Infection and Drug Resistance

Dove

ORIGINAL RESEARCH

Tenebrio molitor as an Alternative Model to
Analyze the Sporothrix Species Virulence

Nancy E Lozoya-Pérez'

Laura C Garcia-Carnero
José A Martinez-Alvarez
Ivan Martinez-Duncker?
Héctor M Mora-Montes

'Departamento de Biologia, Divisién de
Ciencias Naturales y Exactas, Campus
Guanajuato, Universidad de Guanajuato,
Guanajuato, 36050, México; 2Laboratorio
de Glicobiologia Humana y Diagnéstico
Molecular; Centro de Investigacion en
Dinamica Celular, Instituto de
Investigacion en Ciencias Basicas

y Aplicadas, Universidad Autonoma del
Estado de Morelos, Cuernavaca, Morelos,
México

Correspondence: Héctor M Mora-
Montes

Departamento de Biologia, Division de
Ciencias Naturales y Exactas, Campus
Guanajuato, Universidad de Guanajuato,
Noria Alta s/n, Col. Noria Alta, C.P,
Guanajuato, 36050, México

Tel +52 473-7320006 Ext. 8193

Fax +52 473-7320006 Ext. 8153

Email hmora@ugto.mx

Background: Sporotrichosis is an increasing threat for humans, affecting mainly skin and
subcutaneous tissues but that can cause disseminated infection in immunocompromised
patients. Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa are the main
etiological agents of this mycosis, and each species show different virulence levels. The gold
standard to assess fungal virulence is the mouse model that is expensive and time-
consuming. Thus, invertebrate models have been reported as an alternative for the evaluation
of fungal virulence. Here, we assessed whether Tenebrio molitor larvae could be a new
alternative to study Sporothrix spp. virulence.

Methods:
S. brasiliensis, and S. globosa, and animal mortality, cytotoxicity, and immunological para-

T. molitor larvaec were inoculated with different doses of S. schenckii,

meters were analyzed, including the ability to stimulate immunological priming.

Results: Mortality curves demonstrated that yeast-like cells were the best fungal morphol-
ogy to kill larvae and showed a similar ranking in virulence than that reported in other animal
models, ie, being S. brasiliensis and S. globosa the species with the highest and lowest
virulence, respectively. The usefulness of this model was validated with the analysis of
several S. schenckii strains with different virulence degrees, and changes in cytotoxicity,
humoral and cellular immunological parameters. Low-virulence strains stimulated low levels
of cytotoxicity, phenoloxidase activity, and hemocyte countings, and these immunological
cells poorly uptake fungi. Moreover, using recombinant Gp70 from S. schenckii immunolo-
gical priming was stimulated in larvae and this protected against a lethal dose of fungal cells
from any of the three species under study.

Conclusion: The study demonstrated that 7. molitor larvae are an appropriate alternative
invertebrate model to analyze the virulence of S. schenckii, S. brasiliensis, and S. globosa.
Additionally, hemocyte levels, phenoloxidase activity, cytotoxicity, uptake by hemocytes,
and immunological priming are biological parameters that can be used to study the
Sporothrix—T. molitor interaction.

Keywords: experimental sporotrichosis, fungal infection, host—fungus interplay, hemocytes,
phenoloxidase

Introduction

Infections caused by members of the Sporothrix genus are often benign diseases of
the skin and subcutaneous tissues that are distributed worldwide and affect both
humans and animals.' This infection is traditionally considered as a sapronosis,
where decaying vegetal tissues are the natural niche for fungal growth;' however,
due to the recent increment in animal sporotrichosis cases, particularly in domestic
species, this disease is also now considered as a zoonosis.* ® Most of the cases
positively respond to the conventional antifungal therapies or are fixed lesions that
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are controlled by the host immunity, but there is the risk to
develop a life-threatening systemic infection, which in
recent years is increasing in frequency, in particular in
immunosuppressed patients.’

Sporothrix schenckii, Sporothrix brasiliensis, and
Sporothrix globosa are the three out of the 51 species
classified within the Sporothrix genus that are the etiolo-
gical agents of most of the animal and human sporotricho-
sis cases and are grouped within the pathogenic clade of
this genus.® S. schenckii is historically the first species
and is considered

associated with sporotrichosis

a cosmopolitan species;'* while S. brasiliensis is currently
restricted to Brazil and Argentina,'*"'* and associated with
of both feline

sporotrichosis.”'" S. globosa has a broader distribution

epidemic  outbreaks and human
than S. brasiliensis, causing this infectious disease in

Asia and to a lesser extent in some parts of
America.'*'* A bibliographic search about the research
performed on sporotrichosis has highlighted that most of
this is focused on clinical aspects, treatment, and epide-
miology, while basic aspects of the etiological agents are
poorly studied.” However, it is well documented that geno-
mic and phenotypical studies of members of the patho-
genic clade of Sporothrix spp. can provide valuable
information to understand the species-specific traits behind
their different virulence degree, geographical distribution,
response to antifungal drugs, and sensing by the host
immunity,'>'>1

The study of virulence is critical in medically relevant
fungal species as it helps to understand the foundations of
their pathogenicity. Conventionally, this is addressed by
mimicking the infection cycle in laboratory animals, which
often are not the natural host of the pathogen, and combin-
ing fungal genetic manipulation, chemical or antifungal
treatments. The murine model of sporotrichosis in mice
has been regarded as the gold standard to assess Sporothrix
virulence, and subcutaneous, intraperitoneal, and intrave-
nous models of the experimental infection are currently
standardized.'®?*° Using these models, the clinically
relevant Sporothrix species have been ranked based on
the ability to cause damage in the mammalian host,
being S. globosa the one with the lowest virulence and
S. brasiliensis the species associated with the highest
mortality rates.'®?%262% As expected, the S. schenckii abil-
ity to kill laboratory animals is placed in between these
two species. Worthy of mentioning is that the isolation of

strains from the three species showing different virulence

degrees indicates this ranking is a fungal dynamic
trait 18:28:29

Even though the murine model has proven to be
a valuable tool to analyze Sporothrix spp. virulence, the
ethical concerns about the use of mammalians in basic
research, along with the specialized facilities to keep
animals, and the relatively low number of specimens that
can be included in the experimental designs, have limited
the research in this area.’® Thus, alternative hosts, such as
invertebrates, have recently attracted attention as models
to study Sporothrix virulence. The wax moth larva
Galleria mellonella has been successfully used as a host

