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Abstract

Introduction. The increase of invasive fungal infections (IFls) and associated treatment failure in populations at risk is driving
us to look for new treatments.

Hypothesis. The CIN-102 compound, derived from cinnamon essential oil, could be a new antifungal class with an activity, in
particular, on strains resistant to current antifungals but also on biofilms, a factor of virulence and resistance of fungi.

Aim. The aim of this study is to show the activity of CIN-102 on various strains resistant to current antifungals, on the biofilm
and to determine the possibility of resistance induced with this compound.

Methodology. We studied the MIC of CIN-102 and of current antifungals (voriconazole and amphotericin B) using CLSI tech-
nigques against eight different strains of three genera of filamentous fungi involved in IFIs and having resistance phenotypes to
current antifungals. We also determined their effects on biofilm formation, and the induced resistance by voriconazole (VRC)
and CIN-102.

Results. MIC values determined for CIN-102 were between 62.5 and 250 ugml~. We demonstrated the antifungal effect of
CIN-102 on biofilm, and more particularly on its formation, with 100% inhibition achieved for most of the strains. CIN-102 at a
sub-inhibitory concentration in the medium did not induce resistance in our strains, even after 30 generations.

Conclusions. In this study we show that CIN-102 is effective against resistant filamentous fungi and against biofilm formation.
In addition, our strains did not acquire a resistance phenotype against CIN-102 over time, unlike with VRC. CIN-102 is therefore
an interesting candidate for the treatment of IFls, including in cases of therapeutic failure linked to resistance, although further
studies on its efficacy, safety and mechanism of action are needed.

INTRODUCTION

The incidence of invasive fungal infections (IFI) has been
increasing over the past 20years. Approximately 3600

Some fungi are almost entirely resistant to current antifungal
drugs. For example, Fusarium solani and Lomentospora prolif-
icans are considered minimally susceptible or non-susceptible

people develop an IFI each year in France [1]. The emer-
gence of these infections is due to an increase in antifungal
prophylaxis or in immunosuppressive therapy, difficulties in
clinical diagnosis, and the emergence of rare strains naturally
resistant to the current antifungal arsenal [2]. However, only
a few new antifungal drugs have been marketed in the last
decade (3, 4].

to antifungals, respectively. Other fungi have acquired resist-
ance, such as isolates belonging to the Aspergillus fumigatus
complex, particularly to triazoles [5]. In these specific strains,
the main genotypes observed are TR, /L98H (substitution
mutation of leucine 98 by a histidine in the CYP51A gene with
a 34bp tandem sequence in the promoter gene) and TR, /
Y121F/T289A (a 46 bp tandem repeat and Y121F and T289A
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Table 1. Summary of the fungal isolates studied, including origin, resistance phenotype, MIC CIN-102, voriconazole, amphotericin B and capacity to

form biofilm

Strains Origin Resistance phenotype to MIC determination Biofilm
antifungal (ug ml™?) formation
CIN-102 VRC AMB
Aspergillus fumigatus ATCC 3626 Sensitive 125 1 1 +
California, United States
Aspergillus fumigatus Centre Hospitalier Resistant 250 8 0.5 +
TR34/L98h Universitaire Nantes (Azoles)
Aspergillus fumigatus Centre Hospitalier Resistant (Azoles) 250 16 0.5 +
TR46 Y121F T289A Universitaire Nantes
Aspergillus flavus ATCC 204304 Sensitive 125 0.5 1 +
Human sputum, Virginia
Fusarium solani CBS 124631 Resistant 62.5 4 2 ++
Ongle (Azoles)
France, Paris

Fusarium dimerum NCPF 7449 Resistant 62.5 8 1 ++

Human, blood culture (Azoles)
Scedosporium ATCC 3635 Sensitive 62.5 0.5 1 +
apiospermum Human
Lomentospora Centre Hospitalier Régional Resistant 62.5 8 8 ++
prolificans Universitaire de Nancy (Azoles, Amphotericin B)

AMB, amphotericin B; IFl, invasive fungal infection; MTR, multi triazol resistant; VRC, Voriconazole.

substitutions) [6]. Such resistance emerges in the environ-
ment or in patients themselves during antifungal treatment.

