mucor circinelloides was least affected
by menadione with growth rates reaching more than 80% of the
untreated control for all three menadione concentrations tested.

Iron content of culture medium affects virulence
potential in a species dependent manner

Comparison of virulence of spores grown on SUP agar versus
that of spores grown on SUP supplemented with 1 mM FeSOy4
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Figure 5. Impact of iron starvation in preculture conditions on the virulence potential of human-pathogenic mucormycetes. Larvae were infected with spores
that were produced by mucormycetes grown under iron starvation (SUP agar) or under high iron conditions (SUP agar supplemented with 1T mM FeSO4). In
preexperiments virulence potential of each species was determined, inocula were adapted accordingly as follows: 1 x 10° for Rhizopus spp., 1 x 106 for M.
circinelloides and 1 x 107 for Lichtheimia spp and Rh. pusillus. Larvae were incubated at 37°C.

showed that virulence potential of R. arrbizus was significantly
enhanced when spores were harvest from cultures grown under
high iron conditions. For all other species no significant differ-
ence was detected (Fig. 5). The same trend was observed for
larvae infected with R. arrhizus or L. corymbifera, respectively,
and incubated at 30°C (data not shown).

Efficacy and pharmacokinetic profile of LAMB, POS,
ISA, and NYT-IL in the G. mellonella model of
mucormycosis

In vitro MIC values of L-AMB, POS, ISA, NYT, and NYT-
IL per species are presented in Table S3. In short, MIC range
of L-AMB was 0.25 -0.5 ug/ml, demonstrating best potency
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Figure 6. Impact of antifungal therapy (POS, LAMB, ISA, and NYT-IL) on survival of G. mellonella infected with human pathogenic mucormycetes. In pre-
experiments virulence potential of each species was determined, inocula were adapted accordingly as follows: 1 x 10° for R. arrhizus, 1 x 10* for R. microsporus,
1 x 108 for Lichtheimia spp., for M. circinelloides and Rh. pusillus. Larvae were incubated at 37°C. Antifungal treatment (15 mg/kg) was applied as a single dose
two hours post infection. Survival was monitored in 24 h intervals for up to six days. Survival rates were compared to the untreated infected control.

of all tested drugs, followed by POS (MIC range of 1.0-
2.0 ug/ml), NYT-IL (MIC range of 1.0-4.0 ug/ml) and ISA
(MIC range of 0.5-8.0 wug/ml). Markedly, a dramatic reduc-
tion in MIC values for the intralipid formulation of NYT was
observed in Lichtheimia spp., from a median of 8.0 ug/ml to
1.0-2.0 pg/ml.

Antifungal activity of tested drugs against mucormycosis in-
duced in G. mellonella is shown in Figure 6. Best in vivo ef-
ficacy was detected for NYT-IL. Larvae infected with any of
the Mucorales strains demonstrated prolonged survival when
receiving NYT-IL treatment, except those infected with R. ar-
rhizus. Best treatment outcome was visible for larvae infected
with Lichtheimia spp. with significant improvement of 60% sur-
vival at 144 h post-infection for larvae infected with L. corymb-
ifera and 30% for L. ramosa infected larvae. This corresponds to
the high in vitro efficacy of NYT-IL against Lichtheimia isolates.
Surprisingly, L-AMB, which demonstrated best activity in vitro
(Table S3), showed no significant improvement in the survival

of infected larvae, except for those infected with L. corymbifera
(30% better outcome than in the untreated group after 144 h
post-infection).

In hemolymph, the polyenes, L-AMB and NYT-IL, were more
stable in the larval hemolymph, resulting in higher hemolymph
concentrations over the 48 h of sampling compared to the azoles
(Fig. 7). Consequently, polyenes exhibited higher t;/, and AUC
values (Table 1). The hemolymph concentrations of the polyenes
remained above the quantifiable limit over 48 h (NYT-IL) and
36 h (L-AMB) and remained above in vitro MIC levels at all time-
points. According to Andes et al.,*® the C,,,./MIC ratio is con-
sidered the PK/PD index determining therapeutic efficacy for the
polyenes. It was shown by others*’ that L-AMB reached max-
imal efficacy when C.,,x/MIC ratios were above 40. Cp,,,/MIC
ratios, that were based on the median MIC for each species were
in the range of 70.2-140.4 for L-AMB, and 12.4-49.5 for NYT-
IL. All values were above the threshold of 40, except for NYT-IL
against L. ramosa and R. microsporus.



358

Medical Mycology, 2019, Vol. 57, No. 3

30

204

L-AMB [pgimi]

10

o

T T T T T u T T T T >
0 4 8 12 16 20 24 28 32 36 40 44 48
time [h]

604
504
40

304

POS [pg/mi]

204

=]

T T T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40 44 48
time [h]

604

40

30

NYT-IL [pg/mi]

204

10

T T T T T T T T T T r
0 4 8 12 16 20 24 28 32 36 40 44 48
time [h]

504

ISA [ng/mi]

0 4 8 12 16 20 24 28 32 36 40 44 48
time [h]

Figure 7. Concentrations-time curve in haemolyph for LAMB, NYT-IL, POS and ISA. A single dose (15 mg/kg) of the respective antifungal agent was administered
and haemolymph drug-levels were determined using an agar well diffusion assay at intervals up to 48 h. Haemolymph samples were taken 4 h, 8 h, 12 h, 24 h,
36 h, and 48 h after drug administration. Larvae and agar plates were incubated at 37°C.