31734 and to assess the

to study systemic sporotrichosis,
effect of antifungal drugs on S. brasiliensis ability to kill
the host.>> Also, it has been used to evaluate the stimula-
tion of the immunological priming with the recombinant
Gp70 protein (rGp70) from S. schenckii and its protection
against lethal sporotrichosis.*® This invertebrate model is
gaining momentum because, differently from mice, the
larvae require simple and basic facilities for housing and
breeding, large numbers can be included in the experi-
mental setting, strengthening the statistical power, and can
be kept at 37°C, a temperature where dimorphic fungi,
such as Sporothrix spp. switch morphology and express
temperature-regulated virulence factors that play central
roles in the pathogenic process.’'*”*° The mealworm
Tenebrio molitor larvae are also a popular invertebrate
model to study fungal virulence.*” Besides sharing all
the advantages already listed for G. mellonella, the
T. molitor larvae are bigger and therefore, higher volumes
of hemolymph can be withdrawn per animal, and higher
fungal doses can be used to challenge animals.'
Additionally, the immunological response and priming
4041 and thus the

contribution of particular immune players is easier to

are better characterized in this insect,

address than in G. mellonella.

Here, to evaluate the use of T molitor larvae as a host
for experimental sporotrichosis, we challenged larvae with
different doses of conidia and yeast-like cells from
S. schenckii, S. brasiliensis, or S. globosa, and evaluated
the cytotoxicity and activation of some immunological
parameters upon infection. Moreover, we confirmed the
usefulness of this model to assess Sporothrix virulence
using a set of genetically modified S. schenckii strains
with virulence profiles already defined in G. mellonella
and analyzed the contribution of immunological priming
with rGp70 in the protection against a lethal dose of the
pathogen.
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Materials and Methods

Strains and Culture Media
The strains used in this study are listed in Table 1. Cells
were propagated at 28°C in YPD medium (2% [w/V]
gelatin peptone, 1% [w/v] yeast extract, and 3% [w/v]
glucose). When a solid medium was required, 2% (w/v)
agarose was included. For conidia, cells were grown in
plates for 7 days at 28°C and scrapped out with the
assistance of a sterile spreader and PBS. Then, cell con-
centration was adjusted and immediately used in the
inoculation assays. For yeast-like cells, 1x10° conidia/
mL were inoculated in 20 mL fresh YPD broth, pH 7.8,
and incubated in orbital shakers at 37°C and 120 rpm for
18 h. Then, an aliquot of 10 mL was withdrawn from
cultures, cells harvested by centrifuging at 2700 x g and
4°C for 10 min, washed twice with PBS, and used to
inoculate 50 mL of fresh YPD, pH 7.8, and incubated for
4 days at 37°C and 120 rpm.'®> Even though nearly 100%
of cells underwent dimorphism under these conditions,
cells were filtrated in a Buchner filter,* to remove myce-
lia. The yeast-like cells were suspended in PBS, cell con-
centration adjusted, and immediately used to inoculate
T. molitor larvae.

For heat inactivation, cells were incubated 2 h at 60°C,
as previously reported.'”

Ethics Statement

The use of animals in this study was approved by
Universidad de Guanajuato, through the internal Ethics
Committee (approval code CIBIUG-P12-2018).

Table | Strains Used in This Work

T. molitor Survival Assays

The T. molitor larvae were purchased from Tenebrios.com
(CDMX,México) and were fed ad libitum on bran flour and
water, supplemented with apple. For the experiments, 10™—
12™ instar larvae were used, without evident body injuries or
melanization.*® Fungal challenges, in 10 uL of PBS and
loaded in a Hamilton syringe equipped with a 26-gauge
needle, were inoculated into the hemocele, piercing at
the second or third visible sternite above the legs of the
larva, in the ventral portion.”® After inoculation, animals
were kept in Petri dishes at 37°C, containing chopped apples
to avoid dehydration.®'*** The silk on the animal surface was
removed as soon as noticed, to delay the transition to the
pupal stage. Dead animals were defined as those showing no
sign of irritability and extensive body melanization, and
shrinking (Figure 1). To assess the animal mortality rate by
manipulation and mechanical injuries, animal groups were
injected only with PBS. Each experimental group was com-
posed of 30 larvae. The animal groups were under observa-
tion for up to 15 days, and live animals at the end of this
period, along with those killed by the fungal inocula were
decapitated with a sterile scalpel, and the hemolymph used to
calculate the colony-forming units (CFUs) by serial dilutions
that were incubated on YPD plates, pH 4.5, at 28°C for 72 h.

Analysis of Lactate Dehydrogenase and
Phenoloxidase Activities, and Hemocyte
Levels

Animal groups, containing ten specimens per group, were
challenged with fungal cells as described in the previous

Strain Organism Genotype Reference
1099-18 ATCC MYA 4821 Sporothrix schenckii Wild-type 24
5110 ATCC MYA 4823 Sporothrix brasiliensis Wild-type 24
FMR 9624 Sporothrix globosa Wild-type 43
HSS2 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with | copy of pBGgHg 33
HSS3 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with | copy of pBGgHg 33
HSS4 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with | copy of pBGgHg 33
HSS5 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with 3 copies of pBGgHg 33
HSSé6 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with 3 copies of pBGgHg 33
HSS7 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with pBGgHg-OCH | 32
HSS8 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with pBGgHg-OCH [ 32
HSS9 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with pBGgHg-OCH | 32
HSSI10 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with pBGgHg-OCH | 32
HSSI11 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with pBGgHg-OCH [ 32
HSS12 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with | copy of pBGgHg 32
HSSI3 Sporothrix schenckii 1099-18 ATCC MYA 4821 transformed with | copy of pBGgHg 32
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Figure | Representative images of Tenebrio molitor larva before and after interaction with Sporothrix spp. In (A), a healthy larva with no signs of disease. In (B), a dead larva
after interaction with Sporothrix cells. Please note the increased melanization and body shrinkage in (B). Scale bar: | cm.