The formation of a biofilm can also contribute to antifungal
resistance. A biofilm is an irreversible association of micro-
bial cells, constituting a surface embedded in an extracellular
matrix. Biofilm-forming organisms differ from their plank-
tonic forms in terms of gene expression or shape. Biofilms
can form over a large number of surfaces, whether organic
or not, such as living tissue, medical devices, tubing, etc [7].
Pathogens embedded in biofilms are known to be much more
resistant to antimicrobial agents than their planktonic coun-
terparts. Many factors are involved in this phenomenon, such
as reduced diffusion due to the exopolysaccharide matrix or
increased cell density. In addition, biofilm formation induces
changes in gene expression, including modifications in the
expression of antifungal resistance genes [8]. The presence of
persistent (dormant) cells resistant to antifungal treatment
also plays a role in the overall resistance of biofilms to anti-
microbials [9].

Thus, many situations can interfere with the drugs currently
available in clinical practice, and new classes of antifun-
gals are needed. The resources of the plant world in active
substances used for therapeutic purposes are significant,
although still underexploited. Essential oils extracted from
plants (leaves, flowers, roots or barks) have different phar-
macological properties such as anti-infectious, antioxidant
effects and antifungal properties [10, 11]. Recent studies
have produced promising data concerning the effect of

cinnamaldehyde (a major compound of cinnamon essen-
tial oil) on the main fungal genera involved in human
pathology, or on toxigenic fungi [12-15]. The Septeos
company has developed CIN-102, a synthetic mixture
of seven compounds comprising three cinnamaldehyde
derivatives, that was developed from the formulation of
cinnamon essential oil available in the Pharmacopoeia,
and from which the genotoxic compounds (safrole, eugenol
and coumarin) have been removed. The compounds in
this mixture are synergic, and exhibit fungicidal anti-
tungal activity on the genera Aspergillus, Fusarium and
Scedosporium [16]. Consequently, this study aimed to
determine the effect of this new compound on the resist-
ance phenotypes of strains involved in IFIs, on biofilm
formation, and on induced resistance.

METHODS
Fungal isolates

Strains of filamentous fungi of Aspergillus (n=4), Fusarium
(n=2) and Scedosporium (n=2) genera from different origins
(clinical and reference strains) and resistance phenotypes to
voriconazole were used in this study. Both isolates of multi
triazole resistant (MTR) Aspergillus strains were tested:
Aspergillus fumigatus TR, /Y121F /T289A and Aspergillus
fumigatus TR, ,/L98H (denoted TR, and TR,, respectively).
The fungal isolates, their origin, their MIC to CIN-102, vori-
conazole (VRC), and amphotericin B (AMB), as well as their
capacity to form biofilm are presented in Table 1.
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Fig. 1. (a—h) Relative percentage of biofilm formation measured by XTT assay for the different isolates studied after treatment with CIN-
102, voriconazole or amphotericin b. * Results significantly different (P-value <0.05) from the control (denoted c).

Culture and storage

Strains were subcultured on Sabouraud agar medium (Merck
Sigma Aldrich, Darmstadt, Germany). After 48 to 72h of
incubation at 31 °C, colonies were picked using sterile swabs
from the medium and suspended in 0.9% NaCl or phosphate
buffered saline (PBS) (for biofilm studies) solutions. Strains
were stored and preserved in a mixture containing 1 ml of
glycerol (Merck Sigma Aldrich, Darmstadt, Germany) and
1 ml of 0.9% NaCl at —20°C.

MIC determination

The CLSI M38-A2 reference protocol was followed [17]. Two
antifungal agents included in the protocol, amphotericin B and
voriconazole (Merck Sigma Aldrich, Darmstadt, Germany)
(dilution range 0.03 to 16 ugml™') were used in addition to
CIN-102 (Septeos, Paris, France). After a preliminary test,
the dilution range chosen for CIN-102 extended from 1.9 to
1000 pgml'. After culture, conidia were suspended in 0.9%
NaCl filtered, adjusted to 5x10* conidia ml™* using a spec-
trometer at 530 nm, and diluted to 1:50 to obtain the working
suspensions.