Table 1. Pharmacokinetic data obtained from G. mellonella larvae exposed to a single dose of antifungal agent.

Galleria mellonella Human?
Antifungal ~ Concentration/body Crnax (ng/ml) ti (h) AUCy4 (h pg/ml)  Concentration/body Concentration/  Cpax (ng/ml) t1 (h) AUCy4 (h
agent weight (mg/kg) weight (mg/kg) day (mg) pug/ml)
L-AMB 15 35.10 20.05 495 + SD 64 1572 n.d. 206.3 32.80 5,019.30
NYT-IL 15 49.50 165.20 878 + SD 61 873 n.d. 28.33 7.42 208.44
ISA 15 35.45 1.78 102 + SD 31 n.d. 10074 1.09 123.00 39.00
POS 15 21.65 6.01 161 £ SD 34 n.d. 1007° 1.33 19.60 11.20

Data obtained from the Galleria model were compared to available data obtained from studies carried out in healthy humans and a murine model for NYT-IL. All parameters

were calculated over a 24-h period. Cpp,y, maximum concentrations in hemolymphy; ty2, half-life; AUC, area under the concentration-time curve representing total exposure to

the antifungal agent, n.d. not determined.
Data from healthy humans, except for NYT-IL, which were from a murine model.

Application of POS prolonged survival of larvae infected with
L. corymbifera (20% improvement compared to the untreated
insects at 144 h; P = .1784), L. ramosa (40% improvement
at 144 h; P = .09), and R. microsporus (30% improvement
at 144 h; P = .0465), while no improvement was detected for
larvae infected with R. arrbizus, M. circinelloides and R. pusillus.
Isavuconazole was not effective against any of the strains except
for larvae infected with M. circinelloides, which showed 20%
better survival after 144 h post-infection, although differences
did not reach statistical significance.

The hemolymph concentration of POS and ISA reached un-
detectable levels already at 22 h and 16 h post-injection, respec-
tively, and dropped below the MIC value at 16 h (POS) and 8 h
(ISA). For the azoles, the AUC/MIC ratio was determined as the
best indicator for therapeutic efficacy, with a predictive positive

outcome when levels are greater than 25.*% This criterion was
met in our study, since the AUC/MIC ratio for both azoles and
all species tested was above 25.

Effect of drug administration on hemocyte density in
G. mellonella larvae

Previous work demonstrated that administration of antifungals,
for example, caspofungin into larvae primes the larval immune
response by elevation in hemocyte density.>> Administration
of L-AMB (15 mg/kg) resulted in a significant (P < .05) in-
crease of 27.0%; SD + 1.4 in hemocyte density 24 h after
administration, while in larvae that received ISA (15 mg/kg) the
number of hemocytes was reduced by 25.3%, SD £9.6. No sig-
nificant difference in hemocyte density was observed in larvae
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Figure 8. Effect of antifungal drugs on the hemocyte density in G. mellonella.
Hemocyte density in larvae injected with IPS or antifungal drug (15 mg/kg) and
incubated at 37°C was assessed after 4 h and 24 h. Results are significantly
different (x p < 0.05; Students t-test, two tail) to the IPS control.

injected with POS or NYT-IL, respectively, nor 4 h post-
treatment (Fig. 8).

Discussion

Until now, no standardized experimental settings for Galleria
experiments and no “laboratory strain” of G. mellonella larvae
is available, which makes comparison of data between laborato-
ries rather difficult. Therefore, a great number of different strains
belonging to six different species were compared. The high repro-
ducibility in our experiments indicates that G. mellonella larvae
are a suitable complementary in vivo model to study virulence
potential and virulence factors of mucormycetes.

Results demonstrated that G. mellonella can be infected in
a dose- and temperature-dependent manner, these dependencies
were previously reported for Lichtheimia spp. in an ectothermic
chicken embryo model.’® Rhizopus spp. demonstrated highest
virulence potential, a finding that correlates with incidences in

1,5,6 M. circinelloides was the only mucormycetes tested

humans.
that caused higher mortality rates at 30°C when compared to
37°C. A detailed study by Kaerger et al.’! revealed higher viru-
lence potential of thermotolerant Rhizopus spp. in the chicken
embryo and the Galleria model compared to mesophilic species.
The fact that growth speed of mesophilic Rhizopus spp. highly
resembled that of thermo-tolerant species at 30°C let us assume
that additional mechanisms play an important role in virulence
potential. Another study supporting this idea was carried out

1.9, who demonstrated that L. ornata strains,

by Schwartze et a
which are known to grow very slow, were fully virulent in the
chicken embryo model.