section and incubated at 37°C for 24 h before decapitation.
On average, 20 pL of hemolymph were recovered from each
larva, in agreement with previous reports,*® and were mixed
with ice-chilled 60 pL of anticoagulant solution (93 mM
NaCl, 100 mM glucose, 30 mM trisodium citrate, 26 mM
citric acid, 10 mM Na,EDTA, and 0.1 mM phenylthiourea,
pH 4.6),** to avoid hemolymph clotting. For quantification
of enzyme activities, hemolymph was centrifuged at 20,000
x g for 10 min, and the cell-free supernatant was saved and
the protein concentration quantified with the Pierce BCA
Protein Assay (Thermo Fisher Scientific, Waltham, MA,
USA). Released lactate dehydrogenase (LDH) was analyzed
with the Pierce LDH Cytotoxicity Assay (Thermo Fisher
Scientific, Waltham, MA, USA), and using a MultiskanTM
FC microplate photometer (Thermo Fisher Scientific,
Waltham, MA, USA) with wavelengths set at 490 nm and
680 nm.* The 100% LDH activity was regarded as that
quantified in fresh homogenized hemocytes. For phenolox-
idase quantification, reactions were performed with 100 pg
protein and 20 mM 3,4-dihydroxyDL-phenylalanine
(Sigma-Aldrich St Louis, MO, USA), and placed in a final
volume of 200 pL in 96-well microplates. The initial absor-
bance at 490 nm was read in a MultiskanTM FC microplate
photometer and then reactions were incubated for 30 min at
37°C, before reading again the absorbance at the same
wavelength.*® Phenoloxidase activity was defined as the
change in the absorbance at 490 nm per minute and per ug
protein.*® Hemocytes were quantified in a hemocytometer,
as previously described.*®

Analysis of Fungal Phagocytosis by

T. molitor Hemocytes
PBS-washed yeast-like cells were incubated with 1 mg/mL
acridine orange (Sigma-Aldrich St Louis, MO, USA) as

described elsewhere,*® washed twice with PBS, cell con-
centration adjusted at 3x10” yeast-like cells/mL, placed in
six-well plates, and incubated with anticoagulant-treated
hemocytes in a hemocyte—yeast ratio of 1:6 in 800 puL of
DMEM (Sigma-Aldrich, St Louis, MO, USA).>* The inter-
actions were incubated for 2 h at 37°C and 5% (v/v) CO,,
and then hemocytes were washed twice with cold PBS and
suspended in 1.25 mg/mL trypan blue, used as an external
fluorescence quencher.*’” Samples were analyzed by flow
cytometry in a FACSCanto II equipped with a FACSDiva
acquisition system (Becton Dickinson, Franklin Lakes, NJ,
USA). A total of 25,000 events were collected per sample,
gating for hemocyte cells. Fluorescent signals were
obtained using the FL1 (green) and FL2 (red) channels,

previously compensated with non-stained hemocytes.***’

Immunological Priming

Groups of 30 animals were injected with 10 uL of PBS or the
same volume of PBS containing 10 pg, 20 pg, 40 ug, 80 pg, or
160 ug rGp70 produced and purified as described elsewhere.*®
The protein was LPS free, as tested with the Limulus amebo-
cyte lysate (Sigma, data not shown). Nonetheless, inoculations
were conducted in the presence of 5 pg/mL polymyxin
B (Sigma),*® including the drug in the PBS, even in the control
group. Larvae were kept at 37°C for 5 days and then 10 pL of
PBS or 10 pL containing 1x10° yeast-like cells were injected
into the animal groups. Insects were again kept at 37°C and
monitored daily for 2 weeks. As a control, mortality in groups
exposed only to rGp70 was also assessed.

Statistical Analysis

Statistical analysis was performed using the GraphPad
Prism 6 software. A total of 30 larvae per group were
used in the inoculation experiments. Data were plotted in
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Kaplan—Meier survival curves and analyzed using the Log
rank test. For other experiments, results were analyzed
with the Mann—Whitney U-test and expressed as the
media + standard deviation from three independent experi-
ments performed by duplicate. The statistical significance
was set at P < 0.05 in all cases.

Results
Sporothrix spp. Kills Tenebrio molitor Larvae
in a Dose-Dependent Manner

Yeast-like cells from the three fungal species were grown as
described in the Materials and methods section and used to
inoculate 7 molitor larvae. In all cases, the killing curves
showed a dose-dependent ability of fungal cells to kill the
animal populations, with 1x10° yeast-like cells associated
with higher median survivals, followed by 1x10° yeast-like
cells, and 1x107 cells (Figure 2A). For S. schenckii yeast-
like cells, the fungal challenges of 1 x10°, 1 x 10°, and
1x107 yeast-like cells generated median survivals of animals
0f 9.0+ 1.0, 5.0 £ 1.2, and 2.0 = 1.0 days, and 30.0 £ 3.5%,
6.7 = 1.4% and 0.0 + 0.0% animal population survived after
the 15-day observation period, respectively (Figure 2A);
while for S. brasiliensis, when 1 x 10°, 1 x 10°, and 1x107
yeast-like cells were inoculated in the animals, median sur-
vivals of 5.0 + 0.9, 3.0 + 1.0, and 2.0 £ 0.5 days were
observed, respectively, and no animals survived at the end
of the observation period, regardless of the inoculum size
(Figure 2A). For S. globosa, challenges of 1 x 10°, 1 x 10°,
and 1x10 yeast-like cells inoculated into the animals were

associated with median survivals of 12.0 £ 1.1, 7.0 = 1.4,
and 2.5 + 0.7 days, and 46.7 + 6.4%, 20.0% + 4.8%, and 6.7
+ 1.4% of the animal population survived at the end of the
observation period, respectively (Figure 2A). When we
compared the survival curves generated with the different
Sporothrix species but with similar inoculum size, we found
that the curves generated with 1x10° or 1x10° yeast-likes
cells were significantly different from each other (P < 0.05),
but the comparison of the curves generated with 1x10’
yeast-like cells did not show statistical significance
P=0.17).