An inoculum of 100l was distributed in 96-well plates
containing antifungal dilutions. These plates were incubated
at 37°C for 48 h. All strains were tested in duplicate. The MIC
was determined as the lowest drug concentration allowing
complete growth inhibition after 24 to 48 h of incubation. Each
96-well plate contained a control strain (Aspergillus fumigatus
ATCC 3626, Aspergillus flavus ATCC 204304 or Scedosporium
apiospermum ATCC 3635), as indicated in the CLSI protocol.
A plastic film was placed on every plate to limit evaporation
and contamination. The density of the inoculum was checked
by seeding 10 ul of the working suspension diluted to 1:10
on Sabouraud agar medium after a 1 day incubation at 31°C.
One to ten colonies had to be counted to validate the test.

Differences between MICs were considered significant when
a difference greater than two ranks of dilution was observed.

Biofilm formation and semi-quantification

Crystal violet staining was used to visualize the formation of
biofilm using the protocol of Sav et al. [18]. A suspension of
conidia was made for each strain and adjusted to 10 cellsml™
in PBS. One hundred microliters of this suspension were
added to 2ml of brain heart infusion broth (BHIB) with
glucose (0.25%). After 24 h of incubation at 37 °C, the suspen-
sion was diluted 1:20 in fresh BHIB. Two hundred microliters
of this suspension were placed in a 96-well plate which was
incubated for 24 h at 37°C. After incubation, the wells were
washed three times with PBS and 200 pl of 1% crystal violet
was added. After 15min of incubation at room temperature,
the wells were rinsed three times with PBS and 200l of
ethanol 100% was added. The absorbance was measured at
450 nm by a plate reader (SpectreMax iD3, Molecular Device,
San José, United States). The percentage of transmittance (%
T) of each test sample was subtracted from the % T of the
reagent blank to obtain a measure of the relative amount of
light blocked by the sample (% Tbloc). A semi-quantitative
evaluation of biofilm formation was carried out using the
following values of % Tbloc: negative: % Tbloc <5, + (posi-
tive): 5 < % Tbloc <20, ++: 20 < % Tbloc <50, +++: % Tbloc
>50. The biofilm activity of C. albicans ATCC 90028 (5 < %
Tbloc <20) was used as a positive quality control.

Antifungal effect on biofilm formation

The effect of antifungal compounds on biofilm formation was
measured using XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophen
yl)=5-[(phenylamino)carbonyl] -2H-tetrazolium hydroxide).
This assay is based on the reduction of the tetrazolium salt
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Fig. 2. (a-h): Relative percentage of preformed biofilm measured by XTT assay for the different strains studied after treatment with CIN-
102, voriconazole or amphotericin b. Different concentrations of antifungals (1/4 MIC, 1/2MIC, MIC, 2 MIC and 4 MIC) are added to the
medium after twenty-four hours of biofilm growth. * Results significantly different (P-value <0.05) from the control (denoted c).

XTT to a water soluble orange-coloured formazan compound
by metabolically active cells [19].

In order to induce cell adhesion, 100l of a suspension
containing 10*cellsml™ in PBS were placed in the wells of
a 96-well plate at 37 °C for 90 min. Then, in each well, 100 pl
of RPMI 1640 with MOPS medium (US Biological, United
States) or an antifungal quantity (CIN-102, AMB or VRC)
corresponding to %, ¥, 1, 2 and 4 MIC were added. A well
without antifungals served as positive control. This plate was
incubated at 37 °C for 24 h. A mixture of one hundred micro-
liters of XTT (Merck Sigma Aldrich, Darmstadt, Germany)
and menadione (Merck Sigma Aldrich, Darmstadt, Germany)
was prepared to achieve concentrations of 0.5g 1! and 1 mM,
respectively, and added to each well. After 1h of incubation
at 37°C, the optical density was measured (SpectraMax
iD3, Molecular Device) at 450 and 630 nm. For each well,
the conversion of XTT was determined by subtracting the
blank OD (mixture of XT'T and menadione in a well without
biofilm) and the non-specific absorbance measured at 630 nm
from the sample OD. The percentage of biofilm formation was
calculated by determining the ratio between XTT conversion
in each well and XTT conversion in the drug-free control well.