Several studies have described that environmental and clin-
ical fungal strains might differ in their virulence potential.’%%3
However, no difference in the pathogenicity due to origin of
strains was detected in our study and these findings are in agree-
ment with previously described data for Lichtheimia spp. and

Rhizopus spp.’%! Nevertheless, to statistically evaluate and

strengthen these findings, a much larger set of strains would
be necessary.

The positive correlation between virulence potential and
physiological features of the pathogen, such as spores size,
growth speed, and oxidative stress tolerance in Galleria larvae,
that we detected, was already discussed before for some Muco-
rales species.*’>3*=3¢ In contrast, Jackson et al. did not find any
correlation between faster germination and higher pathogenicity
of A. fumigatus color mutants.’” Species that bear higher resis-
tance to oxidative stress might be less affected by host immune
response and therefore exhibit higher virulence.*”>% Other stres-
sors besides high temperature and oxidative stress were evaluated

1.51

by Kaerger et al.>* who could not clearly link virulence potential

to resistance toward osmotic or cell wall stress within Rhizopus
spp-

The composition of the culture media is known to have a high
impact in the growth of filamentous fungi, but no detailed study
has been undertaken to check for its effect on virulence in dif-
ferent model systems.*! Virulence potential of spores grown on
high iron agar plates was enhanced for R. arrhizus, not for any of
the other species tested. Also, for Cunninghamella bertholletiae
growth on high iron medium did not enhance virulence.*> This
may indicate different systems for iron uptake and iron storage
in the heterogeneous group of Mucorales, which so far are not
fully understood for the each species.

Mucormycosis still results in high mortality rates, even with
therapeutic interventions.!»*°=2 Importantly, NYT-IL, tested for
its in vivo efficacy against Mucorales for the first time, was the
most effective antifungal agent in G. mellonella. Similarly, NYT-
IL was shown to be therapeutically effective in a murine model
of candidiasis and aspergillosis, so it might be of interest to
perform murine experiments with Mucorales to strengthen the
data obtained in the larvae.'?>?! Furthermore, in vivo efficacy of
NYT-IL is supported by its favorable pharmacokinetics. In the
hemolymph, it has the highest stability, reflected in the longest
half-life, and the highest AUC.

Despite high in vitro potency, the other drugs did not show
significant # vivo efficacy, a phenomenon seen before.3¢:¢3 Stud-
ies investigating in vivo efficacy of POS in murine models of
mucormycosis showed variable results, indicating that efficacy is
dependent on the species and the infection model used.®#-65-67-68

Antifungals, for example, caspofungin, or other external
agents were shown to result in an unspecific antimicrobial im-
mune response which is mediated also by changes in the hemo-
cyte density of the larvae.?’%%70 Increased hemocyte numbers
due to L-AMB seem not to be enough to cure the infection or have
a positive effect on survival rates. The increase observed here,
correlates to a previous study carried out in our laboratory.”!
On the other hand, the decrease in hemocyte number caused by
ISA might even aggravate the infection process, explaining in
part, why no improvement in survival can be detected. NYT-IL
did not influence hemocyte numbers; therefore, we can assume
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that the increase in survival was mediated by inhibiting fungal
growth through exerting its antifungal activity and not through
an unspecific immune response.

Reasons for the outcome seen in the G. mellonella model are
multifactorial. First, in our model system all drugs are only ap-
plied once, and a fast clearance may partially explain the low in
vivo therapeutic outcome seen in the present study. Several stud-
ies demonstrated that concentrations of antibiotics also change
rapidly in G. mellonella larvae.>3-3* Concentrations of ISA in
the hemolymph were lowest of all drugs. This, plus the un-
certainty if the esterases necessary to produce the active drug
are available in G. mellonella larvae, could explain treatment
failure, even though the predictive PK/PD index, AUC/MIC ra-
tio for azoles, was above the threshold value of 25. A recent
study investigated the therapeutic effect of azoles and AMB
against Madurella mycetomatis in the Galleria model and re-
vealed no treatment effect of azoles, although concentrations
above the MIC could be measured in the hemolymph of lar-
vae.3® In contrast, improvement in survival was seen when lar-
vae received AMB or terbinafine, even at concentrations be-
low the MIC. By now, several studies have used the larval
model to test the efficacy of antifungal drugs, or novel sub-
stances with potential antifungal activity. Altogether, in vivo
outcome, correlation to in vitro data and to data obtained in mice
varied.

Second, the fungistatic activity against mucormycetes aggra-
vates treatment efficacy.

Further studies that evaluate the concentrations of antifungal
drugs within the larval tissue, as well as the tropism of Mucorales
in the larvae are needed.

In conclusion, G. mellonella has the potential to serve as a
convenient invertebrate animal host model for studying virulence
factors in mucormycetes. The evaluation of treatment response
in G. mellonella remains challenging until pharmacodynamics in
this invertebrate host are better understood.

Supplementary material

Supplementary data are available at MMYCOL online.
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