For the case of conidia, when larvae were challenged
with 1 x 10°, 1 x 10%, and 1x10” S. schenckii cells, median
survivals of >15.0, 7.0 £ 1.5, and 4.0 + 1.1 days were
observed, and 60.0 = 10.0%, 20.0 £ 9.1%, and 10.0 +
8.0% of the animal population survived, respectively
(Figure 2B); while for S. brasiliensis cells, the animal med-
ian survival was 14.0 = 1.4, 85 £ 0.9, and 4.5 £ 1.5 days
when inoculated with 1 x 105, 1x 106, and 1x10” conidia,
respectively (Figure 2B). The mortality associated with
those fungal inocula was 53.3 £ 6.7%, 76.7 + 11.4%, and
86.7 £9.7%, respectively. When larvae were inoculated with
S. globosa 1 x 10%, 1 x 10%, and 1x10 conidia, the median
survival was >15.0, 8.0 £ 1.1, and 5.0 + 1.6 days; and 63.3 +
11.4%, 36.7 + 9.6%, and 10.0 £ 6.4% of the animal popula-
tions survived at the end of the 15-day observation period,
respectively (Figure 2B). When the survival curves gener-
ated with 1x10° conidia from the three species under analy-
sis were compared, we did not find any significant difference
(P = 0.59), and similarly, when the curves generated with

A Sporothrix schenckii Sporothrix brasiliensis Sporothrix globosa
1009 — — PBS 100 = — PES 100 — PES
—~ 804 — 1x10°cells — 80 — 1% 10°cells - 80 — 1x10°cells
£ — 1x10° cells £ — 1x10°cells = — 1x10% cells
w 601 1107 calls ® 60 1 x 107 celis w 60 ~ 1x 107 cells
2 2 2
2 404 2 40 2 40
3 3 =3
w (7] w
204 20 20
0 : 0 0
0 v T 1 0 v T J 0 T ™ v
0 5 10 15 0 5 10 15 0 5 10 15
Days Days Days
B Sporothrix schenckii Sporothrix brasiliensis Sporothrix globosa
1009—— — BB 100 — PES 100 — PES
—~ 801 — 1x10°cells ~ 80 — 1x10°cells ~ 80 — 1x10°cells
£ — 1x10° cells £ — 1x10°cells [ — 1x10° cells
T 607 1x 107 cells g 60 1x 107 cells § o0 ~ 1 x 107 cells
2 40 2 40 2 a0
@ @ @
204 20 20
0 T T ) 0 T T 1 [1] T 1
0 5 10 15 1] 5 10 15 0 5 10 15
Days Days Days

Figure 2 Mortality curves of Tenebrio molitor larvae infected with Sporothrix schenckii, Sporothrix brasiliensis, or Sporothrix globosa. Aliquots of 10 uL containing | x 10°, | x 108,
or 1x107 of yeast-like cells (A) or conidia (B) from the fungal species under analysis were used to inoculate T. molitor larvae. A total of 30 animals were included in each
experimental group, and these were monitored daily to assess mortality, which was defined as lack of irritability and the presence of extensive body melanization. PBS,

a control group of 30 animals inoculated only with PBS.
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1x10° conidia were compared to each other (P = 0.056) or
those generated with 1x10” conidia (P = 0.37).

For animals inoculated with either yeast-like cells or
conidia, the curves were significantly different when com-
pared to those generated with different inocula from the
same fungal species (P < 0.05), and no dead animal was
recorded in the control reactions, where animals were
injected only with PBS (Figure 2A and B).

These data suggested that the analyzed inoculum size of
conidia is not able to show differences in the animal mortality
associated with the different fungal species, nor the 1x10’
yeast-like cell inoculum, but fungal challenges of 1x10° or
1x10° yeast-like cells were capable of killing the animal popu-
lation similarly as reported in mice and G. mellonella larvae,
keeping the previously reported virulence rank, ie,
S. brasiliensis as the fastest species to kill the host and
S. globosa the slowest. Therefore, we continued our analysis
only with animals inoculated with either 1x10° or 1x10° yeast-
like cells.

When animals were inoculated with 1x10° or 1x10° yeast-
like cells previously inactivated by heat we did not find any
animal killed in the 15-day observation period (data not
shown), confirming that the mortality is linked to fungal
viability.

Next, to demonstrate the fungal growth within inoculated
animals, we quantified the CFUs in infected animals. Similar
CFUs were retrieved from animals infected with 1x10° yeast-
like cells from S. schenckii, S. brasiliensis, or S. globosa,

suggesting a similar ability of the three fungal species to

adapt to the host milieu (Table 2). As expected, the CFUs
quantified in animals infected with 1x10° yeast-like cells
were higher when compared to those from the groups chal-
lenged with 1x10° cells (Table 2), but again, were similar when
the animal groups infected with the three different fungal
species under analysis were compared to each other (Table
2). So far, no marker to assess cytotoxicity has been reported in
T. molitor. We have previously demonstrated that the measure-
ment of LDH activity in the cell-free hemolymph can be used
as a cytotoxicity marker in G. mellonella larvae infected with

fungal cells,****

and since this enzyme activity has been
previously reported in 7. molitor hemolymph,**-> along with
its putative encoding gene,”' we hypothesized that the mea-
surement of this enzyme activity would increase in the infected
animals with the Sporothrix spp. yeast-like cells. The LDH
activity in the cell-free hemolymph from animals infected with
any of'the three fungal species was significantly higher than the
background measurements obtained in PBS-injected larvae,
and there was an LDH activity increment in a dose-
dependent manner, which was statistically significant for the
case of animals infected with S. schenckii or S. brasiliensis (P <
0.05; Table 2), but not for those where S. globosa was used as
inoculum (P = 0.103; Table 2). Additionally, we observed
a differential increment in the cytotoxicity, depending on the
fungal species used to inoculate animals, with the highest
cytotoxicity infected with
S. brasiliensis, intermediate quantifications for those injected

associated with animals

with S. schenckii, and the lowest LDH activities were found in
animals infected with S. globosa yeast-like cells (Table 2).