Antifungal effect on preformed biofilms

After biofilm formation [18], steam washing (40 min) [20]
and drying (30 min), 200 ul of RPMI was added to the wells,
with different concentrations of antifungals (amphotericin
B, voriconazole, CIN-102 at %, 1 and 4 MIC). Each concen-
tration was tested in triplicate, and three wells per strain
without antifungals served as positive controls. After 24 h of
incubation at 37°C, 100 ul of the XTT +menadione mixture
described above were added to each well containing the pre-
washed biofilms. After reading the OD at 450 and 630 nm, the

same calculation as above was carried out to determine the
percentage of biofilm formation relative to controls. All wells
were prepared in duplicate and the experiment was repeated
three times.

Induced resistance

To determine whether the presence of a sub-inhibitory
concentration of antifungal in the medium induces resist-
ance, cultures were seeded over three generations in the
presence of antifungals, with a determination of the MIC
for each generation. The different strains were cultured
in 40 ml of Sabouraud dextrose broth (SBD) medium
[21]. An antifungal (VRC or CIN-102) was added to the
culture at a concentration equal to 0, % or % of the initial
MIC of the strain. After 3 days of incubation at 37 °C with
shaking, part of the culture was resuspended in fresh
medium containing the same concentration of antifungals
and was again incubated at 37 °C for 3 days with shaking,
thus forming the second generation. The other part of the
culture was homogenized by sonication (Vibra-cell, Sonics
and Materials, Inc., Newtown, United States) and then
diluted 1:10 before MIC determination. These analyses
were performed in triplicate and the experiment was
performed three times.

To validate the obtained results and to study the induction
of resistance over numerous generations, the strains were
inoculated on solid SBD medium containing % MIC of
CIN-102 and were incubated at 37 °C. The strains were sub-
cultured onto a new plate every 3 days. After ten genera-
tions, the culture was suspended in 0.9% NaCl, adjusted
to 10*cellsml™, and determination of the MIC was carried
out.
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Table 2. MIC determined for CIN-102 and voriconazole, following three generations in the presence of a subinhibitory concentration of CIN-102 or

voriconazole

Voriconazole
MIC in (ug ml™')

A. fumigatus Control 1/2 MIC
Generation 1 0.5 0.5
Generation 2 0.5 2
Generation 3 0.5 8

A. flavus Control 1/2 MIC
Generation 1 1 1
Generation 2 1 8
Generation 3 2 8
FEsolani Control 1/2 MIC
Generation 1 4 4
Generation 2 4 16
Generation 3 4 16

F. dimerum Control 1/2 MIC
Generation 1 8 8
Generation 2 8 16
Generation 3 8 16

S. apiospermum Control 1/2 MIC
Generation 1 1 1
Generation 2 0.5 4
Generation 3 0.5 8

L. prolificans Control 1/2 MIC
Generation 1 16 16
Generation 2 16 32
Generation 3 16 48

CIN-102
MIC in (ugml™)

1/4 MIC Control 1/2 MIC 1/4 MIC

0.5 125 125 125

2 125 62.5 62.5

8 125 62.5 62.5
1/4 MIC Control 1/2 MIC 1/4 MIC

1 500 500 500

8 250 250 125

8 250 250 250
1/4 MIC Control 1/2 MIC 1/4 MIC

4 250 250 250

16 250 250 250

16 250 250 250
1/4 MIC Control 1/2 MIC 1/4 MIC

8 250 125 125

32 125 125 125

32 250 250 125
1/4 MIC Control 1/2 MIC 1/4 MIC

1 125 125 125

4 62.5 62.5 62.5

8 62.5 62.5 62.5
1/4 MIC Control 1/2 MIC 1/4 MIC

16 62.5 62.5 62.5

16 62.5 62.5 62.5

48 62.5 62.5 62.5

BHIB, brain heart Infusion broth; MIC, minimal inhibitory concentration; PBS, phosphate buffer saline.

Statistical analysis

Data analysis was performed using XLSTAT (XLSTAT statis-
tical and data analysis solution, New York, USA. https://www.
xlstat.com). Differences between groups were determined
using Student’s t tests and considered statistically significant
at P values <0.05.