Table 2 Colony-Forming Units, Cytotoxicity, Hemocytes Counting, and Phenoloxidase Activity in Tenebrio molitor Inoculated with

Sporothrix spp

Inoculum Colony-Forming Units (x 10°)? Cytotoxicity (%)° Hemocytes (x 10%)/mL® Phenoloxidase®
PBS® 000 86*54 3604 08+0.3
Sporothrix schenckii
I x 10° yeast-like cells 2.9 * 0.6* 37.0 £ 9.7% 6.8 + 0.5% 22 +0.3%
I x 10° yeast-like cells 39.9 £ 2.9% 68.4 £ 10.7% 82 + 0.6%f+ 3.3 £ 0.2%#
Sporothrix brasiliensis
I x 10° yeast-like cells 3.1 £0.6% 62.6 £ 10.3% 84 + 0.4% 32+ 04%
I x 10° yeast-like cells 42.8 + 3.1*%f 90.5 + 9.8*% 10.9 + 0.6%}+ 4.8 + 0.3%4
Sporothrix globosa
I x 10° yeast-like cells 32 +08* 20.5 £ 6.6 4.7 £ 0.4% 1.5 £ 0.2%
I x 10° yeast-like cells 44.1 + 3.8%f 34.8 £ 6.4% 52 +0.7% 1.8 + 0.4%

Notes: “Calculated by serial dilutions of the hemolymph and incubating on YPD plates. "Determined by measuring the lactate dehydrogenase activity in the cell-free
hemolymph from infected animals. The 100% refers to enzyme activity quantified from lysed hemocytes. “Quantified in the collected hemolymph from infected animals.
9Quantified in the collected hemolymph from infected animals and expressed as the A4g0,m per min per pg protein. *Animal group inoculated with PBS. * P < 0.05 when
compared to the animal group inoculated with PBS. 4 P < 0.05 when compared with the inoculum size of | x10° yeast-like cells. + P < 0.05 when compared to animals infected

with the same inoculum size from the other fungal species under study.
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Hemocytes are cellular effectors of insect immunity
that are found in the hemolymph and assist in the control
of pathogens, fulfilling a similar task to human phagocytic

Cells;37,40,52,53

while melanin production, via phenoloxi-
dase activity, is one of the major humoral immune
mechanisms against different pathogens, such as bacteria,
nematodes, and fungi.>**%4%443*57 Changes in both
hemocyte levels and phenoloxidase activity have been
previously reported in G. mellonella larvae infected with
fungal pathogens, such as Candida spp. and Sporothrix
spp, 30:44:52.58

the levels of these immune cells could also be observed

and we hypothesized that variations in

in Sporothrix-infected T. molitor larvae. We found that
both hemocyte and phenoloxidase levels tended to
increase in larvae inoculated with any of the three fungal
species, and with exception of the animal groups chal-
lenged with S. globosa yeast-like cells, the increments in
both parameters were dependent on the inoculum size
(Table 2). Similar to LDH measurements, hemocytes and
phenoloxidase levels suffered an increment depending on
the Sporothrix species inoculated to 7. molitor and fol-
lowed the same trend, with the highest values observed in
the animal group inoculated with S. brasiliensis, followed
with that challenged with S. schenckii, and finally, the
group interacting with S. globosa, that showed the lowest
levels of both hemocytes and phenoloxidase activity
(Table 2). Collectively, our data indicate that cytotoxicity,
hemocyte levels, and phenoloxidase activity are para-
meters that change as a consequence of the infection of
T. molitor with Sporothrix spp. yeast-like cells.

Interaction of Genetically Modified
S. schenckii Strains with Tenebrio Molitor

Larvae
Our group has previously generated genetically modified
S. schenckii strains to either validate new tools for the genetic

3339 or to assess the

and molecular analysis of this organism,
contribution of particular genes in the S. schenckii-host
interaction.*? The strains HSS2, HSS3, HSS4, HSS12, and
HSS13 harbor one copy of pBGgHg plasmid, which confers
resistance to hygromycin B and expresses the green fluores-
cent protein; while strains HSS5 andHSS6 contain three
copies of this plasmid integrated into the genome.’**
Nonetheless, the seven strains displayed a phenotype similar
to the parental strain ATCC MYA 4821, including a similar
ability to kill G. mellonella larvae.*>* Strains HSS7-HSS11

were transformed with the plasmid pPBGgHg-OCHI, and as

consequence, the OCHI gene that encodes for the
al,6-mannosyltransferase that initiates the elaboration of
the N-linked glycan outer chain was silenced in different
degrees, affecting the ability of the fungal cells to kill
G. mellonella larvae.>* Thus, we tested whether 7. molitor
larvae inoculated with these strains were killed at a similar
rate as that reported when G. mellonella was used.

The median survivals of 7. molitor larvae challenged with
yeast-like cells of the different strains are shown in Figure 3.
The wild-type (WT) strain, along with strains HSS2-HSS6
and HSS12 and HSS13 showed similar median survivals,
which significantly varied when the inoculum sizes varied
from 1x10° to 1x10° cells (P < 0.05 in all cases; Figure 3).
Animals inoculated with strain HSS7, which previously
OCH1

a median survival higher than the WT control strain when

showed an intermediate silencing,**  showed
both inoculum sizes were compared (Figure 3), suggesting

virulence attenuation as previously documented in
G. mellonella>* Finally, the animal groups inoculated with
strains HSS8-HSS11 showed a significant increment in the
median survivals when compared to both WT and HSS7
strains (Figure 3), suggesting an avirulent phenotype, as
reported in G. mellonella larvae*> We also explored the
changes in cytotoxicity, hemocyte levels, and phenoloxidase
activity associated with the inoculation of these fungal strains
in 7. molitor. As expected, the three parameters showed
modification in a dose-dependent manner, when compared
the inocula of 1x10° and 1x10° cells (Figure 3), and in all
cases, these differences were statistically significant (P <
0.05 in all cases). For cytotoxicity, hemocyte levels, and
phenoloxidase activity, the animal groups inoculated with
WT, HSS2-HHS6, HSS12, or HSS13 showed similar levels,
but animals infected with strain HSS7 showed lower levels of
the three parameters under analysis (Figure 3). Animal
groups infected with the avirulent strains (HSS8-HSS11)
showed even lower and significant levels in cytotoxicity,
hemocyte levels, and phenoloxidase activity than the WT or
HSS7 strains (Figure 3). Interestingly, these parameters were
higher (P < 0.05 in all cases) in these strains, when compared
to the control group inoculated only with PBS (Figure 3).
Collectively, these data suggest that 7. molitor larvae can
reproduce the mortality associated with genetically modified
S. schenckii strains, previously generated in a systemic model
of sporotrichosis in G. mellonella. Moreover, they also stress
that physiological parameters such as cytotoxicity, hemocyte
levels, and phenoloxidase activity are influenced by the