RESULTS

MIC determination

CIN-102 and AMB MIC values were 250 ugml™ and
0.5ugml™, respectively, for these strains (Table 1). No
significant difference between susceptible (MIC 125 ug ml™!
and 1 pgml™) or resistant strains were noted for CIN-102

and AMB. However, there was a significant difference
between MTR and wild-type (WT) strains of Aspergillus
fumigatus to VRC. The average MIC for susceptible strains
was 1 pgml™, while it was 8 or 16 ugml™ for A. fumigatus
TR,, and TR, respectively, indicating a dilution rank
greater 2 [16].

The genera Fusarium and Scedosporium are considered as
not very susceptible to antifungals. The average MIC for
CIN-102 was 62.5pugml™ for these strains. In contrast,
a significant difference was found between species of
Scedosporium and Fusarium genera regarding VRC and
AMB, with MIC values ranging from 0.5 to 8 ugml™ and
0.5 to 2 pg ml™ for VRC and AMB, respectively.
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Table 3. MIC determined for fungal isolates against CIN-102, following 30 generations on solid culture medium in the presence of a sub-inhibitory

concentration of CIN-102

After 10 generations After 20 generations After 30 generations
Strains Control (ug ml™) Test (ug ml™) Control (ug ml™") Test (ug ml™) Control (ug ml™) Test (ug ml™)
A. fumigatus 250 250 125 250 250 250
A. flavus 250 250 125 125 250 250
F. solani 125 125 125 125 125 250
F. dimerum 125 125 125 125 125 125
L. prolificans 125 125 125 125 125 125
S. apiospermum 125 125 125 125 125 125

Biofilm formation

Before evaluating the activity of CIN-102 on biofilm, we
checked that the strains used in this study were capable of
producing a biofilm (Table 1). All our strains formed biofilms
in moderate quantities. E solani, E. dimerum and L. prolifi-
cans had a % Tbloc slightly above 20%, while A. fumigatus,
A. fumigatus TR, and TR, A. flavus and S. apiospermum had
a %Tbloc between 15 and 20%.

Effect of antifungals on biofilm formation

The effect of CIN-102 on biofilm formation was studied
and compared with those of VRC and AMB (Fig. 1). We
noticed a dose-dependent decrease for most of the strains
(for A. fumigatus, A. flavus, F. solani, F. dimerum and L. prolifi-
cans with CIN-102, for WT and MTR Aspergillus fumigatus
strains, A. flavus, E. solani and L. prolificans with VRC and
for A. flavus, A. fumigatus TR, E solani and L. prolificans
with AMB). In addition, VRC and AMB appeared to be less
effective in inhibiting biofilm formation than CIN-102. On
Aspergillus TR,, and TR, MTR strains, VRC inhibited only
70 and 80% of biofilm formation and AMB achieved at best
60 and 70% of biofilm inhibition, respectively. In comparison,
CIN-102 inhibited at least 90% of biofilm formation by these
two strains. Finally, CIN-102 was able to inhibit 100% of
biofilm formation by five other tested strains (A. fumigatus,
A. flavus, F. dimerum, L. prolificans and S. apiospermum)
against one for VRC (A. fumigatus) and two for AMB
(A. fumigatus and A. flavus) and it was effective at low concen-
tration for all of the strains (from 1/2 MIC to MIC).

Effect of antifungals on preformed biofilms

Elimination of preformed biofilms was evaluated after contact
with CIN-102 and other antifungal agents (Fig. 2). A dose-
dependent decrease was observed with CIN-102 for all strains
except L. prolificans, where the decrease occurred around 1
MIC. A one hundred percent elimination was reached for
Fusarium dimerum, A. flavus and S. apiospermum at 1 or 2
MIC, more than 90% of reduction was reached for WT or MTR
Aspergillus fumigatus strains, and 80% for L. prolificans and
E solani at the same MIC values. A dose-dependent decrease
was also observed with VRC for almost all the strains except
for A. fumigatus TR, . One hundred percent of reduction was

reached at %2 MIC for S. apiospermum, at 1 MIC for A. flavus,
E dimerum and L. prolificans, at 2 MIC for E solani and at 4
MIC for A. fumigatus. Finally, all strains treated with AMB had a
dose-dependent decrease of preformed biofilm. A one hundred
percent elimination of preformed biofilm was achieved for
F dimerum and S. apiospermum at Y2 MIC, and for A. fumigatus
and A. flavus at 1 and 2 MIC, respectively. It is important to
note that CIN-102 inhibited at least 90% of preformed biofilm
of Aspergillus fumigatus MTR strains and was as effective as the
other antifungals for the other strains.