Sporothrix virulence.
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Figure 3 Interaction of Tenebrio molitor larvae with genetically modified Sporothrix schenckii strains. Animal groups, containing 30 individuals per group, were inoculated with
either 1x10° or 1x10° yeast-like cells of different S. schenckii strains, and killing charts were generated using Kaplan-Meier survival curves and analyzed using the Log rank
test. From these, the median survival of animals was calculated (A). Alternatively, animal groups were challenged with the fungal doses, incubated at 37°C for 24
h hemolymph collected and used to quantify cytotoxicity (B), hemocytes (C), or phenoloxidase activity (D). In (B), the 100% cytotoxicity refers to lactate dehydrogenase
activity quantified from lysed hemocytes. PBS, control group where animals were inoculated only with PBS. *P < 0.05, when compared with values generated in animals
inoculated with other fungal strains. + P < 0.05, when compared to HSS7 and the other fungal strains.

Analysis of Sporothrix spp. Yeast-Like Cells
Uptake by T. molitor Hemocytes

We next evaluated the ability of insect hemocytes to uptake
yeast-like cells of the strains under analysis. Hemocytes
from healthy animals were incubated for 2 h at 37°C
using a hemocyte—yeast-like cell ratio of 1:6, as previously
performed with hemocytes from G. mellonella.>* Since the
insect cells are inspected by flow cytometry, it is possible to
sort three cell populations that are interacting with yeast-
like cells: those that are predominantly emitting green fluor-
escence, indicating the fungal cells are at the beginning of
the phagocytosis or attached to the cell surface, which is
defined here as the early stage of phagocytosis; cells that are
emitting both green and red fluorescences, indicative of cell
internalization and beginning of endosome acidification,
and referred here as the intermediate stage of phagocytosis,
and lastly, a group of cells emitting predominantly red
fluorescence, indicative of acidification of the phagolyso-
some, and thus, regarded as cells in the late stage of

phagocytosis.”®> Our results showed that there were no
changes in the number of hemocytes interacting with any
of the three fungal species in the early stage of the process
(Figure 4), but there were lower numbers of cells interacting
with S. brasiliensis yeast-like cells at the intermediate and
late stages of phagocytosis when compared with the sys-
tems were S. globosa or S. schenckii cells were included
(Figure 4). For the case of S. globosa, hemocytes showed
the highest numbers of cells interacting with these yeast-like
cells and were significantly different when compared with
the other two species (Figure 4). When the ability of the
insect cells to uptake fungal cells from the different
S. schenckii cells was analyzed, we found that WT, HSS2-
HSS7, HSS12, and HSS13 strains showed similar levels of
cells interacting in the three stages of the process, but strains
where OCHI was fully silenced, named HSS8-HSSI11
strains, showed increments in the cell numbers at the early
stage of the phagocytic process and lower levels for both the
intermediate and late stages, suggesting an affectation of the
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Figure 4 Analysis of phagocytosis of yeast-like cells from Sporothrix schenckii, Sporothrix brasiliensis, or Sporothrix globosa by Tenebrio molitor hemocytes. Fungal cells were
stained with Acridine orange and incubated with hemocytes at a hemocyte:yeast ratio of 1:6, for 2 hours at 37°C. Hemocytes were gated by FACS and 25,000 cells were
counted per sample. Results represent hemocytes interacting with at least one fluorescent fungal cell. Hemocytes interacting with green yeast cells are regarded as cells in
the early stage of phagocytosis, cells interacting with green and red yeast-like cells were considered to be in an intermediate stage of phagocytosis, and hemocytes interacting
with red yeast-like cells are classified as in the late stage of phagocytosis. C, control reactions of hemocytes without interaction with fungal cells; Sb, Sporothrix brasiliensis; Sg,
Sporothrix globosa; WT, strain 109918 ATCC MYA 4821. * P < 0.05 when compared to WT strain.

phagocytic process of these strains, as already reported
when interacting with primary human monocyte-derived
macrophages.>

Immunological Priming in Tenebrio molitor
with rGp70

We have previously reported that inoculation of rGp70
protein from S. schenckii triggers immunological prim-
ing in G. mellonella larvae and this protects animals
against a lethal fungal inoculum.*® Since this immune
adaptation has been already reported in 7. molitor,%"
we hypothesized the recombinant protein could also be
capable of stimulating this immune response. Larvae
were inoculated with different doses of recombinant
protein and 5 days later, sacrificed to analyze both
hemocytes and phenoloxidase levels. Both parameters
did not suffer significant variations upon inoculation of
10 or 20 pg rGp70, but when a dose of 40 pg rGp70
was administered both hemocyte concentration and phe-
than
untreated larvae (Table 3). An increased dose of either
80 or 160 pg rGp70 had a positive effect on both
parameters being higher than those quantified in animals

noloxidase activity were significantly higher

inoculated with 40 pg of recombinant protein (Table 3).
In parallel experiments, the animals were under obser-
vation for two weeks upon inoculation of the recombi-
nant proteins, and no dead animal was observed (data

not shown). Thus, it is possible to suggest the rGp70 at
a dose between 40-160 pg is capable of stimulating
both cellular and humoral components of this insect’s
immunity. To assess the impact of these changes in the
T. molitor ability to survive a lethal dose of fungal cells,
animals were inoculated with 1x10° yeast-like cells
from S. schenckii on the fifth day after administration
of rGp70, and survival observed for the next 15 days.
The median survival of animals inoculated with 0 or 10

pug of recombinant protein was 5.0 + 1.0 days and this

Table 3 Hemocytes Counting and Phenoloxidase Activity in
Tenebrio molitor Inoculated with Recombinant Gp70 from
Sporothrix schenckii