Induced resistance

Induced resistance was observed in all strains tested with
VRC (Table 2). Between first and third generation, MIC
evolved from 0.5 pg ml™ to 8 pg ml™ in the presence of
and % MIC of VRC for Aspergillus fumigatus; from an MIC
of 1 to 8 ugml™ for Aspergillus flavus; from 8 to 32 pgml™ for
Fusarium dimerum; from 4 to 16 ugml™ for Fusarium solani;
from 1 to 8ugml™ for S. apiospermum; and finally, from 16
to 32 or 48 pg ml* for L. prolificans. In contrast, for CIN-102,
there was no significant difference between the different
generations. In addition, there was no induced resistance
after 30 generations in the presence of CIN-102 for all tested
strains (Table 3).

DISCUSSION

In a previous study we demonstrated that the distribution of
MIC for CIN-102 was unimodal for Fusarium, Scedosporium
and Aspergillus genera, with a small range of MIC values,
unlike voriconazole and amphotericin B (3-4 dilution
range of MIC for CIN-102). These results indicate that these
strains did not develop resistance against CIN-102 [16]. We
also demonstrated that CIN-102 is equally effective against
both susceptible and resistant strains, unlike VRC and AMB.
The increased resistance of biofilms to antifungals has been
previously shown [22], especially for Candida and Aspergillus
strains. For example, Muckherjee et al. demonstrated an MIC
greater than 256 ugml™ for the biofilm form compared to
0.5pgml™! for the planktonic form of Candida albicans with
VRC [23]. For Aspergillus fumigatus, the MIC ranged from
0.25 to 1 ugml™ for the planktonic phase to 16 to 128 ugml™
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for the biofilm with the same antifungal [24]. On the other
hand, it seems that biofilm resistance is less significant with
AMB [23-25], as confirmed by our experiments performed
with E solani, L. prolificans and Aspergillus strains. Our study
also demonstrated that VRC was less effective for inhibiting
Fusarium and L. prolificans biofilm formation, and for inhib-
iting Aspergillus and S. apiospermum preformed biofilms. This
last observation is in line with the literature, since VRC is
described as being more effective against dividing cells [24].
CIN-102, on the other hand, appears to be more effective
against developing biofilms, and is generally more effective
at removing biofilm than VRC and AMB.

It has already been demonstrated several times that azole anti-
fungals can induce resistance in treated strains. This induced
resistance can be rapid (after 2 days of contact) [26] and can
take place even in the presence of a low concentration of the
antifungal in the medium (below the MIC) [21, 27]. Induced
resistance can be stable over time (greater than 30days)
[26] and can cross between different azole antifungals (for
example, a triazole antifungal used in agriculture can induce
cross resistance to clinical triazoles) [21, 28]. Our results
confirmed this rapid induction of resistance at low concen-
trations for voriconazole. On the other hand, no resistance
was detected with CIN-102, even after 30 days of contact. In
general, very few cases of resistance have been described for
essential oils [29-31].

Individual component toxicities of the components of
CIN-102 are well known (the oral LD 50 determined for
rats is 2.2 g kg™ according Fisher Scientific, safety data) and
seems compatible with human use from an acute toxicity
point of view. The Septeos company has already established
the absence of genotoxicity in vitro and in vivo, confirming
potential use in humans. Nevertheless, precise monitoring of
toxicity in an animal model is required.

CONCLUSION

This study reinforces the potential of CIN-102 as a new anti-
fungal because i) we were able to demonstrate its effects on
strains considered less sensitive to conventional antifungal
agents, ii) no resistance or induced resistance was observed,
unlike other antifungals tested, and iii) cinnamaldehyde is
known to have low toxicity, suggesting that CIN-102 will
itself be of low toxicity. These results are promising to offset
the problem of treatment failure due to resistance to current
first-line antifungals in the treatment of IFIs.
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