Inoculum Hemocytes (x 10°)/mL® | Phenoloxidase®
No inoculation 3.1 £04 0.6 +0.2

+ 0 pg rGp70° 33+04 0.6+0.3

+ 10 pg rGp70 36 %06 05+0.2

+ 20 pg rGp70 35+04 07 +04

+ 40 pg rGp70 8.0 £ 0.7* 2.2 + 0.5%

+ 80 ug rGp70 10.5 + 0.4%f 3.8 £ 0.4%

+ 160 pg rGp70 10.1 £ 0.5%F 4.1 £ 0.3%F

?Notes: *Quantified in the collected hemolymph from infected animals. bQuantiﬁed
in the collected hemolymph from infected animals and expressed as the A490,m per
min per pg protein. “Animal group inoculated with PBS added with 5 pg/mL
polymyxin B. * P < 0.05, when compared to the animal group inoculated with
PBS, added with 5 pg/mL polymyxin B. 1P < 0.05 when compared with the animal
group inoculated with 40 pug/mL recombinant Gp70.

Abbreviation: rGp70, recombinant Gp70.
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changed, although not significantly (P = 0.58), increas-
ing to 6.0 £ 1.0 in the animal group where 20 pug rGp70
were administered (Figure 5A). However, when 40 g
rGp70 were inoculated to larvae, the median survival
incremented to 10 £ 0.5 days and 47.5 + 9.0% of the
animal population survived at the end of the observation
period (Figure 5A). The inoculation of either 80 or 160
pg rGp70 protected most of the animal population, with
94.0 + 6.0% and 90.0 + 8.0% of survival at the end of
5A). When
conducted with either

the observation, respectively (Figure

a similar experiment was
S. brasiliensis or S. globosa yeast-like cells, results
were similar: 10 or 20 pg rGp70 previously inoculated
to animal groups did not affect the mortality associated
with these fungal species but 40 pg rGp70 positively
affected the animal survival (Figure 5A). For the case of
S. brasiliensis, the median survival of the animal group
without inoculation of rGp70 was 3.0 £ 0.5 and this
changed to 8.0 = 1.5 days upon administration of 40 pg
recombinant protein (P < 0.05). The change in the
survival rate was from 0% in the animal group without
treatment with the protein to 39.0 + 7.0% after admin-
istration of 40 pg of this (P < 0.05). Similarly, for
animals infected with S. globosa, the median survival
changed from 7.0 £ 1.0 to 11.5 £ 1.5 when compared
animals with no pretreatment and pretreated with 40 pg
rGp70; and the survival changed from 13.3 £ 6.7% to

A

47.5 £ 9.4% (P < 0.05), respectively. For the case of
doses of 80 and 160 pg rGp70, they showed a similar
trend like that observed in the animal groups challenged
with S. schenckii and protected most of the animal
population challenged with either S. brasiliensis or
S. globosa (Figure 5A). To assess whether this incre-
ment in the survival stimulated by the inoculation of
rGp70 was due to an increased ability to kill fungal
cells, the fungal CFUs were determined in the animal
groups. Results showed in Figure 5B showed that CFUs
did not significantly change in the animal groups inocu-
lated with 10 or 20 pg rGP70, but there was
a significant reduction in the fungal load in animals
treated with 40 pg rGp70 and this was even lower in
insects treated with 80 or 160 pg rGp70 (Figure 5B).
This trend was observed in the three systems challenged
with the different Sporothrix species under study (Figure
5B). In agreement with this observation, the cytotoxicity
associated with the fungal inoculations was dependent
on the concentration of recombinant protein inoculated,
with the highest cytotoxicity values observed in the
animal groups inoculated with 0-20 pg rGp70 and the
lowest with 80-160 ng rGp70 (Figure 5C). Again, the
same trend was observed in the animal groups chal-
lenged with S. schenckii, S. brasiliensis or S. globosa.
Therefore, collectively, these data suggest that immuno-
logical priming upon inoculation of rGp70 occurs in

Sporothrix schenckii Sporothrix brasiliensis Sporothrix globosa
1009 T 100 —_— 100 —_—
- 84 = —: FEs —~ 80 — rBS ~ 80 =
£ — +0 g rGFT0 = — +0pgrGPT0 = = f?:smrsm
] 60 - *+10u9rGPH  § 60, [ 1 +10pgrP70 g 60 - +10 pg rGP70
z 40 —_ — +20 ug rGPT0 z 40 — + 20 pg rGP70 E 40 = — + 20 pg rGPT0
U:"} | ™ — + 40 pug rGPT0 u'-:l' | = + 40 pg rGPTO tﬂ = + 40 ug rGPT0
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Figure 5 Preinoculation of recombinant Gp70 protects Tenebrio molitor larvae from a lethal dose of Sporothrix spp. In (A), animal groups, containing 30 individuals per group,
were inoculated with the indicated dose of recombinant Gp70 (rGp70) from S. schenckii and five days later were challenged with 1x10° yeast-like cells and mortality
monitored daily. The hemolymph of these animals was recovered and used to quantify the colony-forming units (B) or the activity of lactate dehydrogenase in the cell-free
hemolymph, which is regarded here as cytotoxicity (C). The 100% cytotoxicity refers to the enzyme activity quantified from lysed hemocytes. PBS, animal group inoculated
only with PBS. The group inoculated with 0 pg rGp70 refers to animals inoculated with PBS + 5 pg/mL polymyxin B. * P < 0.05, when compared with the animal group

incubated with 0 ug rGp70.
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T. molitor and this protects against a lethal dose of
fungal cells from any of the three fungal species ana-
lyzed here.

Discussion

The increased development of molecular tools to study
fungal cells has paved the way to analyze the genetic,
biochemical, and metabolic foundations of several fungal
processes, including pathogenesis and virulence.®” Indeed,
nowadays, for most of the pathogenic organisms we are
capable of questioning the relevance of a gene, protein, or
metabolic pathway during the interaction with the host,
and this is constantly requesting to increase the number of
laboratory animals to be enrolled in such experimental
settings. Despite the vigilance and fulfillment of all ethical
considerations, the recent trend in research is to discourage
the use of vertebrate animals and to substitute them with
an invertebrate model organism when possible.>*>” This
has fueled up the generation of alternative invertebrate
models to study fungal pathogenesis. Thus far, T molitor
larvae have been used to assess the virulence of entomo-
like
Metarhizium brunneum,64 and Beauveria bassiana;®® and

pathogenic  fungi Metarhizium  robertsii,*
human pathogens such as Candida albicans, Cryptococcus

neoformans,”® Fonsecaea pedrosoi, and Fonsecaea
monophora.°® The results showed here clearly demon-
strated that this model is also useful to assess the virulence
of S. schenckii, S. brasiliensis, and S. globosa expanding
the fungal species repertoire that can be analyzed in these
larvae. More importantly, our results showed the virulence
of the three species analyzed was ranked in a similar way
than previously reported in G. mellonella and mice, being
S. brasiliensis the most virulent species and S. globosa the
one associated with the lesser host damage upon inocula-
tion. One limitation of this study though is the inclusion of
only one clinical isolate per species, and more of these
should be included to assess the model robustness.

In our study, we did not include germlings or hypha
because these cell morphologies are unlikely to begin the
infective process, which is thought to start when conidia or
yeast-like cells from exposed lessons are implanted in
healthy tissues.'> It was previously demonstrated that
inoculation of conidia into G. mellonella larvae did not
replicate the Sporothrix spp. virulence that was previously
ranked using the murine model,** which is in agreement
The

S. schenckii and S. brasiliensis cell walls have been pre-

with our observations here, using 7. molitor.

viously characterized in both conidia and yeast-like cells,

and have shown morphology-dependent changes that could
be behind the differential interactions with the host cells."?

Using G. mellonella larva, it has been previously
reported that highly virulent Sporothrix strains, with
short median survival times of the animal groups, were
associated with increased levels of circulating hemocytes,
while animals infected with highly virulent Candida spe-
cies and strains stimulated a decrement in the levels of
circulating immune cells.****? It has been proposed that
as a response to the aggressiveness of the fungal strain, the
insect invests resources in the generation of more hemo-
cytes to counterattack the damage caused by the pathogen,
but since the interactions are performed at 37°C, Candida
cells undergo filamentation and these can pierce the hemo-
cyte membrane, promoting the loss of cell viability and
providing an explanation to the reduction of these circulat-
ing cells,*' a fact that is unlikely to occur in insects
infected with Sporothrix cells that keep the yeast-like
morphology at 37°C.'> Since our results are similar to
that already reported for the G. mellonella-Sporothrix
interaction, it is possible to suggest a similar explanation
to the increased hemocyte levels in animals inoculated
with virulent Sporothrix strains.

The phenoloxidase activity is essential to catalyze the
phenol oxidation to quinones that non-enzymatically
polymerizes forming melanin.’” It has been previously
demonstrated that melanin production via conversion of
the prophenoloxidase to phenoloxidase by Spitzle-
processing enzyme is required to control infections
caused by Mpycoplasma pulmonis and Escherichia
coli.>>>"%7 For the case of T. molitor-fungal cell inter-
action, its contribution to immunity has only been inves-
tigated when interacting with M. robertsii.*®> To the best
of our knowledge, here we report for the first time the
modulation of this enzyme activity during the interaction
of T molitor with medically relevant fungal species and
found that it is a humoral component that responds
against the fungal cells and as part of the immunological
priming, similarly to G. mellonella.***® Antimicrobial
peptides are other humoral components that participate
in the T molitor immune response against fungal
pathogens.®®®” Thus, one limitation of our study and
a future direction is to assess the contribution of these
immune effectors against Sporothrix spp.

The quantification of cytotoxicity, measured as the LDH
activity in the cell-free hemolymph, showed a good negative
correlation with the aggressivity of the fungal cells, increas-
ing when the median survivals were short and reduced when
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virulence was attenuated, as in the case of the strains where
OCH] was silenced. It is possible to suggest that this para-
meter by itself or in combination with others, could be early
indicators of the fungal virulence when analyzed in
T. molitor larvae, as previously proposed in G. mellonella.**

The rGp70 protective role against a lethal dose of
S. schenckii was previously reported in G. mellonella
and this was achieved via stimulation of immunological
elicitors after inoculation of the recombinant protein.*®
Here, we demonstrate that this can also be replicated in
T. molitor larvae and therefore, it is a suitable model to
study immunological priming stimulated by fungal com-
ponents. Interestingly, the recombinant protein based on
the amino acid sequence of the S. schenckii protein was
also capable of protecting larva from a lethal infection
with S. brasiliensis and S. globosa cells after adminis-
tration of doses of 40 pg or higher. This can be
explained by the high similarity among the Gp70 pro-
teins from the three fungal species, which is 91% and
90% when compared the protein from S. schenckii with
the one from S. brasiliensis or S. globosa, respectively.
In line with the observations, a cross-reactivity of anti-
Gp70 monoclonal antibodies was reported with proteins
from the three species, stressing the similarity in terms
of the primary structure.”® Thus, it is feasible to conceive
that the recent strategies to control sporotrichosis, based
on the Gp70 from S. brasiliensis’* or S. globosa’ could
have a wider application against these three Sporothrix

species.

Conclusion

In conclusion, our study demonstrated that 7. molitor lar-
vae are an appropriate alternative invertebrate model to
analyze the virulence of S. schenckii, S. brasiliensis, and
S. globosa. Additionally, hemocyte levels, phenoloxidase
activity, cytotoxicity, uptake by hemocytes, and immuno-
logical priming are biological parameters that can be used

to study the Sporothrix—T. molitor interaction.
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